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Abstract

Group Il introns are a class of RNAs best kndamtheir ribozyme-
catalyzed, self-splicing reaction. Under certainditions, the introns can
excise themselves from precursor mRNAs and ligatgether their
flanking exons, without the aid of proteins. Groligntrons generally
excise from pre-mRNA as a lariat, like the one fed1by spliceosomal
introns, similarities in the splicing mechanism gesgt that group |l
introns and nuclear spliceosomal introns may sharecommon
evolutionary ancestor.

Despite their very diverse primary sequencesum Il introns are
defined by a highly conserved secondary strucilines generally consists
of six domains (Domain I-Domain VI; D1-D6) radiagirfrom a central
wheel. Each of the six intronic domains has a $geoole in folding,
conformational rearrangements or catalysis. Theeabnformation of a
group Il intron is sustained by intra- and interéamlong-range tertiary
Interactions, which are critical either for folding the intron to the native
state or for its catalytic activity. In brief, DomaV interacts with Domain
| to form the minimal catalytic core; Domain VI dams a highly
conserved bulged adenosine serving as the branohimacleotide. DIl
and Domain Ill contribute to RNA folding and catady efficiency.
Domain 1V, which encodes the intron ORF, is disjdates for ribozyme
activity.

Group Il intron splicing proceeds through twiepstransesterification
reactions which yield ligated exons and an excigsgbn lariat. It is
initiated by the 2’-hydroxyl group of the bulgedemdsine within Domain
6, which serves as a branch point and attackshbsphate at the 5’-end
of the intron, thus releasing the 5’-exon whilenfiorg a lariat structure in

the first step. The released 5’-exon, which is labtmthe intron through



base pairing interactions, is then positioned @biyeto attack the 3'-
splice site with its free 3’-OH in the second stégplicing.

It is generally believed that the structureaofyroup Il ribozyme
undergoes conformational rearrangements betwesnnstep and second
step and domain VI must play a central role in pinecess. However,
despite the identification of several interdomaertiary interactions,
neither NMR nor chemical probing studies have beancessful in
determining the local surroundings of the brancimpadenosine and
neighboring domain VI nucleotides in the ribozynsé\ee site.

By using phylogenetic analysis and moleculadetiing, we have
identified several areas of the molecule which h#we potential to
constitute the docking site of domain VI. Mutationsre introduced in
putative binding sites and the resulting, mutant ARNhave been
kinetically characterized. This has allowed usdentify a site within the
ribozyme that appears to be specifically involved the branching
reaction. In order to further investigate the iattion between that site
and domain VI, we set up a system in which the ohaclf domain VI
into its presumed binding site is ensured by thaitexsh of DNA/RNA
oligos that position the two RNA elements in anrappate orientation.
By combining the information from such experimems have built an
atomic-resolution model of the complex formed byndm VI, the branch

site and the rest of the intron at the time at Wisiglicing is initiated.

Keywords : group Il intron, ribozyme structure, tmmational
rearrangements, docking site of DVI.



Introduction

The distribution of ribozymes

Molecular biology has been a rapidly growing fisidce James Watson
and Francis Crick have discovered the double ratiixcture of the DNA
molecule in 1953. During the 1980s, RNA moleculethwhe ability to
catalyze chemical reactions have been found an@damozymes’. The
discovery of ribozymes was another most importenifig which proved
that protein-enzymes are not the only biomoleculest are able to
catalyze chemical reactions in living cells. In 29&e Nobel prize was
awarded to two researchers, Thomas R. Cech an@\ysiltman for the
first demonstration of RNA catalysis. Since thelgnpy of other studies
have confirmed that certain RNA molecules are clpaborganize their
3-dimensional structure in order to perform catalyftinctions in the
presence of certain divalent cations.

Ribozymes are widespread in nature, particularly plants, lower
eukaryotes, bacteria, and viruses. Ribozymes haen lxategorized
mainly in two groups according to their size (TaBl&). The first group
includes the small ribozymes, like the hammerhdwsmlpin motif, the
HDV RNA (hepatitis delta virus), VS ribozyme ands@lthe more
recently discovered glmS ribozyme (Winkler et &02). These different
catalytic RNAs were found in a size range from dabktunt up to 154 nt.
The second group includes “big” ribozymes like R&lBsand Group | and
Group Il self-splicing introns. The molecules vamysize from as little as
100 nt up to about 1000 nt (Table S1). Besidesprdanrg to the more
recently determined three-dimensional structurtheflarge (50S) subunit
of a bacterial ribosome (Nissen et al., 2000), fttrenation of peptide
bonds between individual amino acids must be czealyy the 23S RNA



molecule in the large subunit. This finding showattthe ribosome is a
ribozyme as well (Cech, 2000).

Small Ribozymes

Hammerhead Ribozyme

The hammerhead is widespraadlant pathogenic viroids and virusoids,
and among genomes from tBacteria, Chromalveolata, Plantae, and
Metazoa kingdoms (De la Pena and Garcia-Robles, 2010). The
hammerhead is the smallest natural ribozyme theblean discovered. In
the natural state, the hammerhead RNA motif exmsssngle strand form.
Although it can act on itself in these conditionshaut the assistance of
protein, it cannot carry out multiple turnovels.vitro, hammerheads can
be constructed with RNA strands and demonstratéckesglvage in
multiple turnover. In suchn vitro experiments, the hammerhead is able to
obey typical enzyme kinetics. It catalyzes thedemterification of a 3‘,5'-
phosphodiester bond to give a 2’,3’-cyclic phospesir and a free 5’
hydroxyl as products in a Mgdependent reaction. The reaction is
thought to involve nucleophilic attack by the 2'dngxyl adjacent to the
phosphodiester bond. The hammerhead ribozyme e=yairconserved
“core” of nucleotides for activity, flanked by tlreduplex stems.
Hammerhead ribozymes having the appropriate stem-tmnfiguration
can be thought of as an “enzyme” strand that iresuthe conserved
nucleotide core, and a “substrate” strand thauohes the site of cleavage
(Pley et al., 2003).



Hairpin ribozyme

The hairpin ribozyme is found in RNA satellitesént viruses. It was
first identified in the minus strand of the tobaaowmyspot virus (TRSV)
satellite RNA where it catalyzes self-cleavage &gdtion reaction to
process the products of rolling circle replicatioto linear and circular
satellite RNA molecules. The hairpin ribozyme ismiéar to the
hammerhead ribozyme in that it does not stricttyuree a divalent metal
ion for the reaction. The hairpin ribozyme-subgtradmplex includes two
domains of secondary structure, each domain cengistwo short base-
paired helices separated by an internal loop. Domghelix 1 - loop A -
helix 2) contains the substrate and the primaryssate-recognition
region of the ribozyme. Domain B (helix 3 - loop Belix 4) is larger and
contains the primary catalytic determinants of thmzyme. The two
domains are covalently joined via a phosphodidsikage that connects
helix 2 to helix 3. These domains must interachwaibe another in order

for catalysis to occur.

HDV RNA (hepatitis delta virus)

The hepatitis delta virus (HDV) ribozyme is a nading RNA that is

considered to be the only ribozyme known to beirequor viability of a

human pathogen. The HDV ribozyme acts to proces&RhA transcripts
to unit lengths in a self-cleavage reaction. Tloerat-resolution structure
of this ribozyme has been solved using X-ray ciisieaphy and shows

five helical segments connected by a double psewatok
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Big Ribozymes

Ribonuclease P

Ribonuclease P (RNase P) was the first true RNAyrapzidentified.
RNase P works as an RNA-—protein complex, It praegsrecursor
tRNAs and other RNAs required for cellular metasmli Two structures
of the catalytic RNA subunit have been resolved &mom Thermotoga
maritima at 3.85 A resolution and the other frorBacillus
stearothermophilus at 3.3 A resolution. However, both structures ¢tk
bound substrate. Recently, however, the structtitheoentire RNase P

holoenzyme-tRNA complex has been solved (Reitaf.e2010).

Group | and Group Il

An intron is a nucleotide sequence within a gea¢ ihiremoved by RNA
splicing. During RNA transcription, introns arerisgribed with exons;
only during maturation of RNA (‘RNA processingare they excised
from primary RNA transcripts. This process is knoas“splicing”. The

structures of Group | and Group Il introns haverbeell characterized.
The differences between Group | and Group |l as=8an their different
splicing pathway: even though they both use twoseountive steps of
transesterification, group | introns require a fggeanine nucleoside to
initiate the reaction and their secondary structsi@ifferent from that of

group Il introns. The secondary structure of gréuptrons consists of
nine paired regions (P1-P9) and it folds into esaly two domains: the

P4-P6 domain (composed of stacked P4, P5, P6, élked) and the P3-
P9 domain (formed by the P8, P3, P7 and P9 helibes)ng the splicing

process of group | introns, the exogenous guangg&reG) first docks

onto the active G-binding site located in P7, asd3i-OH is aligned to

11



attack the phosphodiester bond at the 5' splied®tiated in P1, resulting
in a free 3'-OH group at the end of the upstreaomend the exoG being
covalently attached to the 5' end of the introne@hthe terminal G
(omega G) of the intron replaces the exoG and aesupe G-binding site
to organize the second ester-transfer reaction:3tH@H group of the
upstream exon in P1 is aligned to attack the ¥eite in P10, leading
to the ligation of the adjacent upstream and doweast exons and freeing
of the catalytic intron (Brion and Westhof, 1997).

Despite being introns, both Group | and Group If-sglicing introns
frequently include ORFs (open reading frames) wtealcode proteins,
the function of which is to facilitate the mobilityr splicing of the host
intron in vivo. We will now discuss Group Il introns and elaberah the
relationships between self-catalytic ribozymes amdron-encoded

proteins.

Group Il intron splicing mechanism and structure

Transesterification

The splicing reactions of group Il introns are gated by the intron RNA
itself. To accomplish this, the RNA folds into cenged secondary and
tertiary structures, which form an active site eaming catalytically
essential Mg ions. Group Il introns splice via two sequential
transesterification reactions that yield ligatedres<and an excised intron
lariat with a 25’ phosphodiester bond (Figure S4). In the first ;step
nucleophilic attack at the-Splice site by the’2H of a bulged A-residue
in DVI results in cleavage of thé-8§plice site coupled to formation of the
lariat reaction intermediate. In the second stejg)eophilic attack at the
3’-splice site by the'30H of the cleaved’%exon results in exon ligation

and release of the intron lariat.

12



Hydrolytic splicing

Early in vitro studies of group Il intron splicirsgiggested that, in addition
to the lariat splicing pathway, the intron can egcvia an alternative
pathway: water or a hydroxyl ion is used as a ropiide in the first
splicing step (Jarrell et al., 1988; Daniels et 84896). The second step
then proceeds as in the branching pathway of sgli@nd the products of
this reaction are ligated exons and a linear in(fagure S4). The balance
between branching and hydrolytic splicing is stigngfluenced by the
choice of monovalent cation in the reaction (Jare¢lal., 1988). As
already observed for group IIB introns, the reactmechanism shifts in
favor of hydrolysis at the 5' splice site when gspotassium ion as the
monovalent salt. Under ammonium conditions, theasion is favorable
for initiation of group IIB splicing by transestication. It was not clear
at first whether the hydrolytic pathway was justianitro artifact, but in
1998, it was shown that introns with branch-pointitaions retain
splicing activityin vivo through this pathway (Podar et al., 1998a). The
discovery of introns that naturally lack a brandirp adenosine and are
still active has revealed that hydrolytic splicing an important,
biologically relevant variation of group Il introgplicing (Vogel and
Borner, 2002).

Group Il intron splicing in vivo

A question that may be asked is whether group tlomuse the same
strategy in vivo as in most in vitro experimentsiet show that group 11
introns are spliced by two sequential transestattiion reations and give
rise to an intron lariat? Indeed, the most enligimg results were derived
from biochemical analysis of their catalytic adivin vitro. In these

experiments, group Il introns need unphysiologicalhigh salt

13



concentrations and temperatures for efficient gatahctivity, but none
of the available data suggest chemical or mechanigterences between
In vitro andin vivo reactivity once the intron is folded. It is gerigra
believed that group Il introns self-excise in tloenh of lariatin vivo, but
the mechanism should be carried out with the assistof intron encoded
protein (IEP).

Reverse splicing

Transesterification reactions are energeticallyemsally neutral and,

therefore, reversible. Excised group Il intron RNxa® reverse splice into
ligated exons, guided by the same EBS/IBS andl base pairing

Interactions between the intron and flanking exexquences used for
RNA splicing. Both steps of splicing are reversildactions and the rate
constants for the forward and reverse reactiornibeofirst step of splicing
are comparable (Chin and Pyle, 1995). Typicallye #econd step of
forward splicing is much faster than the branchiegction, making the
first step rate-limiting (Daniels et al., 1996). ellmeverse reaction is
considerably slower, so that reverse splicing @cglly an inefficient

process. This reaction is not limited to RNA sudists, but also works
efficiently with DNA targets. This exceptional vatdity in substrate

choice is biologically relevant in intron mobilityin which reverse

splicing into the target DNA is a crucial step dfethoming reaction
(Zimmerly et al.,, 1995; Yang et al., 199€ousineau et al. 1998;
Fedorova and Zingler, 2007).

14



Mobility of Group Il (homing)

Group Il intron retrohoming was demonstrated byligts of the yeast mt
all and al2 and.. lactis LI.LtrB introns (reviewed in Lambowitz and
Zimmerly 2004). Retrohoming is mediated by the RfdFmed during
RNA splicing, which consists of the IEP and excisaaat RNA. RNPs
initiate retrohoming by using both the IEP andoantiRNA to recognize
DNA target sequences. The IEP firstly helps sepatta¢ DNA strands
and enable the intron RNA to base pair with tamgains. Base-pairing
between the intron and target DNA follows the saales as in splicing,
for which EBS/IBS an@-6' interactions are necessary (Mohr et al. 2000).
Therefore, the insert is ensured to be excised R Rplicing in the
future. Furthermore, the intron reverse splice® itite DNA strand,
resulting in the insertion of linear intron RNA teten the two DNA
exons (top strand ). Then the bottom strand isvelgaby the En
(endonuclease) domain of the IEP, and ther@l at the cleavage site is
used as a primer for reverse transcription of tiserted intron RNA. The
resulting intron cDNA is integrated by cellular DNAecombination

and/or repair mechanisms (Figure S5).

The lariat reverse splicing reaction is a very ingat feature of group Il
introns because it is the obligate first step dfom mobility, through
which group Il introns invade duplex DNA. This pess may have
resulted in the propagation of ancestral intrond have pushed their
evolution into modern forms. The actual processimgfon mobility

requires more than reverse splicing by the intréwARit depends upon
the action of an intron-encoded maturase or hasgems, which provide

endonuclease and reverse transcription activities.

15



Linear introns have also proved their ability todargo retrohoming by
carrying out the first step of reverse splicingoimomplementary target
molecules (Lambowitz and Zimmerly, 2004). In thesecaf the model
aiby molecule, the intron catalyzes reverse splicing ordy efficiently,
but also with high precision. This finding raishs possibility that reverse
splicing by linear group Il introns may have play&daignificant role in
certain forms of intron mobility and lateral gemanisfer (Figure S5)
(Roitzsch and Pyle, 2009).

Crystallography of group Il introns

The first group Il ribozyme to be successfully ¢ajiized and studied
using X-ray diffraction methods was a group IICram from the
halophilic and alkaliphilic eubacteriun®ceanobacillus iheyensis (O.
iheyensis) (Toor et al., 2008). Group IIC introns are parkely suitable
for crystallization because of their small size auparent structural
stability. The construct of O.i. intron was a 412RNA in which the
distal stems of Domains Il, Il and VI as well & tORF of domain IV
are deleted. The crystallized intron was a prodfittydrolytic splicingin
vitro and hence was not branched. Although the O.i.omntwas
crystallized from a full-length, self-splicing cdnsct that contained an
intact domain VI region, there was no electron dgnattributable to
domain VI in the model. It is possible that dueit® conformational
instability, domain VI is degraded (Toor et al.,12). In this model of
structure, the nature of the active site of grduptton has been described
in detail, but the bulged A and the surroundingawss of Domain VI are
still missing. In contrast to the successful acareent of group IIC intron
crystallography, the larger and IIA and IIB ribozgsnhave not yet been

successfully crystallized.
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Structure

Group Il introns are very diverse in their primagquences, there are
only few short sequence stretches that share carssr in Domain V as
well as several nucleotides at the beginning ofithn. Despite their
very diverse primary sequences, group Il introres gafined by a highly
conserved secondary structure (Figure S1) (Michell.e 1989; Toor et
al., 2001). A Group Il intron generally consistsspt domains radiating
from a central wheel. Each of the six intronic @éms has a specific
role in folding, conformational rearrangements atatysis. The native
conformation of a group Il intron is sustained byra- and interdomain
long-range tertiary interactions, which are critiedgther for folding of the
intron to the native state or for its catalyticiaty (Toor et al., 2010).
Multiple strategies have been applied for probimg structure of group Il
introns. For example, powerful phylogenetic analybiochemical and X-
ray crystallographic methods. Those works haveelgrgxpanded our
knowledge of RNA folding and tertiary structure. démstanding the
group Il intron tertiary structure has became atbpic since many years,
because the model of group Il intron is the besittim provide researchers
a better understanding of mechanisms and struatirine eukaryotic
spliceosome. More broadly, research on group tbig has expanded our
insight into RNA folding and RNA biochemistry, whidelp us explore
the secrets of molecular evolution. Discoveries andomplishments in

the field will be further addressed below.

Domain |
Domain | is the largest of the six domains and aimst four subdomains

(A,B,C,D). Domain | is also known to be absolutessential for catalysis
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(Michel and Ferat. 1995), it binds domain V to foarcatalytic core. It
functions as a scaffold for other domains to assertie catalytically
active structure; for this reason, domain | is imed in several important
tertiary interactions with other domains. Domaiis klso responsible for
exon recognition and splice site selection. Gehgthlere are two 5’ exon
substrate recognition sequences (EBS1 and EBS2aghwhteract with
complementary regions of the 5’ exon (IBS1 and IBB base pairing
interactions. A single mismatched mutation betwé&BS1-IBS1 and
EBS2-IBS2 may result in a significant defect of studite hydrolysis
efficiency (Xiang et al., 1998). However, some graduintrons (class 11C)
do not have an EBS2 site and appear to rely solelgBS1 for 5’- splice
site recognition (Granlund et al. 2001; Toor et ab01). Group IIC
introns are generally located downstream of trapsonal terminator
motifs, some researchers proposed that the stemiemninator motif
participates in defining the 5’-splice site to ca@npate the absence of an
EBS2-IBS2 interaction (Fedorova and Zingler, 2007).

Besides 5’-exon recognition, Domain 1 also conteBuo recognition of
the 3’-exon by interacting with the first nucleaidf the 3’-exon by the
EBS3-IBS3 interaction (subgroup IIB) 6+' interaction (subgroup 11A),
(Figure S1) (Costa et al., 2000).

Domain | is involved in many tertiary contacts thatare critical for
catalysis

Domain | is the largest domain and it can be furthieided into various
subdomains that control RNA folding, each subdonmaiginates from a
very conserved five-way junction. RNA folding stesliconducted in vitro
indicate that domain | folds first and it servesaascaffold for sequential
assembly of the other domains (reviewed by Py&d.eR007).
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Furthermore, several studies have shown that fgldihDomain | is a
rate-limiting step in the folding of the entirerom (Su et al., 2005). The
rate-limiting step governing assembly of domairs Ithought to be the
introduction of a sharp bend in t§eandk region, which has been called
a "folding control element”. Phylogenetic analyaisd nucleotide analog
interference suppression (NAIS) studies identifiedree tertiary
interactions between domain | and the ‘catalytiatee of the intron{—_’
andk-k’, which are important for domain V docking (Costad Michel,
1995; Boudvillain and Pyle, 1998), ahel’, which positions domain V in
close proximity to the 5’-splice site and is difgdnvolved in catalysis
(Boudvillain et al., 2000). The—¢' interaction is also critical for
recognition of the 5' splice site and is directhyalved in the correct
positioning of the highly conserved first intron cheotide (G1) to
facilitate the nucleophilic attack at the 5' splarte (Jacquier and Michel,
1987, 1990). The' region and the. region were also identified as a
strong binding site for a divalent metal ion (likdg2+) that might
contribute to stabilize the intron structure at ¢aéalytically active site.

Another phylogenetically identified long-range i@ry interaction, the
highly conserveda-o' pairing that involves the terminal loop of
subdomain IB, was demonstrated to be functionatigdrtant by genetic
studiesn vitro. In contrast, th@-p' interaction seems to be less important.
The domain | internal base-base interaction cafiéd is restricted to
intron members of subgroup IIB. In the IIA subgrpupe samed
nucleotide base pairs to a completely differerd, gtie first nucleotide of
the 3' exon. It has been suggested that the tefrakceptor interaction
0—0’ plays a role in structural stabilization of thatine structure rather
than being directly involved in catalysis (Costa at, 1997). This

interaction is also important for recruiting theatgtic effector domain Ili
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and the phylogenetically conserved inter-domaimgoiJ2/3 into the
active site (Podar et al. 1998).

Domain I

Domain Il is a relatively smaller domain compareddomain |, but it
harbors two essential long-range tertiary contagte domain | -0
and domain VI+#{-n’) (Chanfreau and Jacquier, 1996; Costa et al.7)199
n-n’ is a tetraloop-receptor interaction that is stoually conserved
between different IIA and IIB introns (Costa et, d41997). However, the
locations of receptor and tetraloop are reverserioup IIA and 1B
introns. In group IlIA introns, the tetraloop is &ed in D2 and the
receptor in domain VI, whereas the tetraloop isdamain VI and the
receptor is in domain Il in group IIB introns (Castt al., 1997). Thg-n’
interaction is noteworthy, because it is believedsérve as a switch in
comformational changes that occur between the twepss of
transesterification. (Chanfreau and Jacquier, 1@8968ta et al., 1997).

Domain Il

Domain Il is generally referred to as a catalyitector (Qin and Pyle,
1998). It is not strictly required for catalysisqéh et al., 1992), but its
presence remarkably enhances reaction rates op dgirokerived ribozyme

constructs (Qin and Pyle, 1998; Fedorova et aD320t is believed that
domain Il helps to form the domain |-domain V dgii@ core and

stabilizes its structure. The first tertiary comtbetween domains Ill and
V (u-w) has recently been identified by NAIS analysiedBrova and

Pyle, 2007), but the actual function of this intgi@n is not clearly known.
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Domain IV

Domain IV is the most variable region of the intrém many introns, it
contains an open reading frame encoding a mutlifomal intron-
encoded protein (IEP). The most common IEPs includgerse
transcriptase, maturase, endonuclease. Those I|BBiitate intron
splicing (maturase) under physiological conditi@rmsl are required for
intron mobility (Lambowitz and Zimmerly, 2004). Dam IV also
contains the primary binding site for the maturps®ein (Watanabe and
Lambowitz, 2004). As it is located on the surfatehe folded intron, it
likely plays a more general role as a protein-lnigdelement and may
interact with various protein co-factors, facilitaf intron splicing and
mobility. Because domain IV is a peripheral domtnat projects away
from the catalytic center, this makes it ideal éoicoding ORFs and it is

removable in mosh vitro experiments.

Domain V

Just as domain I, domain V is also absolutely resmogsfor catalysis.
Domain V is composed of relatively few nucleotidasound 34 nt), but is
the most conserved region of the entire intron (Micand Ferat, 1995).
Domain V has long been believed to be related tosoBNA in the
spliceosome, domain V shares great similarity with snRNA. As
mentioned above, domain V interacts with domaia form the group Il
catalytic center through two tetraloop-receptoeinattion(—{ and K-K’
(Costa and Michel, 1995; Boudvillain and Pyle, 1909 two major
classes of group Il introns, IIA and IIB,is a canonical GNRA tetraloop
(Michel and Ferat, 1995; Toor et al., 2001). Howewe |IC introns it is
an unusual GAAC tetraloop. Another domain |-domdimteraction A-A’,
brings the chemical face of domain V and the S5iegplsite together

(Boudvillain et al., 2000). It was also recentlyosim that domain V
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directly interacts with the catalytic effector damdl via the p-p’ contact,
which possibly helps to anchor domain Ill in thdatgic core of the

ribozyme (Fedorova and Pyle, 2005).

The domain V stem contains a dinucleotide bulgeciwhs extremely

important for catalysis, the bulge is also hightpserved in all functional
group Il introns (Schmidt et al.,, 1996). Terbiumealage studies
suggested that it harbors a magnesium ion-binditey teat could be

important for catalytic activity (Sigel et al., 20 According to the last
crystallography data of domain V, the asymmetrienmal loop twists

tightly upon itself and concentrates the backbohesphates in space,
thereby creating a region with extremely negatilexteostatic potential

allowing two divalent cations to bind tightly. Theetal ion binding site is
supported from below by a triple-helical structuteat results from

binding of a conserved junction region (J2/3) tararariant region within

the major groove of the domain V lower stem (P2(&10).

The other most conserved region in domain V is AlGC triad, also
frequently referred to as the ‘catalytic triad’ gk&re 1). This trinucleotide
has also been shown to harbor a magnesium-bindmgahich has been
proposed to be involved in catalysis (Gordon aratiRili, 2001; Sigel et
al., 2004). The AGC triad is a feature that groumtrons share with U6
snRNA from the spliceosome.

Domain V may be also responsible for the positigrofidomain VI and
the joiner sequence between D5 and D6 is impodsantell. A shorter or
deleted joiner results in the loss of the 5' tratesdication reaction, while

a longer joiner yields at least a reduced acti{Btyulanger et al., 1996).
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Domain VI

Domain VI is critical for the branching pathway tife first step of
splicing, which is common to both group Il introasd spliceosomal
splicing. Although domain VI is a less phylogenaliy conserved, short
hairpin stem, a bulged adenosine, which is wellseoved in group Il
introns that use the branching pathway, servestaarech point. Branch-
site selection by group Il introns is generallywprecise. Various studies
have proved that the bulge adenosine and the ridg#saround the bulge
are important for proper branching. For exampleialaformation is
strongly reducedh vitro when the adenosine is trapped in a Watson-Crick
pairing by adding a uracil on the opposite sidéhefhelix. Deletion of the
unpaired adenosine at the branch point completelgckb 5'
transesterification and lariat formation. Subsittatof the adenosine by a
number of different modified nucleosides revealdt tthe atomic
structure of the base is essential for the effiyenf the branching
reaction (Chu et al., 1998).

The importance of the conformational flexibility thiis region is also
underscored by phylogenetic data showing a preteréor a wobble or
non-Watson-Crick geometry (predominantly G-U) tanK the branch
point adenosine; it is believed that GU wobble basé&s promote
flapping out of the bulge A (Chu et al., 1998). rtRer studies have
shown that the exceptional accuracy of branchsstection by group Il
introns rests on a combination of several partiaiglundant structural
determinants, including the 4-bp basal stem of dorWg the 3-nt linker
between domain V and domain VI in IIB introns, an®-U pair upstream
of the branch-point adenosine (Chu et al., 200bweler, none of these
features is absolutely necessary for accurate bragcexcept the bulged

A itself. The combination of these features ensymegper branch-point
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selection. The lack of characteristic features amdin VI made
researchers puzzling about the position of thisalorand the identity of

its partners during the transesterification process

Surprisingly, neither phylogenetic analysis nor NAstudies have been
successful in determining the local surroundingstied branch-point
adenosine in the ribozyme active site. The dockiteggfor domain VI was
proposed by using UV-crosslinking to be locatethim EBS33’-carrying
internal loop in domain | and this loop was renarfmmbrdination loop”
(Hamill and Pyle, 2006). However, this theory haserp strongly
guestioned (Michel et al., 2009). Although sevemaltations in the
coordination loop confirm that this loop is impartafor splicing, the
effects have not been shown to be specific to lmagc(compared to
hydrolysis) and the exact nature of the proposéerastion between the
coordination loop and domain VI was not clearly destrated. Besides,
the structure of coordination loop varies betwdas<cIIA and classes II1B
and IIC. It is puzzling that such a universally served component as the
domain VI bulge and branch site should be recognisea structure that

Is not universally conserved (Michel et al., 2009).

Disappointedly, although the crystal structure tué t group [IC intron
has provided detailed information on the structarel placement of
domains |-V, domain VI lacks any attributable etentdensity (Toor et
al., 2010). The reason why information is missingdomain VI could be
the dynamic nature of domain VI. Domain VI has |dregen proposed to
flip in and out of the intron core during the twartsesterification steps of
the splicing process. It has been proposed thatpghointrons undergo a
conformational change, using tlen’ interaction, to move domain VI

from first step to second step splicing conformaiqChanfreau and
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Jacquier, 1996). In the crystal structure of the @roup IIC intron,
domain VI was bited off and cleaved from the 3'-afdhe intron after
splicing in vitro, as if the dynamic behavior of domain VI rendered
vulnerable to attack by the highly reactive intcmre (Toor et al., 2010).
It has been proposed that domain VI engages in anfew tertiary
contacts, with which it might be able to form albdtanetwork of
interactions: for example, a network of van der Waaontacts and
stacking interactions, which could be sensitivéh® shape of the branch-
site region. (Chin and Pyle, 1995; Chu et al., 12981). The goal of this
thesis was to focus on the natural docking sitgomhain VI. Accordingly,

this topic will be further addressed in the text.

Distribution of group Il introns

While group Il introns were first studied in orgdae genomes, the
number of known group Il introns is still growingpidly. They are
wildely distributed in higher plants chloroplastp), in their
mitochondria (mt) and those of fungi, as well asnany bacteria, such as
proteobacteria and blue algae. Group Il introns @ely found in
archaea, the few that have been found there aetylilo have been
acquired from eubacteria by horizontal transfemss(Raind Mindell, 2003).
Group Il introns are widespread in eubacterial geg® and typically act
as retroelements with a funtional ribozyme and Bi&ted enzyme. In
contrast, group Il introns in organelles frequelithve a degenerate RNA
structure and either lack ORFs or have |IEPs treharlonger involved in
intron mobility (Michel and Ferat, 1995). Groupirkrons have not been
found in the nuclear genomes of eukaryotes. Instdedr hypothetical

descendants, the “spliceosomal introns”, are amindaeukaryote cells.

25



The classification and distribution of different sibclasses

Although all group Il introns have similar overalcondary structures,
three major subgroups, denoted IIA, 1IB, and 116d durther subdivisions
(Al, A2, B1, B2) are distinguished by specific aions (Michel et al.
1989). Most group IIA introns are relatively largesize (usually > 2.5
kb), when comparing with average mitochondrial blomoplastic group
[IB introns (< 1 kb). The size difference is priniadue to the presence
of a long open reading frame (ORF) in domain 4 @fug IIA introns.
Group IIC introns possess the simplest structuck anelatively smaller
size (around 400 nt) among group Il introns (Tdoale 2008). Variation
between subclasses of group Il consists of rathbtles differences of
structure and sequence (Figure S2). One majorreifte, however, is
how the exons are bound and positioned into theveaddite by the

ribozyme component of the intron.

(@) Subgroup IlIA. Two terminal loops of the ribozynsecondary
structure (EBS1 and EBS2) bind to the IBS2 and IB&ments of the'5
exon by base pairing interactions. Theeon is recognized by &é¢’
interaction.

(b) Subgroup IIB. Binding of the’%exon occurs as in subgroup IIA,
except that EBS2 is part of an internal, rathenttexminal, loop. The
first nucleotide of the '3exon (IBS3) is base paired to the EBS3 site.
EBSS3 is part of an internal loop that is tethethe EBS1-carrying loop
by theo—o’ base pair (Costa et al., 2000).

(c) Subgroup IIC. Binding occurs as in subgroup, Ié&cept that (with
rare exceptions) IBS2 is replaced by the stem-ang-component of a
rho-independent transcription terminator (Granl@tdal., 2001; Michel
et al., 2009).
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There are also subtle differences in subdomainsimtedacting motifs
between each subgroup. For example, compared toirilidons, the
structural features of D5 in IIC introns and thenotif of 1IB and IIC are
different. In [IB and IIC introns the EBS2 motif p@rt of an internal, not
terminal loop; the “coordination loop” containing383 andd’ is present
in 1IB and IIC but not IIA introns (Figure S2). Pikly because of such
structural differences, the ability to performvitro self-splicing tends to
differ also between different subgroups. For examphany group |IB
introns can be spliced in low-salt buffers with lomagnisum
concentrations, whereas group IlA intron tend toeliber slow or less

reactive than group IIB introns (Lehmann and Schn@d03).

The group Il intron may be the evolutionary ancesto of the
eukaryotic cell spliceosome

Splicing of pre-messenger RNAs to mature transeripta crucial and
elaborate step in the expression of most eukarygeices. Almost all
human pre-messenger RNAs undergo multiple spliciagents,
spliceosome-mediated splicing is the most importag@ans of regulation
of gene expression. The spliceosome, the multi-ch@gan molecular
machine that performs splicing, consists of fiveaBmuclear RNAs, or
snRNAs, named U1, U2, U4, U5 and U6, and over 2fi@rdnt proteins.
Similarities in the splicing mechanism suggest tyatup Il introns and
nuclear spliceosomal introns have an evolutionalgtionship (reviewed
by Michel and Ferat, 1995; Jacquier, 1996). Fongxa, divalent metal-
ion binding sites which may contribute to catalysise been proposed to
be located in domain V in the group Il intron and W6 snRNA of
spliceosome. Besides, the two classes of introasessimilar branch site

motifs in domain VI on the one hand and the U2 sARMNron pairing on
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the other and they do both use the 2’0OH group bblilged A residue to
attack the phosphodiester bond of the 5 splice. SBroup Il introns
generally excise from pre-mRNA as a lariat, a stmec that is also
adopted by spliceosomal introns. Even though ghbuptrons share so
many features with spliceosomes in common, theilplesselationship
between the spliceosome and group Il introns resnamopen question

some thirty years after it was first suggested.

The endosymbiotic hypothesis of spliceosome origin

Eukaryotes are believed to have taken in groupttbns from eubacteria
by an endosymbiotic mechanism, which also led te trganelle
structures (Koonin, 2006). Once group Il intronsl li@en absorbed into
eukaryotic genomes, they became fragmented anceguédstly lost the
ability to self-splice. Finally, they developed antibonucleo-protein
machines such as the eukaryotic nuclear spliceogdieelan et al.,
2005), which processes pre-mRNA by a mechanismighdosely related
to that catalyzed by group Il introns.

In bacteria and some eukaryotic organelles, grouptrions continue to
modify the genome of their host by acting as mobiEments that bring
new information when they migrate. Some organisigehsuccessfully
incorporated group Il introns and developed a neMARprocessing
system as a gene regulatory machine. The hypotisesiso supported by
many group Il intron experiments showing that savelomains can be
separately assembled and activatettans (Jarell et al., 1988; Suchy and
Schmelzer, 1991; Podar et al., 1998). Fragmented pé&the intron are
reminiscent of the snRNP genes distributed in #mogies of eukaryotic
cells. In fact, group Il introns in mitochondria tjnrand chloroplast (cp)

are frequently found with structural defects tmapair ribozyme activity.
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These defects include mispairs, the absence difulged A in domain VI,
and subdomains missing (Michel et al. 1989). Sam@mns even lack the
essential catalytic domain V and contain only doml: these are the
‘group III' introns of the Euglena chloroplast gene (Copertino and
Hallick, 1993). Those highly degenerate intronspneably require trans-
acting RNAs or proteins that compensate for thesimgsRNA structures
(Lambowitz and Zimmerly, 2004). The tertiary intefans between
domains make it possible for group Il intron RNAsbe split readily into
different trans-splicing segments (Belhocine et 2005). In group I
intron model molecules, some domains (D1c, D3, D%/2/3/4) have
been demonstrated to act in trans to promote theirgp of group Il
intron constructs lacking them. Such fragmentedugrdl introns and
trans-acting segments underline evolutionary seesdor the origin of
SNRNAs.

Group Il intron-encoded proteins

Although some group Il introns can perform selfi@pl in vitro, this
reaction generally requires nonphysiological caadg, for example high
concentration of bivalent or monovalent shitvivo, most people believe
that proteins are required to help the intron RNAlfinto a catalytically
active structure. In many cases, proteins requoedplicing of a group Il
intron are encoded within the intron (they areemllEP, intron-encoded
protein), in the loop of domain IV in most casese TEP most frequently
comprises four domains that are the RT domain, Kalo, D domain
and En domain. The best characterized IEP is th& ptotein from the
Lactococcus lactis LI.LLtrB intron. The RT domain is defined by seven
conserved sequence blocks (RT1-7), its sequensienilr to that of the

reverse transcriptases found in non-long-termiapkat (LTR)
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retrotransposons. In particular, RTS5 contains thghlip conserved
sequence YADD that is part of the RT active sitenfain X is sometimes
referred to as the “maturase domain” because itisagified as a site of
mutations affecting RNA splicing activity; maturadeind specifically to
the intron RNA to stabilize the active structuraiftbowitz and Zimmerly,
2004). Domain D contributes to DNA binding, wheréhs En domain
encodes a magnesium-dependent DNA endonucleaseléhses a target
DNA strand to generate the primer for reverse trapgon (San Filippo
and Lambowitz 2002). The carboxy-terminal D andd®&mains interact

with the target DNA during intron movement.

LAGLIDADG family of homing endonucleases in group I introns

Finally, a small subset of fungal mtDNA group Itrions stands apart in
encoding proteins of the LAGLIDADG family, to whiaroup | intron
homing endonucleases also belong. The LAGLIDADGgNs promote
homing of group | introns by cleaving recipientesdls to initiate double-
strand break repair (DSBR) recombination, and sbawe also adapted to
function in RNA splicing by stabilizing the activRNA structure.
However, in a group Il intron from the funglusptographium (Mullineux
et al., 2010), the encoded LAGLIDADG homing enddaase cleaves the
target DNA to generate an intron insertion sitet 8aes not enhance
intron splicing. Furthermore, this LAGLIDADG protedoes not appear
to bind to the intron RNA precursor transcript (Wwux et al., 2010). It
will be of great interest to further explore thdermf LAGLIDADG

proteins involved in Group Il intron homing.
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Group Il intron IEP Lineages

Group Il intron ribozymes and IEPs function togetag RNPs, with each
IEP binding specifically to the intron RNA that edes it. As a result, the
intron RNAs and IEPs have co-evolved over long $inte form
phylogenetic lineages of mobile introns (Toor et 2001). Based on
phylogenetic analysis, the IEPs can be divided et major lineages
denoted ML (mitochondrial-like), CL (chloroplaské 1 and 2), and
bacterial A-E (Zimmerly et al. 1999), Each IEP &ge is associated with
a specific RNA subgroup (Figure S3).

Applications of group Il introns

Some group Il introns are mobile genomic elementhich can
rencognize DNA target sites largely by base paighthe intron RNA to
the DNA target sequence in double-stranded or aisyanded DNA
(reviewed in Lambowitz and Zimmerly 2004). Moregvéere linear form
of a group Il intron has been reported to catapmzeutocatalytic reverse
reaction of the second step of splicing with hidficency and precision
(Roitzsch and Pyle 2009).

It is possible to retarget group Il introns toartshem into desired DNA
sites simply by modifying the sequence of the @seng segments in
the intron RNA (Karberg et al. 2001). This featucembined with the
high efficiency and specificity of the retrohomingaction, enabled the
development of gene targeting vectors (“targetrpnfdr genetic
manipulation in biotechnology and molecular therghgmbowitz and
Zimmerly 2004).
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Part |: Mitochondrial ribosomal introns that carry 5’-terminal inserts and

splice by hydrolysis

Introns with 5’-terminal inserts among mitochondrial subgroup 1IB1
introns

As we discussed in the Introduction, group Il inBccomprisesix secondary-
structure domains radiating from a central wheethdugh he secondary
structure of group Il introns is very conserved,simof the sequence is not
conserved, except domain V. Therefore, by usingtaacteristics of sequence
conservancy of domain V, once we detect a candutateain V, it is feasible to
use comparative sequence analysis to build thenpatesecondary structure of
the entire ribozyme step-by-step. Moreover, thet fiive nucleotides of the
intron tend to obey a characteristic consensuseseg) GUGYG, which is
conserved in some 85 percent of known group Il mes)lso that this consensus
sequence helps to define the boundary of the Sepxty of the intron. By
proceeding in this manner, we have establishedabdse of candidate group Il
introns in the organelle DNA sequences that haven hmiblished. During the
multiple alignment and analysis of group Il intreequences, our attention was
brought to a small subset of introns that diverg@thewhat from normal introns.
Ten group Il members were selected on the followgnigerion: strikingly, in
those ten introns, the end of the 5 exon — asriefke by comparison with
uninterrupted versions of the host gene — and tH&B5 consensus sequence
are separated from one another by 1 to as many ast&vening nucleotides
(Table 1 of manuscript #1 and Figure 1). Importgnthe position of the 5’
splice site can be verified by checking that thgusace of EBS1 in domain |

always base pairs with the last nucleotides obthexon (IBS1).

Moreover, at the other intron end, the potentiabséary structure of domain VI
was found to lack a bulging A at the expected locator the branch site (Figure
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2). These introns, which happen to belong to thmesaibozyme structural
subgroup (lIB1; Michel et al.,, 1989) and are insértin ribosomal RNA
precursor transcripts, show additional remarkabdéures (Table 1): they all lack
the second, EBS2-IBS2 pairing, between the ribozame 5 exon, which is
potentially present in most group Il introns, ardeyal of them appear to code
for a homing endonuclease, rather than a revermesdriptase. A list of
published sequences of mitochondrial subgroup H&mbers, which comprises
the ten organelle group Il introns we found to psssan insert at their very 5’

extremity, is provided in Table 1.

When we looked carefully at the introns with a &'rbinal insert, we found that
the sequence and secondary structure of domainagl more variable than in
evolutionary closely related introns: not only iranch-point adenine is missing
at its expected location, but the well-conservedp3helix and (GAA:CUA)
internal loop immediately distal of it are unrecagble. However, some traits of
domain VI are well conserved. For example, domdimfVall introns start with
G:C pairs and most of the introns with 5’ insersiostill keep the GNRA
tetraloop at the tip of dVI. That tetraloop is gexlly believed to participate in
then-n’ tertiary interaction during the second step temterification (Chanfreau
and Jacquier, 1996). (Figure. 3)

Sequence analysis of thérifola frondosa and Pycnoporellus fulgens SSU788
introns

Those introns with 5’ terminal insertions intrigued and we wondered what
might be their performance im vitro self-splicing experiments. To further
investigate this point, we chose to clone three EBUntrons among the introns
with a 5’ terminal insert. One was th®cnoporellus fulgens SSU788 intron
(GenBank entry AF518690), the sequence of which wasmplete in the

database. The other ones were insertion-lackingtee SSU788 introns that
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came from the basidiomycete fur@iifola frondosa andAleurodiscus botryosus
and for which only partial sequences (accession beusn AF334880 and
AF026646) were available as well.

As shown in Figure 3, the predicted secondary siracmodels of thé&rifola
and Pycnoporélus ribozymes are very similar. The nucleotides knoten
participate in intra- or inter-domain, long-rangetiary interactions (Toor et al.,
2006; Michel et al., 2009) are especially well amed. However, there is a
striking feature that has drawn our attention, botihhons are missing EBS2-
IBS2. The EBS2-IBS2 pairing is an extended candrpedring that involves
nucleotides upstream of IBS1 on the one hand, adgde-stranded loop in the
distal section of subdomain ID on the other. TheSEBBS2 pairing is
potentially present in a majority of group Il intig to the exception of members
of subgroup IIC, whose 5’ exon displays a hairpirucure at the expected
location for the IBS2 sequence (Granlund et alQ120Moreover, the entire
subdomain containing the EBS2 afd nucleotides is also missing. This
subdomain carries an additional sequence that, anymntrons, potentially
participates in th@-p’ long range interaction with subdomain IC2 (Micleg¢lal.,
1989).

When we superimposed the secondary structures ef Ghifola and
Pycnoporellus introns, the domain VI sequences were seen to amatically
variable. Only the first three base pairs of thesndin are conserved between the
Grifola and Pycnoporellus sequences. The ORFs encoded in domain IV are
rather similar, both ORFs consist of closely rela(@1 identical amino-acids)
members of the LAGLIDADG family of DNA double-strded homing
endonucleases (Stoddard, 2005). Comparing withr &8&/788 introns, four out

of seven published sequences of these introns inontaling sequences for
additional double strand LAGLIDADG homing endonwades (Stoddard, 2005).
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This fact implies that the homing endonuclease @atal with SSU788 introns

IS quite conserved.

Deletion of the ORF from the Grifola and Pycnoporélus introns and

adjustment of conditions for transcription

The Grifola frondosa and Pycnoporellus fulgens SSU788 introns were PCR
amplified and cloned in the pUC19 plasmid by G.$8ad M. Costa. During
several preliminary tests of the two introns, itswi@und that although the
Grifola frondosa and Pycnoporellus fulgens introns are able to perform well
transesterification and hydrolysis vitro (data not shown), the resolution on gel
IS quite poor. On the one hand, the huge lariatlandt-intermediate oGrifola
(>1500 nts) cause a smear and are impossible ttysengroperly on 4%
acrylamide gels. On the other hand, the large hysio products of the
Pycnoporellus intron are difficult to distinguish from precurg@ata not shown).
In order to ensure better observation and quaatifin, both the ORFs of the
Grifola frondosa andPycnoporellus fulgens introns in domain IV were deleted.
For deletion of ORF sequences, standard PCR anelcoial cloning techniques
were applied with primers GRXHOFWD, GRXHOREV, PYXH®D and
PYXHOREV (Table 4). In the final constructs, 1098 &nd 898 bp of domain
IV were deleted from theGrifola and Pycnoporelus introns, respectively.
Transcription of digested GRDRF plasmid (see below) results in a precursor
that is 1057 nt in length, with 266 nt of 5° exondal56 nt 3' exon; while the
PY1AORF precursor is 1073 nt in length with 274 nt ‘o&%on and 156 nt of 3

exon.

Plasmids comprising the group Il introns were pedifon CsCl gradients and
linearized by Smal, after which transcription wasrfprmed as described in

Materials and Methods. Fan vitro transcription of template DNA, we used a
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relatively low concentration of Mg&l(<25mM) with extra 10% DMSO. The
purpose of low MgGlis to prevent premature splicing during transaipt The
reason we used extra 10% DMSO in the transcrigtigifer is that several T7
transcription stops were found in the sequenceés $%IDMSO have been proved
able to overcome the secondary structure of DNA actieve a better
transcription. Actually, without DMSO, transcriptioyields always a mixture,
with several minor transcription products on gdlo3e premature transcription
stops dramatically decrease the yield of trangonptTherefore, we concluded
that lower concentrations of MgCand 10% DMSO are favourable conditions

for transcription of thé&rifola andPycnoporellus introns (data not shown).

Contrasting self-splicing products of theGrifola and Pycnoporellus SSU788

introns

The lack of the group Il branch-point bulged A imntain VI of the
Pycnoporellus SSU788 intron suggested that splicing would béiaiteid by
hydrolysis at the 5’ splice junction, rather than tbansesterification (Jacquier
and Jacquesson-Breuleux, 1991; Daniels et al, 198Gel and Borner, 2002).
This was confirmed by incubating precursor traqgsricontaining theésrifola
and Pycnoporellus SSU788 introns under conditions that allowvitro self-
splicing. Several different parameters were varied finding the optimal
conditions; those include temperature, monovalahtasxd MgC} concentration.
Finally, in vitro self-splicing of theGrifola SSU788 intron (Figure 6) was found
to be a reasonably efficient process at 42°C in INMLCI| and at 20 mM
magnesium. Reaction is a kinetically complex precése reaction of precursor
Is divided into two phases, part of precursor males reacted fast in the first
two min, while the second population of precursanscripts reacted relatively
slowly (Figure 6B). Splicing products are dominateg the lariat intron and

ligated exons as for other typical group Il intro@sly very small amounts of a
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linear intron form were observed: even when the amom ions were replaced
by potassium ions, there was still less than 15%irsdfar intron products.
Because there was so little linear intron found NK,4Cl conditions, the

possibility exists that the linear intron was geted from hydrolysis.

The Pycnoporellus SSU788 intron showed a rather rapid reaction m®eden
incubated in the same condition as for @refola intron (Figure 6C.): 80% of
the precursor was converted to products in aboumit@ The population of
molecules was also divided into two populations.wieer, there was no
branched product to be seen, all products seenetgemerated through the
hydrolysis pathway. At late time points of reactidhe Pycnoporellus intron
shows unknown additional fragments, which may hasen generated from the
linear intron. The size of the main unknown fragmisnaround 70 nt shorter
than the linear intron, which is 642 nt in lengéde assume that this unknown
fragment is derived from the linear intron by aptry cut, although the precise
cutting site cannot be predicted from these dataealMost importantly, varying
the concentration of magnesium did not make it iptssto observe lariat
molecules among self-splicing products of ynoporellus intron, a higher
concentration of magnesium only slightly increaties extent of reaction for
both the Grifola and Pycnoporellus precursors. However, over 50 mM
magnesium also caused ligated exon reopening.l§ive¢ confirmed that the
optimal magnesium concentration in terms of reactate and final extent of

reaction is around 10 to 20 mM.
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Reverse transcription of splicing products

After testing the splicing ability of both th@rifola and Pycnoporellus introns,

there were several questions we needed to furthefyc

1. Does theGrifola intron use the ‘correct’ (predicted) branchingmiaduring
lariat formation?

2.Where is the cleavage site Bycnoporellus during the hydrolysis reaction? Is
cleavage as precise as for thefola intron?

3. During the hydrolysis reaction &fycnoporellus, an unknown fragment was

seen at late time points. We assume that is a @idduct from hydrolysis.

However, what is the precise cutting site?

In order to clarify the questions listed, reversascription mapping experiments
were performed. The lariat and ligated exons of &BRF and the linear intron,
unknown fragment with additional cut (AC) and ligatexons of PYAORF
were collected from gels. The lariat-3’ exon intethate product of GRIORF
was isolated separately with 20 mM calcium. Howeweaction with calcium is
much more inefficient than with Mg&€lOnly a small proportion of precursors
was active and the yield of lariat-3‘exon internagdi was about 25%. To
determine whether th&rifola and Pycnoporellus introns recognise the 3
terminus of the 5" exon and ligate the two exongemdly, primer extension
mapping experiments were applied. OligonucleotBlgS103B and Gr-R2 were
kinased and”P-labelled. BMS103B was used to sequence ligatemhseand
determine the branch-point of ti&ifola intron-3’exon lariat, while Gr-R2 was
used to determine the 5’ splice of @Bafola intron lariat.

Results of reverse transcription are revealed guiéi 5. The predicted bulged A
in domain VI of theGrifola intron correctly connected to the first nucleotafe

the intron and the 5° exon and 3‘ exon were alsoenbly ligated. The same
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procedure was applied for the ligated exons arehlimtron ofPycnoporellus as
shown in Figure 5. One thing worth noticing is tha purified linear intron of
Pycnoporellus is a mixture: beneath the major linear intron,ghtliband can be
observed. We assume that part of the linear intrap bear an extra cleavage. In
order to determine the cleavage site, the two bavete purified together and
reverse transcribed. If the cutting site was |latatethe 5’ end of the intron, the
site should be seen during primer extension. Howetleere was also a
probability that the mysterious cutting site wasali®d at the 3’ end of intron.
Therefore, linear introns were labelled by RNA sgawith primer 18873 at their
3’ extremity (see Materials and Methods). Using XHOFOR and 18873 as
primers, the intron and its flanking sequence wapldied by RT-PCR and
subcloned in the pGEM TA cloning vector (Promegdpwever, sequence
analysis of the tagged linear intron revealed a R€iRact in which primer
18873 had hybridized in domain VI (right after GTTTTAT).

As previously mentioned, we had assumed that thenawn fragment (AC)
corresponded to the linear intron with a cryptit. ¢n an attempt to identify the
site of cleavage, we applied the same tagging rdatised for théycnoporellus
linear intron. After subcloning and sequence amglyse unexpectedly found a
candidate cryptic cleavage site located in the itehioop of domain IV of the
ORF-less construct, right after the introduced CAGETT sequence. This
result is also controversial, because our bestsgbhased on sequence analysis
was that ribozyme-catalysed, hydrolytic cleavagethe linear intron would
occur at position 110, 3’ of the sequence UAGGAGich offers a better match
to EBS1 (GUCCUU) than the IBS1 sequence (UAGGAUhat3’ end of the 5’

exon.

39



Disscusion

Analysis of self-splicing products reveals the indlity of an intron
with additional inserted nucleotides at the 5’ endo initiate splicing

by transesterification

In our experiments, we have tested the self-sgji@bility of both the
Pycnoporellus fulgens and Grifola frondosa intronsin vitro. Strikingly,
the Pycnoporéellus fulgens intron generates only linear intron despite being
a close relative of thé&rifola frondosa intron which produces lariat. In
fact, when comparing the sequences of the twonstrthey might seem
to differ from one another onlyn minor areas. However, when the
Pycnoporellus intron is examined in detail, one’s attention riavan to the
lack of a bulging A at the expected location foe thranch site and the

presence of an insert at the 5’ end.

It was shown long ago in multiple investigationsttldeletion or base-
pairing of the bulging A at the branch site inhsbiiranching of the&s
cerevisiae cox1/5 intron (Chu et al., 1998 and references therémaeed,
all of the splicing products frorRycnoporellus intron are generated by
hydrolysis in our experiments. Moreover, construetgh additional
nucleotides inserted between the IBS1 sequenckeirbt exon and the
GUGCG consensus sequence at the intron 5’ end alsoereported long
ago by Jacquier and Jacquesson-Breuleux (1991ave tindergone loss
of the cox1/§ branching reactionn vitro: when 17 nucleotides were
added, splicing was found to proceed exclusivehhygrolysis at the 5’
splice site, and the latter was shown to coincidi wthe 3’ end of the
IBS1 sequence, rather than with the 5’ end of théGGG consensus
sequence. However, this is the the first time tyaup Il introns with

additional nucleotides at the 5’ end are repomea matural environment.
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Comparison of features between ‘degenerated’ and nmal introns

The most striking feature of introns with a 5’ irtgan is the diversity of
their domain VI sequences and structures. Suchaléity strongly
suggests rapid, unconstrained divergent evolutiotrons with a 5%
insertion miss the branchpoint bulging A, whilésitvell reported that the
deletion or base pairing of this bulged A inhidtanching (Chu et al.,
1998). Besides, they also lack the two G:U paasHKing the branchpoint:
their replacement by G:C pairs has been reportepegifically decrease
the rate of branching (Chu et al., 1998). Moreovers difficult to
recognize the characteristic AAA:CUA internal loophich exists
normally in mitochondrial subgroup IIB1 introns. Wever, despite
introns with a 5’ insertion having lost such esgdrfeatures of normal
group Il introns in domain VI, we found that sevehthe ten intron
sequences with additional nucleotides at the Seexity have retained a
4-nucleotide terminal loop of the GNRA family, whi@also exists in all
mitochondrial and bacterial members of subgrougd.llBhe GUAA loop
that caps domain VI of th& cerevisiae cox1/% intron was shown by
Chanfreau and Jacquier (1996) to interact with ecifip receptor in
ribozyme domain II: mutations that disrupt the matgion inhibit exon

ligation and increase the rate of first-step tratesdication.

Thisn-n" interaction is widely conserved in group Il riboaes (Costa et
al., 1997) and a potentiglreceptor exists indeed in domain Il of each of
the intron sequences in Figure 2 that share a GINRA at the tip of
domain VI (data not shown). Interaction of tfieGNRA loop with itsn
receptor appears to mediate a structural shift framribozyme
conformation that allows the branching reactionatwmther one which

favors exon ligation and, also, hydrolysis at theice site. Specifically,
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binding of domain VI to domain Il after branch fation was proposed
to drag the first-step product — the 2'-5’ ligatéds dinucleotide — out of
the catalytic site, so as to make way for the dcepsite (Chanfreau and
Jacquier (1996). Persistence of tig’ interaction in introns that have
lost the branchpoint implies that formation of tmgeraction contributes
also to the specific positioning of the 3’ splicéesfor exon ligation.
Formation ofrn-n" may help correct exon ligation by reducing the
complexity of the conformational space to be exglomn order to bring

the 3’ splice site into the catalytic center of thmzyme.

Homing endonuclease gene habored in introns with 5Sterminal
insertions

Group Il introns that possess 5'-terminal insedsastitute a quite small
population compared with the thousands of otheugrth introns that
have been published. In our study, those partigaotaons are found only
in mitochondrial ribosomal RNA genes and they dmdyong to the 11B1
subgroup of ribozyme structures. Another coincidaat is that all known
group Il introns encoding proteins unrelated toerse transcriptases also
belong to subgroup 1IB1 and come from mitochondgehes encoding
ribosomal RNA precursor transcripts. Actually, 4 ofithe 10 members
of our data pool of group Il introns with a 5’-tarmal insert happen to
encode a protein of the the LAGLIDADG family of exmmdicleases (some
of the ORFs in our database are defective or ng¥sihis a fact that a
majority of the introns containing non-RT ORFs kaeking 5’ inserts and
have a normal domain VI, while six out of ten imsowith 5’ inserts lack
any significant protein-coding potential. Still,cdua coincidence raises
the possibility that some causal relationship exigtween the acquisition
of a non-RT ORF, with putative homing endonucleaderity, and that of
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a 5'-terminal insert. The special features of thodeons may have the

potential to develop into a new class of groumiitans.

LAGLIDADG family endonucleases promote homing byngeting a
double-stranded cut with 4 nucleotide (nt) 3' OHedhangs in DNA; the
break is repaired by the host’'s double-strandeckorepair processes
using the intron containing allele as a templated&ard, 2005). Homing
endonuclease genes invade DNA sequences encodivgplgang intron.
The homing endonuclease genes spread in the papulttrough the
cleavage activity of the endonuclease and oncpaaible homing sites
have been invaded, the homing endonuclease gene isnger under
selection pressure and soon begins to accumulateations and
degenerate. Unless the homing endonuclease be@ssestial to its host
by acquiring ‘maturase’ activity: maturases help tibozyme to fold into
an active structure and participate in the spligangcess, as is the case
indeed for the LAGLIDADG proteins encoded by someup | introns,
which have been shown to function as maturaseg@mdote the splicing
of their host group | intron (Bassi et al. 2002sBiaand Weeks 2003).

Based on that, we can hypothesize that the invdsyoan endonuclease
gene is not permanent; that gene that once invadag become
degenerate beyond recognition and it is not straingefore to see some
of those groups Il introns with 5’-terminal insdnaving ambiguous
features of ORFs. We assume that introns with ihiteal inserts spread
with the help of encoded homing endonucleases.eSthe homing
process mediated by DNA endonucleases rests oaliresef the double-
strand break by homologous recombination, the mi&IA should not be
necessary in this mechanism, like in the model idex\ by group | self-

splicing introns and archaeal introns. In the grolip model of
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transposition, the group Il lariat structure una&sg retrohoming by an
inverse splicing mechanism. However, once a grdugetrotransposon
has been converted into a DNA transposon (classobilen element;

Wicker et al., 2007) by the loss of its reversensmiptase and the
acquisition of the coding sequence of a homing eadease, a 2'-5’
phosphodiester bond should no longer be requiredbptimal mobility

and the ability to generate this bond may becorseldg mutations of the

branch site or else, the insertion of nucleotidéb@5’ splice site.
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Part Il: Discovery of a docking site for domain VI

A novel phylogenetic analysis provides clues to th@otential docking
site of domain VI during the first step of splicing

Group Il introns are self-catalytic RNAs that araitg divergent in
sequence, but their secondary structure is wellsewed. Multiple
phylogenetic analyses have been carried out wéhtpe of discovering
inter and intra-domain interactions that contribiatehe splicing function
of group Il intron. In 2008, after more than fiftegears of analyses and
researches, a fair number of interactions andatgritontacts had been
published, and a consensus, overall three-dimealsioadel of the group
[l intron structure was emerging (Costa et al., @0B. Michel and E.
Westhof, unpublished dat®ai et al., 2008). This was the year when
crystallographic analysis of tl@ceanobacillus iheyensis group IIC intron
was published by Toor et al. (2008). Thanks to bineakthrough, many of
the predicted interactions could be further condidmand the catalysis
mechanism has been better elucidated. These aoieeve reach beyond
the area of group Il intron researches in that tlineywe potential
implications for the structure and function of thpliceosome, which
many believe is related to group Il introns, bwoatontribute to pushing
our knowledge of RNA to an upper level.

Even though more and more data are becoming alaita@incerning the
structure and functions of group Il intron, intigg questions are still
waiting for explanations. Probably foremost amomgestions that
needed to be answered after the publication of atwenic-resolution
structure of th&ceanobacillus intron was the location of the docking site
of domain VI during the first step transesterificat Although this topic
has been much discussed and debated for a long amdemultiple

strategies have been applied, none could succlysahgdwer this question.
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The failure of standard phylogenetic/covariatioralgsis implies that
docking of domain VI rests on non-canonical basemga no obvious co-
evolutionary patterns can be discerned. Nevertheleturing our
phylogenetic alignment of group 1IB1 intron sequesicour attention was
brought to a small subset of introns that appeéwediverge somewhat
from normal introns. By comparing variations in gexqce and structure
between standard group Il introns and those infrarisch all have 5’
terminal inserts, we have discovered several distia features that might
contribute to the partly defective splicing of th&rons with inserts. In the
following results, we describe our attempts to fiheé docking site of
domain VI during the first step of splicing by examg the possible
functional implications of structural variations twi the help of
mutagenesis and kinetics analyses. For our expetahsystem, a well
established model, the subgroup IIBRylaiella LSU1787 intron
(PI.LSU/2; Costa et al., 1997; Figure 8) from thitoghondrial genome of
the brown algaPylaiella littoralis, was selected. The PI.LSU/2 intron
carries out accurate splicing at an optimal magmestoncentration of
less than 10 mM and can undergo steady reactionbdiyp the
transesterification and hydrolysis pathways. Moexpwt generates more
than 90% of lariat product and ligated exons inroak concentrations of

ammonium and magnesium.

Deletion of EBS2

As shown by our phylogenetic analysis of Group liBfrons in fungal
mitochondrial ribosomal RNA (article #1), the abserof one of the
exon-binding sites (EBS2) and tBe[3’ interaction (Figure 8) in introns
with 5’-terminal insertions is particularly notewviloy. In order to explore
the contributions of EBS2 an@-[p to the group Il first step

transesterification, we have deleted domain ID2nftbe molecule/AID2
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or PL2-54 mutant; Figure 9). Because deletion of thire domain ID2

may also change the geometry of domain ID3 and ancatffect is hard to
predict, additional versions of the mutagenesisvagaplied. In constructs
PL2-55.1 AID2 + U) and PL2-55.2 £ID2 + A), an extra U and A

nucleotide, respectively, was added between dontBirsd ID3 in order
to increase the flexibity of stem ID3 (Figure 9).

Three ID2 deletion mutants were analyzed kinetycalhder conditions
that favor hydrolysis, that is, with 50 mM MgCand 1M KCI (see
Materials and Methods). The three ID2 deletion migaeacted as well as
the wild type intron in terms of total reaction dire 9-1). Not only did
90% of precursors react within 120 mins, but thisp ahowed similar
total rates of reaction. When reacted fractionsfarner examined, it is
seen that all four introns can splice by both ttemgesterification and
hydrolysis pathways. However, for the ID2 deletiomutants, reaction
through the hydrolysis pathway (which vyields lineantron) is
significantly increased, when compared with thedwipe. Meanwhile,
when rates of transesterification and hydrolyses @mpared, theykk,
ratio gives the opposite result: for the wild tythés ratio is around 0.75,
while for mutants it is around 2.5. That means tiRft-deleted introns
react significantly faster by the transesterificatipathway. To sum up,
ID2 deletion is reflected in the increase of praducom the hydrolytic
pathway, but the branching pathway is acceleratsttad. The precursor
molecules can be divided into two populations ie tleaction, one is
prone to producing lariat by transesterificatiomjle/the other is prone to
generating linear intron by hydrolysis. The deletod ID2 causes a partial
switch of the population from transesterificatianhydrolysis, while the

total reacted fraction remains constant.
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Judging from our results, we can conclude thattdeleof ID2 influences
to some extent the choice of precursor moleculewdrt the
transesterification and hydrolysis pathways. Aligjoudeletion of 1D2
shows influence as well over the branching reactiomust be recalled
that the ID2 domain includes an important tertiatgraction, EBS2, that
contributes to structural stability and 5’ exonagueition. Our data cannot

distinguish between defects in catalysis and siratinstability.

Mutagenesis of domain VI

We have shown in our previous studies (article thaj group Il introns
with an extra insertion at the 5’ terminus, like fycnoporellus fulgens
SSU788 intronareonly able to perform splicing through the hydrosysi
pathway, while normal group Il introns undergo prehtially splicing by
the transesterification pathway. Showing typicadjusnce variation of
their respective subgroups, therifola frondosa and Pycnoporellus
fulgens SSU788 introns, which belong to the same lineagge picked
out as model molecules (Figure 3). It is noticedbét most variations are
located in domain VI (Figure 4). Not only is theabch-point adenine
missing, but the well-conserved 3-bp helix and (GBWA) internal loop
are unrecognizable in th®cnoporelus intron. However, G:C pairs at the
base of the DVI stem and tlg GNRA loop ( Chanfreau and Jacquier,
1996) at its tip are well conserved. This fact i@plthat while the bulge-
lacking intron fails to generate a lariat molecutestill forms then-n’
interaction after the first step of splicing.

We speculated from these data that the interngd tdfodomain VI may
participate in the branching reaction. In order uaderstand the
contributions of the stem of domain VI to firstysteansesterification, we
manipulated those nucleotides by truncation andagartesis. Two

versions of a modified domain VI were introducedstly, the stem was

48



truncated down to two nucleotides after the bulgegénerate a short
version of domain VI (PL2-57, ddVI-2bp in article #2; Figure 10-1);
secondly, the internal loop of domain VI was zippgdand replaced by a
continousdomain VI helix fromPseudomonas spp. (PL2-58 or DVI stem).
The GAA: CUA internal loop has long been known motbe strictly
necessary for a proper branching reaction, as wawrs by a series of
sequence manipulations (Chu et al.,, 1998, 2001).reMer, our
continuously helical domain VI was borrowed fromrmaurally existing
domain VI from a bacterial group Il intron that ryerform a typical
branching reaction. The advantage of replacingrndé&rnal loop with a
continous helical stem is that the latter can ghé&r manipulated, taking
advantage of its geometric stability; in contrabe geometry of RNA
loops is always difficult to predict due to thdeXibility. Especially for a
struture like domain VI, randomly changing any tsf mucleotides would

possibly lead to unpredicable changes of geometry.

When domain VI with a continuous stem was compéaoeithe wild type
intron, the former was found to perform splicing blgoth
transesterification and hydrolysis, despite the faat it seems to favour
somewhat hydrolysis when placed under KCI conds#tid?lL2-wt, PL2-57
(DVI-2bp) and PL2-58 (DVI stem) were then kinetically analyzand
compared under both transesterification-favouringditions, with 1 M
NH,4CI, and hydrolysis-favouring conditions with 1 M KEigure 10-2).
In our results, although the mutant with a trundademain VI (PL2-57,
DVI-2bp) keeps a bulged A flanked by two G:U woblpairs, it
nevertheless loses the ability to perform splicinthrough
transesterification. This fact seems to imply thampetent docking of
domain VI needs not only the bulged A but also®umding nucleotides

in domain VI to contact with. It is reasonable &iéve that the stem part
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of domain VI plays an important role in its dockirathough the internal

loop of domain VI tolerates certain modifications.

Among further questions we wished to answer waskpart of domain
VI is used for docking during the first step trasteeification? To address
that, the continuous-stem domain VI was furthen¢ated. PL2-70 (DVI-
4bp) and PL2-71 (DVI-7bp) are mutants with 4- antdage-pair distal
helices, respectively (Figure 11-1). Firstly, mut&&NAs were tested
under transesterification-favouring conditions,airsolution containing 1
M NH4Cl and 10 mM MgGl. The products from the transesterification
and hydrolysis pathway were both analyzed kindsiq&ligure 11-3). For
the wild type, the transesterification pathway doamted the whole
reaction, over 80 % of reaction occured by tramsgsiation, while only
a small proportion linear intron could be obserdcause some of the
linear intron seen on gel also probably came froakén lariat generated
by the transesterification reaction, which migraaeghe same location as
linear intron, the fraction resulting from transzgication can only be
higher than what was observed. For the mutant aithbp helix DVI-
7bp), the products from both pathways were quite simi abundance to
the wild type, the transesterification pathway wasy active. One thing
worth noticing is that the mutant with a 7-nt hedikowed more lariat-
intermediate (lariat with 3’ exon), which must esft the fact that the
second step of transesterification became slowes. dan be explained by
the fact that the shortening of domain VI also efdahen-n’ interaction
between domain Il and domain VI. For the mutantolwhs further deleted
with only a 4-nt helical stenD{/I-4bp) it shows slightly fewer amounts
of branched products and also a slower reactioa. rféd summarize,
modifications of the domain VI stem have only a onimfluence on the

transesterification pathway in the presence of amoum. Probably, the
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monovalent salt helps stabilize the structure efdhoup Il intron, while

that was not initially seen in our experiments.

Secondly, we examined the same mutants unabolygis-favoring
(1 M potassium) conditions. The PI.LSU/2 wild typeecursor generated
three times more lariat-related products than Hydierelated products
during a 120 min reaction, while when reaction satere compared, the
transesterification pathway was also seen to bmitdy faster than the
hydrolysis pathway ¢k, is around 2.5). WhebVI-4bp was reacted
under the same conditions, we found that the daeadf reaction was
opposite. The hydrolysis pathway was more actiwalrdlysis-related
products were three times more abundant than strdecation-related
products. At the same time, the rate of hydrolysss two times higher
than the rate of transesterification. However, wkes other domain VI
truncated mutant with a 7-nt helix was compared eanthe same
conditions, we found that the transesterificatielated products were
dramatically increased both in terms of quantitg aate of production
(Figure 11-2), even though the products of hydislgsll dominated over
transesterification products. Based on this resu#, have reasons to
suppose that the area between the 4th and 7thpa@tseof domain VI

contributes some significant function during fsgep transesterification.

Although the D6 7 nt-helix mutant does not perfamwell as the wild
type, it should be recalled that modification ofh@on VI is also altering
then-n‘ interaction between domains Il and VI, which s iaterdomain
interaction that contributes to the second stephef transesterification

pathway.
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IC1 mutagenesis

Another feature that was made noticeable by outogienetic analysis of
Group IIB1 introns was the presence of two consee®:U wobble pairs
in domain IC1 of introns that lack a 5’-terminakartion. When the
sequence of the group Il intron found in tBefola frondosa mit SSU
gene is compared with that of the homologous iniroycnoporellus
(Figure 4) and the secondary structure modelsgrersnposed with one
another, it is seen that a majority of nucleotidesl pairings is well
conserved. Except for significant variation in dam&!I, there were
rather few differences between the two introns,tlsat the two G:U
wobble pairs in domain IC1 dgrifola truly stand out. More generally
presence/absence of these two G:Us co-varies wghptesence of a
canonical domain VI structure, which led us to spete that the two
G:Us actually play a role in the docking of dom&hduring first-step
transesterification.

Accordingly, mutagenesis was applied again to exptbe function of
these wobble parings in IC1. The following set @fll mutants was
created. Firstly, the two G:U wobble pairs were ngfead to two A:U
Watson-Crick pairs (PL2-56, IC1 UA:UA Figure 12-However, this
change made us concern that the geometry of dol@dircould also be
altered, which might affect the position of thera&iop at the tip of
domain IC1. As already known, that tetraloop forars inter-domain
interaction with domain Il. This interaction, whighalso known as the-
0’ interaction is a canonical tetraloop-receptor interactiort fbas the
tip of the IC helix with the basal stem of DIl (Ga<et al., 1997). This
Important interaction serves to brace the IC hand to govern the

ultimate orientation of the DIl and DIl stems.
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To clarify this concern, two other mutants wereated in addition to
PL2-56 (IC1 UA:UA), in which the two consecutivel@GGwobble pairs of
domain IC1 are replaced by two U:A’s. In mutant FE2 (C1 A6), the
tetraloop of domain IC1 was replaced with a UUCG@plowhich is
designed as a non-functional component, sincenhaareact with the
receptor of GNRA loops (Costa and Michel, 1997nhafy, in mutant
PL2-64 (IC1 A6 UA:UA), the two features — deletion of the GNRA
terminal loop and substitution of the two GU pairwere combined.

The wild type PIL.LSU/2 and the IC1 modified mutafis2-56, PL2-63
and PL2-64 were tested in 1 M KCI with 10 mM Mg@t 42°C. The
products from both pathways (transesterificatioml drydrolysis) were
guantitated and kinetic parameters were calcula®®-63 (C1 A0)
showed features similar to the wild type, in whibk branching reaction
dominates over the hydrolysis reaction. Only l&és$1t20% products were
from the hydrolysis pathway. The reaction ratedath pathways were
affected, but hydrolysis was more severely affectkdn branching
(Figure 12-2). Th@-0’ interaction is seen to have only minor influemce
the branching reaction and this influence seembetanore related to
structural stability, instead of catalysis. Strigyy the reactions of the two
UA:UA mutants (PL2-56 and PL2-64) were strongly drivemvards
hydrolysis pathway. Over 80% of products came frioydrolysis, and
only little lariat-related products could be obsstv The kinetic
parameters reflected the same tendency, with theching rate (k)
becoming five times slower than for the wild typehile the rate of
hydrolysis is only slightly affected and its redont can be incriminated
upon the direct (or indirect) alteration of theetraloop. Specifically, the
ratio of reaction rates of the twoeA:UA mutants were 0.66 and 0.82,
respectively. These numbers indicate that the éitesfication pathway

was significantly impaired and hydrolysis becamenohating (Figure 12-
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2). It is remarkable that such a slight changeamain IC1 should have
such a strong influence. Because these two G:$ pa@ co-varying with
the loss of the bulged A in domain VI in our phydogic analysis, it is
reasonable indeed to hypothesize that the two @ik$ porm the docking

site of domain VI during first step transesterifioa.

To further adress the role of these two G:U pdhs, A:U substitution
mutants were tested under multiple conditions different combinations
of monovalent salts. No matter what was the comiminaof NH,CI| and

KCI, the G:U pair mutants show the same tendencyh&o hydrolysis
pathway, even in conditions favoring branching NL ammonium

monovalent cation). It should be noted, howevat donditions of higher
ammonium concentration help restore the functiomrahching and the
branching pathway cannot be totally blocked no emathe precise

conditions.

Bimolecular reaction systemin trans (two separate pieces)

Although we had shown that the two G:U wobble phage an important
function in the transesterification pathway, wdl stid not know how
their substitution affects transesterification. &rder to understand
whether the two G:U pairings in IC1 are really aclkdog partner for
domain VI, we designed a bimolecular/‘in trans’atean system. The IC1
subdomian has been shown to be an important subdpnieere are
several inter-domain interactions that have begorted to involve IC1
and the surrounding structure appears to be eabémtimaintaining the
catalytically reactive conformation of DV (Toor &k, 2008). The latter
function is achieved through the)’ interaction between domain V and

the internal loop region of domain IC1 (Boudvillahal., 2000). Besides,

the tetraloop-receptor interactiof;0’ also plays an important role in
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stabilizing the group Il ribozyme core, especiddly efficient self-splicing
at elevated temperatures (Costa et al., 1997).

In relation with these facts, domain IC1 can alsoused to set up a
bimolecular reaction system. A defecti®é’ interaction does not affect
catalysis, but the lack of the)’ interaction has devastating effects for
group Il intron catalysis. In our experimental g@sidomain IC1 was
truncated and replaced with the AATT sequence &b the internal loop
(see also Costa et al., 1997). In order to diminieh effect of the)-n’
interaction between domains Il and VI, domain llswalso deleted and
replaced with a UUCG loop (PL2-67, Figure 14). Mehitbe, domain IC1
was reconstructed and subcloned in a pUC19 plagemewed in detail
in Materials and Methods). In this construct, domdC1l can be
transcribed separately from the rest of the intdonthis system, the
fragment consisting of domain IC1 acts as an “er@yparticipating in
the reaction, The group Il intron without domairiLi€hould not be able to
perform catalysis. By manipulating the sequenceth&f domain IC1
fragment, we hoped to further understand the rdleach nucleotide
participating in transesterification. Furthermorendividual RNA
nucleotides may be modified by exploiting altermasi to RNA synthesis
in which each atom may be altered and replaceédbits function. By
combining the information from such experimentsnight be possible to
build an atomic-resolution model of the complexnied by domain VI,
the branch site and the rest of the intron at itihe &at which splicing is
initiated.

Unfortunately, our first experiments conducted unclenditions of 1 M
ammonium choride, 20 mM magnesium, 45°C were nab@maging.
Although the intron-containing precursor transcuid not react in the
absence of domain IC1, it also reacted very poawBn in the presence of
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a large amount of the domain IC1 piece (IC1 randogh 10uM to 20
MM in this experiment). The reaction was very fasttially, but
progressed very slowly after 2 min and only abo@d®o2of precursors
were able to convert into spliced products. Thist fanay result from
misfolding of the precursor at the beginning, thellviolded fraction of
molecules reacted fast, but the remaining fracteacted poorly due to a
lack of proper folding or quick dropping off of dam IC1 (low affinity
reflecting a high k of domain IC1).

To improve the performance of the system, we tteeither lower the
temperature or increase the concentration of magmesised in the
reaction: lowering the temperature to 30°C shoulkcraase the affinity
between domain IC1 and the precursor, while a higbacentration of
MgCI, could also help stabilize the folding of precurddowever, low
temperatures also decrease the ability to perfatalysis, only less than
10% of the precursor can be reacted within 90 @imthe other hand, the
precursor became too active at high concentratodiggCl,, precursor
molecules were able to react even in the absendideofdomain IC1
‘enzyme’. Even though the same kind of experimeas warried out with
similar methodology with the aysgroup 1IB1 intron (Costa et al., 1997),

our own bimolecular reaction system did not workvad as we expected.

Demonstration of the identity of the first-step reeptor of domain VI
by the use of DNA oligonucleotides as bridging lirdrs

In order to gather more convincing evidence in favbour hypothesis
that IC1 is the actual docking site of domain VI first-step
transesterification, we designed another systemt tlhiges an
oligonucleotide as a chain to anchor domains ICd ¥h The general

concept of this set-up rests on the fact that shal@main VI contact
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domain IC1 during first-step transesterificationartp of these two
domains should be very close in space. If the @eaf domain VI used
for docking is mutated, the transesterificationhpaty is expected to be
hindered and most of the splicing reaction will teslirected to the
hydrolysis pathway. However, the mutated domains¥Wbuld still be
floating around in the vicinity of its docking sit€herefore, we created a
special version of PI.LSU/2 in which the sequerafedomain IC1 and VI
were both changed so as to adapt to a specificdidgigned
oligonucleotide. Once the designed oligos are addete reaction, the
PI.LSU/2 precursor is expected to see its functestored and to initiate
again the branching reaction. The oligonucleotite€tion as a chain to
constrain the movement of domain VI and force idazk correctly. If
domain VI actually docks on domain IC1, the cons&#d domain VI
should ensure restoration of the transesterifinapathway to a certain
level. By combining the information from such expents, we hoped to
be able to build an atomic-resolution model of doenplex formed by
domain VI, the branch site and the rest of theomtat the time at which

splicing is initiated.

We started by constructing a group Il intron in gfhidomain IC1 was
truncated after its GG bulge and its distal secivas replaced (Figure 15;
PL2-72) with a sequence of which six nucleotidesamplementary to a
bridging oligo called PLIS5 (Table 5.). Domain Viaw similarly

truncated two nucleotides after the bulged A asdii$tal section replaced
(Figure 15 construct A; PL2-73) with a sequence gaars with another
part of the PLI5S5 sequence. The two mutants weesa ttombined to
generate a new mutant whose domains VI and ICbaeite able to pair
with oligo PLI55 at the same time (Figure 15 camsttiA; PL2-74). In this

system, PL2-72 and PL2-73 were intended as controls
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The three mutants and the wild-type were teste@utrdnsesterification-
favouring conditions of 1 M ammonium chloride, 1Mnmagnesium at
37 °C with or without the addition of varied contrations of oligo PLI55
(Table 5 generally, the concentration is calculated so tashave
presumably at least 95% of oligonucleotide molexzupairing with
precursor). For the wild-type and IC1 mutant PL2-A@ difference in
reactivity was observed with or without PLI55. Taesegative results
show that there do not appear to exist non-speiciteractions between
the sequences of the precursor intron and oligeotde. PL2-74
behaved as we expected: transesterification coeldeBtored by using
bridging oligo PLIS5 to pull domain VI closer to mhain IC1. However,
with the help of bridging oligo PLI55, domain VI tamt PL2-73 is also
able to perform first-step transesterification tong extent. Although the
PL2-74 mutant precursor performed transesteribcalietter than PL2-73,
it was not clear to what extent restoration resuttaly from the docking
of domain VI or from interaction between domain &id the bridging
oligo. Because the proposed docking face of dorwéiwas removed in
these constructs, we speculate that the phenomgembserved in PL2-
73 resulted from reconstruction of domain VI bygohucleotide PLI55.
As also expected, transesterification can be ingutoby increasing the
concentration of oligo PLI-55, and the effect isamumore pronounced
with PL2-74 than with PL2-73. These data suggest tiwo phenomena
are superimposed in our system: one is the recatistn of domain VI,
the other one is the docking of domain VI. Howeueoth reactions
remain far away from complete compensation, the imaix practical
concentration of the bridging oligo is neither saiéint to fully

compensate the structure of domain VI nor enoudtritgg domain VI to
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its docking site. These data implied that a bettgrstruct was necessary

SO as to compare quantitatively the two reactions

In order to reach a better understanding of theraation between
domains IC1 and VI, a new set of mutants was desigRL2-83B was
designed to replace PL2-72, while PL2-84B (Figute @onstruct B)
replaced PL2-74. The newly designed mutants hayeehiaffinity to the
bridging oligo and a more stable structure. Theh&igaffinity between
oligo and precursor should help decrease the Knvdest the oligo and
precursor. In order to ensure sufficient flexilgiliof domain IC1, two
versions of this domain were designed: the firstlentide (a C) to pair
with the bridging oligo is part either of a C-U mmatch or a C:G Watson-
Crick pair in (the isolated) domain VI. After pmalinary testing of both
mutants, we decided to forsake the C:G version thueits poor

performance.

In this system, reaction products from oligo:preourpaired molecules
are mixed with those generated from the unpairedtyssor alone. The
ratio of paired and unpaired molecules dependserkt andk.; of the

oligo, the branching rate and the extent of reactin order to improve
guantification, we have modified the analysis ofagdaas explained in
Materials and Methods: we found that observed ratelsranching and
hydrolysis reactions, which can easily be estimaaed=0, are more
reliable than rate constants or extents of reastidnonly because their
ratio depends little of the state of RNA transajpthich tend to become
less and less reactive with time (from one expearnime the next). This
type of analysis in which the relative rate of lmfaing is plotted over the

concentration of oligonucleotide yields a saturatiourve which is
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specific to each mutant under a given set of cat Typical curves are

shown inFigure 16

As seen in Figure 16, the ability of precursor RB4B to initiate splicing
by transesterification is efficiently restored Imcieasing concentrations
of oligonucleotide PLI68. PLI68 acts as a linkenttlpairs with both
domain IC1 and domain VI and helps domain VI dado idomain IC1
correctly, it strongly enhances transesterificatiloat reaches up to 60%
of the total reaction at saturating concentratiohshe oligonucleotide.
The K, is also much lower, down to around ©M, compared with a Km
of 58 uM with previous mutant PL2-74. Thus, the affinitf/tbe oligo for

the intron was hugely improved.

A mismatched oligo (PLI69; IC1 mismatched, 15 me&gs used as a
control: its sequence matches that of domain Vt,nma that of domain
IC1 in the PL2-84B precursor. The products gendratitom
transesterification dropped from 60% to about 38f&6& more importantly,
the Km was abruptly increased, from DI to 278 uM, just because of
the mismatched sequence with domain IC1. Theseinhgls that only a
well-matched oligo can efficiently act as a linkerrestore the branching
reaction by pulling domain VI closer to domain |IQ4evertheless, the
mismatched oligo still contributes to some restomt of
transesterification in our experiment. However, nvast not forget that
we had observed the same phenomenon with our dastup PL2-73:
oligos that base pair with domain VI are also ableeconstruct domain

VI and restore functional transesterification toestain level.

To verify this possibility (Table 2), PLI71 (antid) 7 mer) was tested
with PL2-84B. PLI71 is a 7 mer with a sequence demgentary to
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domain VI (anti-D6), it should contribute the safaaction as PLI69, but
should not be able to further enhance transesatibn by bringing
together domains VI and IC1. In our experimenteniiy helped to restore
transesterification to a similar level as for PLIG%e control experiment
with both oligo PLI71 (anti-D6, 7-mer) and PLI72n{alC1, 7-mer)
showed a similar result, as also previously obskfee the combination
of PL2-73 (D6) and PLI58 (anti-D6), which was useda control as well.
Additional oligonucleotides (listed in Table 5),edsat the same 1QM
reference concentration, were unable to provideifsignt restoration of
branching. Combining the results from all differetigos, we conclude
that bridging oligonucleotides do restore transgdstation by helping
domain VI to dock with domain IC1.

The length of an oligo poly-linker largely affectsits ability to restore
branching

Although an oligonucleotide with a matched sequeocae restore the
branching reaction of a functionally defective pmsor, the paired
molecular complex still does not perform the branghieaction as well as
the wild type. We believe that this is becausepibgtion of domain VI is
somewhat ill-defined in space, since the bridgihgos connect domain
VI and domain IC1 as a flexible chain. The branghneaction only
occurs when the bulged A of domain VI occasiondlbgks in a correct
position. Based on this assumption, we designest afoligos that have
the same pairing sequences as PLI68, but in whiglkength of the linker
varies from zero to 4 nucleotides (Table 5.). Thalggnucleotides were
tested at a&oncentration of .UM, which is close to the Kof the PL2-
84B:PLI68 combination. To our surprise, the lengththe linker was
found to hugely influence the efficiency of bramahi Compared with our

initial, standard 3T-linker oligonucleotide (oligeL168), the fractional
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rate of branching is much improved with 1T and &kérs, while no-
linker and 4-T linker oligos showed relatively poperformances (no
T=0.24, 1T=0.78, 2T7=0.46, 3T=0.30, 47=0.20). Thessults strongly
suggest that oligos with shorter linkers (1T angl &Thance the branching
reaction by constraining the movement of domainnthree-dimensional
space, thus providing domain VI with higher likeldd of docking
correctly on domain IC1. Likewise, a linker with gjives too much space
flexibility to domain VI and no linker between domaVl and domain

IC1 makes it difficult to have a proper docking.

Since the oligo with a 1-T linker has proved opfifaa the docking of
domain VI, we chose to present experiments witk tiligo in a more
detailed way Kigure 13). We have found that at a saturating concentration
of the 1T-linker oligo, the reaction originated mig from
transesterification, and the ratio of the branchiaig over total reaction
rate (80%) is again largely improved compared it 3T-linker oligo
PLI-68, for which the maximum ratio of transesteafion over total
reaction rate was only 60% (Figure 17). The afyint the oligo was also
markedly improved: the Kof the 1T-linker oligo PLI-74 is no more than
73 nM, compared with 5.4M for the Km of the 3T-linker oligo PLI-68.
In conclusion, our results show that the best lerfigt the linker is just 1
T, which, combined with what we have learnt fronn thuee-dimensional
modeling of the group Il ribozyme, makes it possitd locate domain VI

In space more precisely.

Mismatched oligos and compensatory mutations

By using mutagenesis and domain IC1-VI tetheringeexnents, we have
reached confidence that domain IC1 is associated thie docking of
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domain VI. However, inevitable questions still lexg Could the
phenomenon of restoration be specific of certaiguseces? Can we
exclude the possibility that oligos affect branchiby interacting with
other sequences within the intron? To clarify tuestion, we created an
additional mutant (PL2-86; Figure 15, construct T)e difference with
the previous setups was that domain IC1 of the mewants was changed
to pair with oligo PLI-69. PLI69 (a 15-mer, anti-D¥nd anti-IC1 to PL2-
84B) was used as a negative control with PL2-84B,sequence is
mismatched with that of PL2-84 in domain IC1 sa th& corresponding
part of PLI69 does not significantly contribute toe restoration of
branching. Moreover, since we already had learat dhgos with a 1-T
linker performed best, we replaced in the followiegperiment oligo
PLI69 by another oligo PLI77 (a 13-mer) with thengapairing sequence
but a 1T linker. The analytic methodology usedhis $ame as presented
in Figure 17. The results (Figure. 18) showed #B2-86, with a IC1
sequence matched to that of oligo PLI77 is stileab undergo the same
restoration phenomenon displayed by the PL2-84B dvid-74
combination, although transesterification was estared quite as well as
in the experiment involving PL2-84B and PLI-74. §esult proved that

the phenomenon we have discovered is robust,atesaguence-specific.

Domain IC1-VI docking by pairing with an RNA bridgi ng molecule
(PLI79)

Our experiments in which domains IC1 and VI areugtd together by
pairing with an oligonucleotide splint were intesfated by proposing that
domain VI performs the branch-generating transiistion by docking
onto domain IC1. According to our modelling, dom&ihmost probably
docks through a ribose-zipper contact betweentdma sf domain VI and

the two consecutive G:U wobble pairs in domain 1@/hile the latter are
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still present in our pairing experiment, the us®bIA oligos as chains to
pull domain VI closer to its natural receptor inll@ay be interfering
with the postulated RNA-RNA interaction. Also, a BNRNA interaction
Is expected to be weaker than an RNA-RNA interacticould it be
possible to enhance the contact between the twaaithsnby using an
RNA oligo?

To address these questions, we attempted addifg@mahg experiments
with the RNA oligo PLI79. PLI79 was designed follogy PL174, and is a
13-mer oligo with a 1-T linker and sequence painvith both domains
IC1 and VI. An experiment with PL2-84B and the PLIRNA bridging
oligonucleotide showed that this RNA oligo indedibws improved
binding between the oligo and precursor RNA: thefér the RNA oligo
Is much lower than for the DNA oligo, it was esttethto be below the 1
nM level. Ironically, such high affinity of the RN@&ligo makes it difficult
to measure the realKf only since successive dilutions of the RNA olig

tend to lead to large errors (data not shown).

Although the K, for restoration of transesterification is very lothe
fraction of branched over total reaction produ&sRxn) is lower than
with DNA oligo PLI74: only 60% of the reaction isitiated by branching
with the RNA oligo in saturating concentration. fhermore,when a
control experiment was performed with mutant PL2-ifBwhich only
domain VI is mutated, and a complementary, 7-meARiNgo (PLI82),
we found that that RNA oligo was able to reconstdmmain VI much
better than the corresponding DNA oligo — almosivae8 in fact as oligo
PLI79. However, the Kis much higher than for oligo PLI79, which we
calculated to be around 57 nM. This phenomenorbeagxplained indeed
by that RNA oligo having better affinity for the RNprecursor and the

paired oligo being able to restore the structuredomain VI more
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efficiently. To summarize our results, RNA oligoslfh to restore the
structure of domain VI and the ability to performartsesterification by
providing higher RNA-RNA affinity. Basically, thesesults are not in
conflict with our previous hypotheses. However,was a bit of a
disappointment, that an RNA oligo should not seenpitovide better

restoration.

Verification of the branchpoint location and splicejunctions

Group Il introns perform self-splicing through twtep
transesterifications. During the first step, theh2troxyl of a bulged
adenosine in domain VI attacks the 5' splice sogwed by nucleophilic
attack on the 3' splice site by the 3' OH of thestigam exon. In our
experiments, the sequences of domains IC1 and YHeoprecursor were
modified to pair with an additional oligonucleotidalthough we had
every reason to believe that the branching reaafoour precursor was
achieved through transesterification by using teensof domain VI to
interact with domain IC1, the question remained tve the branching
reaction was truly authentic or an artefact. Sjpeadif/, we needed proof
that the bulged A was contacting the 5’ extremityhe intron correctly as
in the wild type.

In order to confirm that the group Il intron presor performs the
transesterification reaction with the same mechmaras the wild type, an
RT-PCR and sequencing method was applied to thetesbputative lariat.
This method has been used previously to verifysffieing mechanismm
vivo (Vogel and Bdrner, 2002). During the first step sglicing, the
bulged A of domain VI gets connected to the fingtleotide of intron to
generate a lariat. By using a primer located dongash of the intron 5’

extremity, the reverse transcriptase is given tpeodunity to walk
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occasionally past the connecting site between tliged A and the 5’
intron extremity. These rare events can be seldoyeddCR with a set of
primers specific to the sequence of the lariate-réverse primer is close
to domain IC1, the forward primer is near to domidi@ (Table 5). The
RT-PCR products were further purified and subclomaid a pGEM
cloning vector (Promega), and the precise conngdites of individual
clones were then checked by DNA sequencing. Thailddtprocedure is
described in Materials and Methods.

An experiment in which lariat was generated by mgxihe PL2-84B
precursor with a saturating concentration of th€ lnker oligo PLI74
was selected to verify that the mutant still useshkulged A to attack the
bond at the 5’ extremity of intron. Primer 22298;dted close to domain
[IC was used as forward primer and primer 7118 mamain 1IC1 was
used as reverse primer. After the procedure desthilere above, 5 clones
were picked and sequenced: In 3 out of 5 cloneshtiiged A appeared to
be replaced by T and to be connected with therditeal sequence of the
intron (GTGCG, Table 3). This result is fully conging, when compared
with the reference method first published in 200&2del and Borner,
2002): the bulged A is read most frequently asiad€ed, but only 60%-
90% of the clones show the correct connection,ymably because of
errors during bypassing of the branch by the Rih&lgh we did not test
additional clones, we believe that this resultolsdsand clear. Meanwhile,
ligated exons of PL2-84B were also purified andiys® by sequencing:
the two exons were correctly ligated in all 5 clen&hich provides proof
that a reconstituted domain VI can both ensurex8nerecognition and

cleave the 5’ intron extremity precisely.
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Part Ill;: General Discussion

EBS2 does not appear to be involved in domain VI a&ing

In our phylogenetic analyses, introns with a 5'nteral insert were
carefully compared with their close relatives with@an insert. The first
surprise came from the fact that not only all infavith a 5’ terminal
insert but several of those without one lack bd®85E and3’ at the same
time. As we discussed in the previous sectionptiesence of EBS2 does
not seem obligatory for an intron to recognize exon. In fact, in
group lIC introns and in some group IIB intronsgkdaof EBS2 is well
reported. For example, in the SSU778 intron cldéigufe 1), introns
without an insert like the ones @ryphonectria parasitica, Coccidioides
sp. and Ascosphaera apis also lack EBS2 an@’, but their domain VI
structure is just as intact as in the rest of nbinteons (not only do they
have a bulged A but also the AAA:CUA internal loophese facts imply
that their splicing reaction is mainly through theansesterification
pathway. Interestingly, those introns that lack EB®dp’ also comprise
coding sequences for endonucleases of either th&LLBADG or
GIY..YIG families. Since introns carrying codinggsences for a DNA
endonuclease rather than a reverse transcriptasehygrothesized to
undergo homing through a DNA-transposon-like meman such a
coincidence makes us wonder the possibility thatEBS2 region may
contribute some function to reverse transcriptie{jration of the intron.
In our EBS2 deletion experiments, we found thataesh of the EBS2
region only slight affects the fraction of branchegter hydrolysis
products and even increases the ratio k. Therefore, we tend to
exclude the possibility that subdomain ID2 couldabreceptor for domain

VI; the observed shift from branching to hydrolyseems more likely to
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reflect some involvement in structural stabilitydegxon recognition. One
indication in favor of this idea is that the EBS%2HKing precursor also
generates an additional fragment, which may comme fihe linear intron
(this molecule is slightly shorter than the lineatron and has been

verified to result from intramolecular cleavagetadaot shown).

The investigation of domain VI

As we verified by assaying then vitro self-splicing potential of the
Pycnoporellus fulgens SSU788 intron, introns with a 5’ terminal insert
have lost the ability to carry out branching. Asamsequence, sequences
and structures specifically related to the brangirocess should get lost
in the absence of natural selection. By comparegsecondary structure
of introns without and with 5’-terminal insertionsjs made apparent that
the 3-bp helix and well-conserved 6-nt internalploaf introns of the
former set are missing or unrecognizable in membérthe latter set,
whereas the basal and distal sections of domanenhin well conserved.
This indicates that not only the bulged A and ws flanking base pairs
are necessary for proper branching, but the entidelle part of domain
VI must also be involved in branching. This staimdpartial contradiction
to previous studies that have been published onadoMl. In a paper
reporting mutagenesis of domain VI, it was conctudbat only the
bulged A and the two wobble pairs that flank it arecessary for
branching (Chu et al., 1998). This conclusion wamewhat hasty, for it
was based on sealing of the internal loop by paiof its nucleotides
through canonical base pairs. In fact, most badterfembers of subclass
[IB1 lack an internal loop in their distal dVI steeven though they share
tandem IC1 G:U pairs with their mitochondrial caoenpiarts.
Unsurprisingly, in our study as well, replacemeinthe internal loop with

a continuous helix shows that intron Pl.LLSU/2 il sible to carry out
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branching with rather high efficiency. We went het and proved the
importance of the middle part of domain VI by mangting the length of
the stem distal to the branchpoint. While only whdsmain VI was
trimmed down to two base pair, is the branchingctiea obviously
blocked with 1 M-ammonium salt (stems trimmed tbp7and 4 bp were
only slightly hampered), loss of the ability to feem branching is
gradual instead in 1 M KCI (see Table | of Arti¢l2).

The probable IC1 receptor of domain VI

The Group Il intron ribozyme has been assumed tist ex two
conformations ever since Chanfreau and Jacquiertexpthe existence of
then-n’ tertiary interaction between domain VI and domHirirhe n-n’
tertiary interaction is believed to be responsioleremoving domain VI
from the catalytic site after the first step ofisiplg, thus liberating the
space for the 3’ exon in the second-step transisa¢ion. In contrast to
the identification of)-n’, the search for interactions specific for firses
transesterification proved disappointing. Only @08 did Hamill and
Pyle propose a candidate receptor for the branoh@md neighboring
nucleotides by using UV crosslinking: this receptas proposed to be
located in a subdomain ID internal loop, which wesignated as the
“coordination loop”. However, the site is not congsl in subgroup 1A
introns, which triggered an unsolved debate.

In our studies, another possible receptor, locatecsubdomain IC1
(Figure 4), is proposed for the first time. Evidenao favor of this site
comes not only from our phylogenetic alignment andlysis of introns
with and without 5 terminal inserts, but also froour nucleotide
substitution experiments. Mutagenesis of the twbt) @airs in the IC1
distal helix (positions 78, 79, 100 and 101 of Bi&.SU/2 intron) hugely
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shifts the preferred pathway from transesterifaatio hydrolysis (Figure
12-2). Interestingly, this position happened to @maong those whose
potential importance for branching was uncoverea NAIM (Nucleotide
Analog Interference Mapping; Strobel, 1999) expenton the subgroup
[IB1 ai5y ribozyme (Boudvillain and Pyle.,1998). Removalkloé NH, at
position 2 of G79 (PI.LSU/2 numbering) and alsahe 2’OH groups of
U78 and U100 was reported to interfere with agtivit

Additional evidence in favor of our proposed receptas obtained by
creating a system in which DNA oligonucleotides ased as bridging
molecules that restore the branching ability ofirdron which can only
perform a hydrolysis default reaction by itself. iSThexperiment
successfully proved that only when domain VI intésawith domain IC1,
Is it possible for the branching reaction to betiated. Our newly
identified receptor also provides long-sought endte that domain VI
truly undergoes a major translocation before thation of the two exons.
Furthermore, by manipulating the number of linkieneents between the
pairing sections of the bridging oligonucleotides were able to narrowly
constrain the movement of domain VI in the spadeaiclv helped us in
turn to define more precisely the position of damal during the

docking event.

Bimolecular reaction system

To prove the connection between domains VI and t64,first method
that came to our mind was using a separate dor@dirid generate a two-
piece bimolecular reactiam trans. A similar setup had been successfully
used to explore the tertiary interacti®®’. the separate small piece
formed by domain IC1 can act as an enzyme to deticatalysis by
complementary, pre-folded intron Sc.cox1/5. Unfoaiely, we failed to
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reproduce the phenomenon with PLLSU/2: catalysis:iat completely
blocked in the absence of domain IC1 and this diffee may reflect
structural differences between the two introns. Elesv, we believe that
such a setup may still be feasible with the PIl.LSldtron. For example,
an excess of 5 exon could be added to the readtomcrease the
stability of the intron at low magnesium concendras through the IBS1-
EBSL1 interaction between the 5 exon and domaiAnother way to
achieve this goal could be to introduce an exttalsmain in domain ID,
providing Pl.LSU/2 with the missing-p’ interaction. The3-p’ interaction
Is believed to help stabilize the structure of ititeon when the precursor
starts to fold by using domain | as a scaffold.asnfnately, both methods
are not guaranteed and testing them is time comgymve decided to
give up this project because of the lack of time.

Otherwise, another possibility is to use domainand VI as a separate
molecule in order to perform a bimolecular reagt®zmething which has
long been known to work in many group Il intronsgluding PI.LSU/2.
The only drawback is that domain V-VI (domain Vioa¢ is not
recognized in a productive manner by the rest efrtiolecule) is much
larger than domain IC1 alone; first, interactioredween domain V and
domain | are likely to dominate the system; anasdcthe cost for RNA
synthesis and atom substitution is also largelyeased. Of course, a
major advantage of bimolecular systems is thatlsiRINA nucleotides
can be manipulated in detail; here single atomsl@amains IC1 or DVI
could be altered and tested, which would greatlg beilding an atomic-
resolution model of the first-step interaction lné$e two domains.

Three-dimensional modelling of the position of domia VI
A great step forward in the RNA splicing field wiae publication (Toor
et al., 2008) of the first crystallographic modélaogroup Il intron, the
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group IIC intron ofOceanobacillus iheyensis (O. iheyensis). However,
this major achievement left people puzzling abbt potential first-step
receptor of domain VI, because the structure ofalornvl, probably due
to its instability, could not beisualized in the crystal structur&lore
recently, it has been speculated that domain Vllevpuwbablylie within

a crevice formed between the IC helix and the aoatibn loop
substructure (Pyle. 2010). The latter hypothes®iisdifferent from our
newly proposed receptor, which stands also in edmdtion to previous
UV cross-linking results from the same laboratgHamill and Pyle,
2006) Current models of the first-step configuration afomain VI are
all based on these UV cross-linking data, which qurestionable, as we
discussed before. Although our proposition seemsetgstanding against
mainstream thinking, our model has been tested bagenesis and the
brigding oligo experiments support our point ofwigvith particularly

strong evidence.

The brigding oligo system was refined by changhmgnumbers of T's in
the linker between the sequences complementarligcengineered IC1
and dVI stems. Because restoration of the branal@agtion results from
pulling domain VI closer to its natural dockingestity using the brigding
oligo as a string, the shorter the length of tharclinumbers of links) the
more restricted will be the flexibility of domainl\ih space. We found
that shortening the linker does increase the pibtyalof domain Vi

docking into its receptor in domain IC1. Howevéere is a limit to this,
and the branching ratio abruptly falls down agahlew going from a 1-T
linker to a no-linker oligo. The best explanatian fhis is that attempting
to pair a precursor RNA with a no linker oligo doest leave sufficient
space between domain VI and IC1, which would clasless the pairing

between the precursor and oligo is disrupted bgest one base pair; loss
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of one or more base pairs results in turn in heof the oligo and
precursor becoming much higher (see Materials aathttls and Fig. 4B
of Article #2). In fact, in preliminary tests ofdlsame setup with a five-
nucleotide pairing between the oligo and precunserfound that the Km
of the oligo was some 100-fold higher than for>arsicleotide pairing,
which readily explains the poor branching reactwith the no-linker
bridging oligo. That the setup with a 1-T linkeroskd work best is
important, because this is the optimal distancedfonain VI to interact
with domain IC1. This finding helped us to placedon VI during the

first step of splicing by computer modelling.

By compiling all available data, we have attempi®dnodel the missing
domain VI into the latest atomic-resolution mod@isor et al., 2010) of
the Oceanobacillus group Il ribozyme. m our model (Figure 21), we
chose to have domain VI as a continuous helix, iteegipe presence of a
very well conserved internal loop, which is closadour experimental
setup.As shown in the Figure, the 5’ backbone of thisttwous domain
VI distal helix fits neatly into the shallow groow# the IC1 stem, and
domain VI specifically contacts the section of I@hcompassing the
G79:U100 base pair. The interaction between dom¥inand IC1 is
probably a kind of ribose-zipper interaction: tlkensists in a series of
hydrogen bonds involving the riboses and the sivaflonor groove edges
of several consecutive nucleotides. Compared ta wkber interactions
that exist in group Il, it is relatively weak andstable. Another ribose-
zipper interaction recently reported in a group Ii@on is theo—o’
interaction discovered by X-ray crystallographicalgsis (Toor et al.,
2008). The flexibility of the ribose-zipper intetin explains why this
type of contact is so difficult to bring to light.

73



The bridging oligonucleotides anchoring model is pyviding new
insights for group Il research

By designing specific oligonucleotides that ancthomain VI to its novel
binding site, we are now able to activate the Wnange process over a
default hydrolysis reaction of the group Il introithis is truly a
breakthrough for exploring the group Il intron stwre during first-step
transesterification, because our results imply gbssibility to lock the
group Il intron into a stable first-step comfornaatiby stabilizing the
connection between precursor and oligo. The locketkcule can then be
further probed with biochemical and biophysical meets. Although we
have yet failed to completely lock the moleculeniat first-step ground
state (The K values of our DNA bridging oligo are still too hig it
should be possible to achieve this goal by usirghdn affinity RNA
oligonucleotides. In fact, a preliminary test weth RNA oligo confirmed
that RNA-RNA interactions provide higher affinityand a better
configuration of the molecule should still improte performance of the
system. This novel approach to RNA engineering mglen make it
possible to obtain crystals and visualize at lastribozyme branchpoint

and its molecular context at atomic resolution.
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MATERIALS AND METHODS

Sequence analyses of mitochondrial subgroup 11B1 trons

Published sequences of mitochondrial introns tbasessed characteristic
sequence and secondary structure features of sybyiil (Michel et al.,
1989) were collected (Table 1). Computation ofgthglogenetic tree was
done by PAUP* 4.0b10 (Swofford 2002), the EBS1, EB#$id EBS3
sites were removed from the alignment in ordentmdabiasing the tree-
building procedure in favor of subsets constitubgdintrons that share

homologous insertion sites.

Sequencing and cloning of fungal introns

The group Il introns of interest were amplifiedrfrddNA extracted from
Grifola frondosa andPycnoporeéllus fulgens by PCR and cloned in pUC19
by G. Bassi and M. Costa. The procedure was a®wsil PCR
amplifications of the SSU788 intron and surroundiagons were
performed in 50yl with 1 yM primers BMS65MOD and BMS103E
(Table 4. ) using 1 unit of high-fidelity Phusionlpmerase in HF buffer
(Finnzymes) and 33 cycles (10 s at 98°C, 45 s & 600 s at 72°C).
Sequencing of amplification products was carrietl@uboth strands by
GATC Biotech using the same primers as well asispapecific primers
listed in Table 4. Accession numbers for assemldeduences are
FR773978, FR773979 and FR773980. For cloning ifo coli,
amplification products were reamplified with primeBMS65MODT7
and BMS103EZ, digested with BamHI and Xmal andtédainto the
pUC19 vector plasmid.
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For deletion of ORF sequences from ribozyme dom¥inof the G.
frondosa andP. fulgens introns, primers GRXHOREV (or PYXHOREV)
and GRXHOFWD (or PYXHOFWD) (Table 4) were used ambination
with vector-specific primers ANT7 and 24mer, respety, in order to
generate PCR products. These products were digegtbdXhol and
either BamHI or Xmal, and cloned back into pUCl1%heTresulting
constructs, pUC19-GRNORF and pUC19-PYAORF, in which most of
domain IV has been replaced by a Xhol site (Fig.v&re verified by

sequencing.

DNA construct of PI.LSU/2 used in this study

The PI.LSU/2 constructs used in this study origgnetom Costa et al.
(1997) with certain modifications. In brief, intr@j the last 50 nt of its 5’
exon, and the first 71 nt of its 3’ exon in the aohiondrial LSU rRNA
gene ofP. littoralis were subcloned into the Hindlll site of plasmid
pBluescript Il KS (-) (Stratagene) in the righteoriation for transcription
of the intron from the T7 promoter of the vectoiorain IV is largely
removed, the section extending from gene positébs4 to 6361 was
replaced by CCTAGGATCT: the resulting domain IVméanal loop is 56
nt long. A series of further modified precursorsrevgenerated by PCR
induced mutagenesis. The oligodeoxyribonucleotidesd in this work
were chemically synthesized on an Applied Biosyst&82 DNA/RNA

and are listed in Table 5.

Deletion of EBS2

Deletion was carried out by a PCR which used Plifl2Zhe antisense

orientation and PLI13 in the sense direction. ThEL® sequence extends
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across the EBS2-containing loop and is able to wah PLI12. PLI12

and PLI13 were amplified separately with other grisncorresponding to
sequences at the 5° and 3‘ ends of the insert. Aeghlfragments were
digested and subcloned into pBluescript Il KS {#)ab3-piece ligation. In
the resulting molecule, domain ID2 was eliminatddLd 54). To

maintain the flexibility of the ID2-deleted stemrmather construct was
created in this experiement by using oligo PLI1gtead of PLI13. The
extra W (A or U) residue between domains ID and I§dduld give

flexibilty to domain ID3 in constructs PL2 55-1 alL2 55-2 (see
Figure 9-1).

Mutation of domain IC1

Two G:U wobble pairs in domain IC1 were changedwo A:U pair in

construct PL2_ 56, Nucleotide substitutions wer@oohiced in the IC1
loop by using mutagenic oligonucleotides as datetibdomain IC1. The
DNA amplicons for synthesis of the mutated IC1l $@ipts were
obtained by PCR, with oligonucleotides PLI19 (s¢ressel CGM8350 on
the one hand, 24mer and PLI20 (reverse) on ther.oBawh amplicons
contain a Bsal site at their 5 end. After restootenzyme digestion,
fragments were able to pair with each other andevsabcloned into

pBluescript Il KS (-) by a 3-piece ligation.

Mutation of D6

The PL2_57 (DVI-2bp) construct was generated by R@wRlification by
oligonucleotides PLI21, containing a Bsal site, @dder, at the insert 5’
end. The PLI21-containing sequence deletes pddMbfand replaces the

deleted part with a UUCG loopomain VI was replaced by a continous
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helix designed after domain VI &eudomonas spp (PL2_58 ; DVI-stem).
The method was similar to that used to create P&2 With
oligonucleotides PLI22 (antisense) and PLI23 (senas primers.
Generated single mutants were then used to creawdled mutants
PL2 59 and PL2_60. The same method was appliecetergte other
mutants and combination mutants, the correspondimgps used for

mutagenesis are listed in Table 5.

DNA construct for bimolecular experiment

Deletion of the IC1 subdomain was carried out bpgi®ligonucleotides
PLI_34 and PLI_35 (in the antisense orientation). the resulting
molecule, intron positions 78 to 123 are replacgdhie sequence TTAA
(PI12-67). The DNA matrices for synthesis of the [@hzyme" transcripts
were obtained by PCR, with oligonucleotides PLI ®&jch contains the
promoter sequence of th€/ promoter sequence and a Xbal restriction
site, andPLI_37, which is used as a reverse primer contgirmo
restriction sites, EcoRI and Bsal, fused at theertd. The PCR product
was then digested and cloned into pUC19 with EcafRl Xbal sites
(PUCIC1-1; PUCIC1-2).For synthesis of the IC1 enzyme transcripts,

plasmids were digested with Bsal to generate a lgemaus 3’ extremity.

In vitro transcription and purification of PI.LSU/2 precursor RNA

Transcription of RNA is performed with the T7 RNAolpmerase,
PI.LSU/2 precursor RNAs were obtained using plasiidA as the
template in a transcription reaction. Templatesewgenerated from the
corresponding plasmids by linearization with Acc65prior to the

transcription reaction. After the restriction diges, the linearized
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plasmid was extracted with phenol:.chloroform:isohmlgohol, ethanol
precipitated and suspended in pure water befor®Nwe was used for in

vitro transcription reactions

RNA synthesis and purification were carried outlascribed by Costa &
Michel (1995). Basically, PI.LSU/2 constructs wér@nscribed under the
following conditions: 40 mM Tris-HCI pH 7.9, 3 mBpermidine, 0.1%
Triton X-100, 50 mM DTT, 5 mM rNTPs (except 2.5 mMITP and
addition of 2.5 mMa->*P radioactively labeled rUTP); 26 mM MgCl
ensuring a 0.66 molar concentration ratio of freagnesium over
nucleotides was used during transcription in orterprevent intron
splicing. DNA template is removed by the additidn2é U RNase-free
DNase | and incubation for 30 min at 37°C. The tieacwas stopped by
adding 1/10 volume of 0.5 M EDTAhe newly synthesized RNA may be
effectively separated from unincorporated nuclexgithy size-exclusion
chromatography through a small Sephadex GFZBpackedcolumn
(Amersham Biosciencesh water. Samples were then mixed with RNA
loading buffer (formamide, containing 40 mM EDTAnd purified in
denaturing 4% (w/v) polyacrylamide gels: intacteln intron was
separated form precursor products and intron-3hdadat intermediates.
Samples were transferred to MES Buffer (pH = 6)2pWer night passive
difussion, and finally adjusted to the desired wwdu by ethanol

preciptation and resuspension.

In vitro transcription for Grifola frondosa and Pycnoporellus fulgens
constructs

Transcription of RNA was performed with the T7 RN¥lymerase,
templates for synthesis of precursor RNA from pUGIRIAORF and
pUC19-PYMAORF precursors were obtained by digestion with Smal
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After restriction digestion, the linearized plasmanhs extracted with
phenol:.chloroform:isoamyl alcohol, ethanol pre@pan and suspended
in pure water before being used for in vitro tramgmon reactions. RNA
synthesis and purification were performed as deedriin Costa et al.
(1995), except that transcription was carried ontlem a 0.55 molar
concentration ratio of magnesium over nucleotides H0% DMSO was
added in order to prevent intron splicing and sdaoy structure stopping

of RNA transcription.

Self-splicing reactions

For self-splicing experiments, all precursor traipds were internally
labelled by transcription in presence $P-UTP. Concentrations of
precursor RNA were routinely set at 20 nM. Readiworere initiated by
adding 2X-concentration splicing buffer to RNA sdespthat had been
incubated in water at the reaction temperaturadadition to MgC} and

monovalent cation salts (condition varied by regunent), all splicing
buffers used in this work contained 40 mM Tris-H@H 7.5 at 25°C) and
0.02% (w/v) SDS. Reactions were stopped by adddifeam equal volume
of formamide loading solution with 120 mM MEDTA added. Samples
were heated at 40°C for 10 min before being loanl®d 8 M urea/4%
polyacrylamide gels. Products were quantified omedi and dried gels
with a Phosphorimager (Molecular Dynamics). Thetiom of unreacted
presursor molecules was determined from the madatribution of all

intron-containing forms.
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Quantification applied in the presence of oligonu@otides (bridging
oligo)

Accumulation of branched and linear intron prodweés fitted to simple
exponentials: [Lar] = [La¥] (1 - exp(-k..t)) and [Lin] = [Lin], (1 - exp(-
Kny.t)), where [Lar] and [Lin] are the molar fractiom$ branched and
linear molecules at time t, [Layand [Lin],,, the corresponding, estimated
final values, andkand k,, the observed rate constants for branching and
hydrolysis.

For reactions in the presence of an oligonucledi@igma), the latter was
added to concentrated splicing buffer (final cotions: 40 mM Tris-
HCI pH 7.5 at 25°C, 1M NECI, 10 mM MgC}, 0.02% sodium dodecyl
sulfate) prior to mixing with the solution of puall precursor molecules
(final molar concentration 20 nM) at reaction temgpare (37°C).
Reaction time courses were modelled accordingeddhowing scheme,
in which pre:oligo is the unreacted complex betwagprecursor and an
oligonucleotide molecule (whereas hydrolysis at #iesplice site is
irreversible, transesterification is expected toréeersible; however, the
intron-3’exon lariat intermediate was either absenbarely detectable,
even at short reaction times, for all construct asidjonucleotide
combinations we tested, so that in this experimesyatem, branching

may be regarded as irreversible for all practicappses).

Provided ki and k,, are much larger than the rate constants for @asti

the rates of formation of lariat and linear intmoeducts become:

d[Lar}/dt = [Pre] (ru + ko [OLI/Kg) (1)

d[Lin}/dt = [Pre] (ky,u + kny,e.[Oli/Ka)  (2)
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where [Pre] is the molar fraction of unbound preoumolecules at time t;
Kor,us Kny,us Korg @nd gy g are rate constants for branching and hydrolysis in
the absence and presence of the oligonucleotidpectvely; K = Kyi/Kon;
and [OLI] is the molar concentration of oligonudide. Let f be the

fractional (relative) rate of formation of lariaition:

f = (d[Lar]/dt)/(d[Lar])/dt + d[Lin]/dt)

=fo+ (fmax- o) / (1 + K/[OLI]))  (3)  with

fO = ker/( kbr,U + khy,U) (4)

fmax= ker/( I(br,B + khy,B) (5)

Km = Ky ( khyU/ kbr,B) (fma>l(1 - fO)) (6)

In practice, (i) the accumulation of lariat andelm intron forms for a
given oligonucleotide concentration was fitted tsiraple exponential or,
exceptionally, when reaction was both slow and teah to a linear
function; (ii) initial rates at t = 0 were obtainém these fits, f was
calculated and plotted as a function of oligonutitesoconcentration (the
relative error of f was estimated by adding thatreé errors of branching
and total reaction rates, which were calculatednfrstandard errors
associated with initial rates); (i) the resultiqfgot was fitted with
equation (3) to determineg, ffo and K, (iv) Kq was extracted from
equation (6) after s, and k,g had been obtained from initial reaction
rates in the absence and at saturating concemsaticthe oligonucleotide,
respectively.
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Reverse transcription and identification of reactedproducts (fungal
introns)

The lariat and ligated exons of GRQRF and the linear intron, unknown
fragment with additional cut (AC) and ligated exafsPYIAORF were
generated under 1 M NBI, 20 mM Mg2+, 42°C, 40 min incubation. The
lariat-3’ exon intermediate molecule of GKRARF was isolated
additionally from a splicing reaction including @M CaC}. Molecules
destined for reverse transcription and primer esiten were prepared
under denaturing condition by loading reacted samphto 1.5 mm, 8 M
urea/4% (w/v) polyacrylamide gel. Purification gfising products from
preparative denaturing polyacrylamide gels and tiesierse transcription
with 3*P-labelled oligonucleotides were performed essinta described
before. Oligouncleotides used for primer extenstoBMS103B, Grifo-
Rev2 and Pynco-Rev2 (see Table 4) — were kinasddbaand labelled
with y**P-ATP. BMS103B was used to sequence ligated exoms a
determine the branch-point of tfe frondosa intron-3’exon lariat; Gr-R2,
to determine the 5’ splice of th@. frondosa intron lariat; Py-R2, to
determine the 5’ extremity &?. fulgens linear intron molecules. After gel
purification from 1.5 mm 20% acrylamide-urea denaty gel, the
labelled oligonucleotides were ready to use fompri extensionFor the
linear intron (1) and fragment with additional c(AC) of PYIAORF,
those purified molecules were tagged by T4 RNA d@avith a gel-
purified RNA transcript (5-
GGGAAAGCUUUUAUCUUUGACACAAAAUCGGGGGUGGCGAC
UGUUUAUUAAAAAGUGCGACAAGAAGUU; this transcript had
been dephosphorylated and then kinased so thaarried a single
phosphate at its 5’ end, see Ferat et al., 2008¢. fAgged AC and |
fragments were reverse transcribed with oligo 18878'-
ACCAGATCTAGATTTTTAATAAACAGTCGCCACQC) and PCR
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amplified with 18873 and PYCHOFOR. The PCR produstye gel
purified and subcloned into pGEM-TA cloning vect¢Promega).
Plasmids including the PCR fragment were purifiad aequenced by the
GATC sequencing center.

Verification of splice junctions and the branchpoirt (PI.LSU/2
constructs)

The lariat molecule and ligated exons to be usedédeerse transcription
were generated from PL2-84B in the presence obnoligletide PLI74.
Samples were purified by gel purification underatening conditions and
dissoved in water. For the lariat, the annealiragtion (10ul) contained
25 uyM of RNA and 10 pM primer 7118 (Rev) 5'-
GCAGGTACATTGTCTCCAGA (complementary to intron paaits 58-
77) in 50 mM Tris-HCI (pH 8.3) and 50 mM NaCl. Theactions were
heated at 80°C for two minutes prior to slow coglito 30°C. For
elongation reactions (in a volume of %), portions (10ul) of the
annealing reactions were mixed at room temperaiuitk 5 pyl of a
solution containing 400 mM Tris-HCI (pH 8.3), 50a0vinNaCl, 100 mM
DTT, 30 mM MgCI2, 5ul of dNTP mix (5 mM each) and 2l
SuperScriptP RNase H reverse transcriptase (GilitlorBnd incubated
at 50°C for 45 min. The reacted product was takerPCR amplification
with DNA primer 7118 (reverse) and primer 22299 n{fard: 5'-
GAAAGGCTGCAGACTTATTA, corresponding to part of ribgpme
domain Ill). The 290 nt PCR product was gel pudffeom 2% NuSieve
agarose and cloned into pGEM TA cloning vector fRrga). 5 clones
with insert were sent for DNA sequencing. Ligatedres were reverse
transcribed with primer 5-GAGGTCGACGGTATCGATAA (wth
matches positions 70-89 of the 3’ exon). PCR ameplion was carried

out with the same primer and 5'-
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AGCTTTTATCTTTGACACAAAATCGGGGGTG (positions -19 to49
of the 5’ exon) and products cloned with the pGEK dloning vector

(Promega): all clones examined had the expectageseq for the ligated
exons.
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Résumeé

Les introns de groupe Il forment une classe d’ARMMus avant tout pour leur
activité ribozymique, qui leur permet de catalyleer propre réaction d’épissage.
Sous certaines conditions, ces introns peuventisexdes ARN précurseurs dont
iIs font partie et assurer la ligation des exonsleg bordent sans l'aide d’aucune
protéine. Les introns de groupe Il sont généraleémecisés sous forme d’'un lariat,
semblable a celui formé par les introns des préagess nucléaires, dont
I'épissage est assurée par le spliceosome. De t&halarités dans le mécanisme
d’épissage suggerent que les introns de groupkldéisentrons des prémessagers
nucléaires pourraient avoir un ancétre évolutif cam.

Malgré leurs séquences tres diverses, les intrerraupe Il peuvent étre définis
par une structure secondaire commune, hautemestae. Celle-ci est formee
de six domaines (domaine | a domaine VI; D1-D@phemeant d'une roue
centrale. L'épissage des introns de groupe |l cemgbrdeux étapes, et autant de
réactions de transestérification, qui produisestebeons liés et I'intron excisé sous
forme lariat. Il est généralement admis que lactine du ribozyme subit des
changements conformationnels entre les deux étdpe$fépissage et que le
domaine VI est un acteur clé dans ce phénomene.endapt, malgré
I'identification d’'un certain nombre d’interactionertiaires entre domaines, ni la
RMN, ni les études faisant appel a des modificaticimmiques ne sont parvenues

a déterminer I'environnement immédiat, au niveauside actif du ribozyme, de
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I'adénosine qui sert de point de branchement dérlecture en lariat, ainsi que des
nucléotides qui entourent cette adénosine au sedochaine VI.

A laide danalyses phylogénétiques et dune ma#tion moléculaire
tridimensionnelle, nous avons identifié plusiewgst®ns du ribozyme susceptibles
de constituer le site de fixation du domaine Vicaurs de I'étape de branchement.
Des mutations ont été introduites dans ces sitésateon potentiels et la cinétique
de réaction des ARN mutants résultants a été détéemAfin de démontrer
formellement linteraction du domaine VI avec léesiécepteur le plus probable,
une molécule de ribozyme dont la réaction de bramemt est assurée par
I'addition d'oligonucléotides ADN ou ARN qui positinent correctement le
domaine VI vis-a-vis de son partenaire a été coitetr En combinant
I'information apportée par différentes expériencls ce type, nous avons pu
générer un modele a résolution atomique du comdi@xeé par le domaine VI,

son site de branchement et le reste de I'intromamnent ou I'épissage est initie.

Mots-clé: intron de groupe II, structure d’ARN, oiyme, réarrangements

conformationnels d’ARN, point de branchement dontr

96



Introduction

La distribution des ribozymes naturels

La biologie moléculaire s’est développée rapidendayuis la découverte de la
structure en double hélice de 'ADN en 1953 paremWatson et Francis Crick.
Au cours des années 1980, des molécules d’ARN elbgsircapables de catalyser
des reéactions chimiques ont été trouvées et baptisGbozymes’: cette
découverte, qui montrait que les enzymes protéiquétient pas les seules
macromolécules biologiques susceptibles de catalgies réactions chimiques
dans les cellules vivantes, a été récompensée & (@& l'attribution du Prix
Nobel de Chimie a deux chercheurs, Thomas R. Ce&idaey Altman. Depuis,
de nombreuses études ont confirmé que certainescoies d’ARN sont capables
de se structurer en trois dimensions afin d’assdesr fonctions catalytiques en
présence de certains cations divalents.

Les ribozymes sont répandus dans la nature, plétiemnent chez les plantes, les
eucaryotes dits primitifs, les bactéries, et laimss. Les ribozymes peuvent étre
rangés en deux groupes principaux selon leur {@ilkleau S1). Le premier
groupe comprend les petits ribozymes, tels quentdécules dites ‘en téte en
marteau’ et en ‘épingle a cheveux’, 'ARN satellite virus de I'hépatite delta
(HDV, hepatitis delta virus), le ribozyme VS et sids ribozyme glmS (Winkler et
coll. 2004), découvert plus récemment. Le secondpg inclut de “grands”

ribozymes, tels celui de la RNase P, les introngéuissables de groupe | et de
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groupe Il et aussi, comme on le sait maintenant, I’ARN de la grande sous-unité du

ribosome.
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Tableau S1. Liste des différent types de ribozymes.

Données rassemblées par Karola Lehmann et Udo Schmidt (2003)
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Structure des introns de groupe II

Les introns de groupe Il ont des séquences tr&ss#s; seuls sont bien conserves
guelgues courts segments de séquence dans le dovhainsi que plusieurs
nucléotides au début de l'intron. Malgré cette hité, les introns de groupe Il
peuvent étre définis par une structure secondaingeiment conservée (Figure S1)
(Michel et al., 1989; Toor et al., 2001). Un intrd@& groupe Il consiste
généralement en six domaines émergeant d’'une emteate. Chacun de ces six
domaines introniques a un role spécifiqgue danspgkament, les réarrangements
conformationnels ou la catalyse. Beiltiples stratégies ont été appliquées pour
explorer la structure des introns de groupe llles@nt largement contribué a
étendre notre compréhension du repliement de I'AiRNsa structure tertiaire, de
sa biochimie et de son évolution. Comprendre lacgire tridimensionnelle des
introns de groupe Il reste un probleme d’actuaépuis bien des années, car les
introns de groupe Il constituent le meilleur modalec lequel comparer et mieux

appréhender les mécanismes et la structure deespbme eucaryote.
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Figure S1. Structure d'un intron bactérien représen tatif du sous-

groupe II1AL.

Les zones cerclées indiquent les différences avec les sous-groupes 1IB et IIC. La
“boucle” de DIV, qui comprend la séquence codante de la protéine spécifiee par I'intron
(IEP), est représentée par un cercle tireté ; un site de fixation a haute affinité pour I'lEP
est montré en insert. Les domaines et sous-domaines étiquetés comprennent ceux

discutés dans le texte (Figure tirée de Lambowitz et Zimmerly, 2010)

Deux voies d’épissage pour les introns de groupe Il

Initiation de I'épissage par transestérification
Les réactions d'épissage des introns de groupeorit satalysées par 'ARN

intronique lui-méme. Pour accomplir cette taché&RIN se replie selon une
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structure secondaire et tertiaire conservée etdarmsite actif contenant des ions
Mg®" essentiels & la catalyse. Les introns de grougpisisent via deux réactions
séquentielles de transestérification qui génerentelxons liés et I'intron excisé
sous forme lariat avec une liaison phosphodiest& @igure S2). Dans une
premiere étape, I'attaque nucléophile du site d'sgje Spar le groupement’2
OH d’'une adénosine protubérante dans DVI a pouséaurence la coupure de la
jonction B couplée a la formation de l'intermédiaire de rigaten forme de
lariat. Dans une deuxieme étape, l'attaque nucliéopte la jonction 3 par
I'extrémité 3 OH de I'exon 5clivé a pour conséquence la ligation des exote et

libération de I'intron sous forme lariat.

Initiation de I'épissage par hydrolyse

Les premiéres étuden vitro de I'épissage des introns de groupe |l suggéraient
gu’en plus de la voie dépissage par formation agal, I'intron pouvait étre
excisé par une voie alternative, dans laquellaul'ea I'ion hydroxyle est utilisé
comme nucléophile lors de la premiere étape desbége (Jarrell et coll., 1988)
Daniels et coll., 1996). La deuxieme étape estinsau méme que dans la voie
initiée par transestérification/formation de lagdties produits de la réaction sont
les exons liés et l'intron linéair@igure S2).L’équilibre entre épissage par
branchement et épissage par hydrolyse est fortedwetminé par le choix du

cation monovalent dans le milieu de réaction (Jegteoll., 1988).
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Dans la voie initiée par transestérification, les introns de groupe Il épissent via deux

réactions sequentielles de transestérification qui génerent les exons liés et I'intron

excisé sous forme lariat, comportant une liaison phosphodiester 2’-5’. Dans la voie

initiée par hydrolyse, un ion hydroxyle est utilisé comme nucléophile dans la premiére

étape de I'épissage et l'intron ext excisé sous forme linéaire. Figure tirée de Frangois

Michel et Jean-Luc Ferat (1995).
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Résultats et Discussion

Introns avec insertions 5’-terminales parmi les intons mitochondriaux de

sous-groupe |IB1.

A l'occasion de l'alignement et de I'analyse dews#tces d’introns de groupe |l
d’organelles, notre attention fut attirée par utitp®us-ensemble d’introns qui

divergeaient quelque peu de la norme. Un total@enttons avaient en effet en
commun que l'extrémité de leur exon 5’ (définie mamparaison avec des
versions ininterrompues du gene-héte) et la ségquennsensus GUGYG qui

marque normalement le début d’'un intron de grouiee krouvaient séparées par
une insertion, pouvant compter de 1 a 33 nucléstiEgure 1).

De plus, a l'autre extrémité de lintron, la stwe secondaire potentielle du
domaine VI ne comportait pas de A protubérant anplacement attendu du site
de branchement (Figure 2). Ces introns, dont lezgilme se trouve appartenir a un
méme sous-groupe structural (11B1; Michel et cdlP89), ont d’autres attributs

remarquables en commun (Tableau 1): le deuxiemaregopent entre le ribozyme

et I'exon 5 (EBS2-IBS2), qui est potentiellemenégent chez la plupart des
introns de groupe Il, parait manquer; de plus,iplus de ces introns spécifient
une endonucléase de ‘homing’, plutét qu’'une traptase inverse (Tableau 1 et
Figure 1). Un examen plus attentif de ces intromssartion 5’-terminale, révéle

gue la séquence et la structure secondaire du denvdiy est plus variable que
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dans leurs proches parents évolutifs: non seulement I’adénine du point de

branchement est absente a I’emplacement attendu, mais il n’y a pas de trace de

I’hélice de trois paires de bases et de la boucle interne bien conservée

(GAA:CUA) qui devraient jouxter cette adénine distalement.

Placozoan sp. BZ10101 LSU1787

100 pm——— Marchantia polymorpha LSU787

b Marchantia polymorpha cox3/2

Candida zemplinina LSU2584 RT
Saccharomyces cerevisiae cob/1
100 —— Saccharomyces cerevisiae cox1/5
L—Saccharomyces pastorianus cox1/5
Candida ipomoeae SSU531
- Amoebidium parasiticum LSU2449 [+33]
100 100 Placozoan sp. BZ10101 LSU2586 +1
—_— Trichoplax adhaerens LSU2586 +1
-I_—Placozoan sp. BZ2423 LSU2586 | +1
Pylaiella littoralis LSU2451
u Pylaiella littoralis LSU575 RT
— Pylaiella littoralis LSU1787 RT
_ | Scenedesmus obliquus SSU968
7§|—Allomyces macrogynus LSU2059
76 Rhizophydium sp. 136 LSU2059
93 Pichia angusta LSU2059 LAGLIDADG
\ Ustilago maydis SRX2 LSU2059 LAGLIDADG
LSU ] 100 Agrocybe aegerita LSU2059 +23 LAGLIDADG
—| 2059 _|:Sui||us luteus LSU2059 +25
_|—G|om us intraradices LSU1787 LAGLIDADG
Scenedesmus obliquus LSU2455
Amoebidium parasiticum SSU788 GIY.YIG
1 100 Trametes cingulata SSU788 +6 LAGLIDADG
_:Pycnoporellus fulgens SSU788 +6 LAGLIDADG
98 75 Ganoderma lucidum SSU788 +6 LAGLIDADG
1 Ceriporiopsis gilvescens SSU788
Ssu7es = Aleurodiscus botryosus SSU788 LAGLIDADG
95 Grifola frondosa SSU788 LAGLIDADG
100 Usnea antarctica SSU788
_:Cryphonectria parasitica SSU788 LAGLIDADG
|| Pedinomonas minor LSU1787
95 Chaetosphaeridium globosum trnG
100 Chlorokybus atmophyticus trnS
_:Marchantia polymorpha trnS
100 Paracoccidioides brasiliensis SSU952 Unknown
Cryphonectria parasitica SSU952 LAGLIDADG
o1 SSU952 é;'_:Leptographium truncatum 1435 SSU952  LAGLIDADG
. 9 Cordyceps konnoana SSU952 LAGLIDADG
Marchantia polymorpha cox2/1

Figure 1. Arbre phylogénétique des introns mitochondriaux du sous-groupe

I1B1.
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without a 5' terminal insertion (45 sequences)
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Figure 2. Variations du domaine VI chez les introns a insertion 5’ terminale.

Tableau 1. Liste des introns mitochondriaux de sous-groupe IIB1 (informations

collectées par Frangois Michel)

Organism, gene and intron \Accession  [[ntron 5" insert”  [EBS2 |ORF product™® and
number coordinates® location!”

Fungi

Paracoccidioides brasiliensis cox1/2® |AY955840 [41071-43890 RT 1v)

Candida parapsilosis cox1® X74411 12690-15605 RT (IV)

Saccharomyces cerevisiae cox1/57 V00694 8746-9632"

Saccharomyces pastorianus cox1/5 EU852811 [53565-54476

Saccharomyces cerevisiae cob/1 [EU004203 [38472-39239

105




Candida zemplinina LSU2584 AY445918 |2516-32% RT IV
Candida ipomoeae SSU531 AY393889 176-801
Glomus intraradices C16g1_2 AM950209 |2541-3896 LAGLIDADG  (IV)
LSU1787
Uncultured Glomus W9/1 LSU1787 | FN377588 1827-3215 LAGLIDADG  (IV)
Allomyces macrogynus LSU2059 u41288 2416-3192
Rhizophydium sp. 136 LSU2059 [NC_00305: [3880-4564 +6 GUGCGA(ho
Pichia angusta LSU2059 AL432964625-1,469-1,294 no |LAGLIDADG (IV)
AL434946 879
AL433470
Ustilago maydis SRX2 LSU2059 EU921807 3413-5372 LAGLIDADG  (IV)
IAgrocybe aegerita LSU2059 AF087656 9088-108711+23 UUGCGA(no LAGLIDADG™ (1V)

Suillus luteus LSU2059 L47586 2675-3341 +25 UAGCGA(nho

Cryphonectria parasitica SSU952 AF029891 7168-9235 LAGLIDADG  (ll)

Leptographium truncatum 1435 ™ no LAGLIDADG  (ll)

SSU952

Cordyceps konnoana SSU952 AB031194 897-9724 LAGLIDADG  (lll)

Paracoccidioides brasiliensis SSU9%2 AY955840 2557362 Unidentified (1
Aleurodiscus botryosus SSU788 EMm no |LAGLIDADG (IV)
Ceriporiopsis subvermispora SSU788 EU546103 3482907 no

Grifola frondosa SSU788 F no LAGLIDADG  (IV)
Pycnoporellus fulgens SSU788 M +6 UUGCGAQGho LAGLIDADG (IV)
Ganoderma lucidum SSU788 AF214478056-2562 +6 UUGCGA@o LAGLIDADG (IV)
Trametes cingulata SSU788 GU723273 39037-404426 AUGCGACNno  |LAGLIDADG™ (1v)
Usnea antarctica SSU788 DQ990920 | 397-1473

Cryphonectria parasitica SSU788 AF029891 2415-9#596 no LAGLIDADG (IV)
Ichthyosporea

IAmoebidium parasiticum SSU788 AF538044 855-2198 no GIY-YIG (Iv)
Amoebidium parasiticum LSU2449 | AF538042 5337-5909 [+33 GAGCGA(no
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Analyse des séquences des introns SSU788 d&ifola frondosa et
Pycnoporellus fulgens

Afin de poursuivre I'étude de ces introns atypiquesus avons choisi de cloner
trois introns insérés a la position 788 de I'ARN te petite sous-unité
ribosomique mitochondriale (SSU788 ; la numérotatet celle dé. coli). L'un

de ces introns est pourvu d’'une insertion 5’ evia@mt dePycnoporellus fulgens :

une séquence partielle de cette intron avait gésée dans les bases de données
(code d’'acces GenBank : AF518690). Les deux aufregens sont également
insérés en SSU788 et assez étroitement apparertélsiiadeP. fulgens, mais
dépourvus d’insertion 5’; ils proviennent des chagnpns basidiomyceté&srifola
frondosa et Aleurodiscus botryosus, et la aussi, des séquences partielles étaient
disponibles (codes d’acces AF334880 et AF026646).

Comme on peut le voiFigure 3, les structures secondaires prédites fmsur
ribozymes des introns dé&rifola et Pycnoporellus sont tres semblables.
Cependant, la superposition de ces structures eguie le domaine VI différe
considérablement entre les deux introns : seutesdés premieres paires de bases
et I'extrémité distale de ce domaine sont consare@tre les séquences@efola

et Pycnoporeéllus.
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conserved in Ganoderma and Pycnoporellus
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Figure 3. Superposition du modele de structure secondaire de I’intron SSU788 de

Pycnoporellus fulgens a celui de I’intron SSU788 de Grifola frondosa.

L’auto-épissage in vitro des introns SSU788 de Grifola and Pycnoporellus

donne naissance a des produits bien distincts

Afin de décrire I’auto-épissage in vitro des introns de Grifola and Pycnoporellus,

nous avons suivi cinétiquement les

produits. La réaction d’auto-épissage

réactions d’épissage et caractérisé leurs

in vitro de I'intron SSU788 de Grifola a

42°C dans 1 M NH,Cl et 20 mM magnésium est montrée Figure 4. La réaction du

précurseur se divise en deux phases,

une partie des molécules de précurseur
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réagissent rapidement dans les deux premiéres esintandis qu’une deuxiéme
population de transcrits précurseurs réagit redatent lentement (Figure 4B).
Outre les exons liés, les produits de réaction slmmhinés par l'intron lariat,
comme pour les autres introns de group Il typiguee forme linéaire de l'intron
n'est observée qu’en tres petite quantité, mémadjles ions ammonium sont
remplaceés par des ions potassium.

Quand maintenant I'intron SSU788 Bgcnoporelus SSU788 est incubé dans les
mémes conditions que celui @eifola, la réaction reste assez rapide (Figure 6C.):
80% du précurseur est converti en produits en I0emviron. Et la population de
molécules réagies contenant l'intron se répartitndeveau en deux formes.
Cependant, il n'y a pas de traces d'un produit ¢dnén tous les produits de

réaction paraissent avoir été généres par voieohyjue.
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Figure 4. Auto-épissage des introns SSU788 de Grifola et Pycnoporellus.

A. Cinétiques d’auto-épissage d’ARN précurseurs contenant les introns SSU788
de Grifola et Pycnoporellus a 42 °C dans 1 M NH,Cl, 20 mM MgCl,, 40 mM Na-
MES (pH 6.2). Les mobilités électrophorétiques sont comparées a celles des
produits d’épissage connus d’un ARN précursuer contenant I’intron LSU1787 de
Pylaiella littoralis (piste MW: bande 1, 640 nt, lariat; bande 2, 872 nt, précursor;

bande 3, 640 nt, intron linéaire; bande 4, 232 nt, exons liés).
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B. Cinétique d’auto-épissage d’un ARN précurseumt@&oant I'intron SSU788 de
Grifolaa 42 °C dans 40 mM Tris-Cl pH 7.5, 20 mM Mgél soit 1 M NHCI
(cercles et courbe pleine, générée par ajustemams &quation exponentielle
biphasique avec,k= 0.9+0.2 miff et k, = 0.03 mift), soit IM KCI (carrés et
courbe tiretée pour l'intron lariat; losanges atrb@ pointillée pour l'intron
linéaire; les deux courbes ont été générées psiteapent a une équation
exponentielle unique).

C. Cinétique d’auto-épissage d’'un ARN précursemtemant I'intron SSU788 de
Pycnoporellus a 40 mM Tris-Cl pH 7.5, 1 M NkCI et 10 mM MgCJ (carrés
vides), 20 mM Mgd (cercles vides), 50 mM Mgg&(losanges vides), ou 40 mM
Na-MES pH 6.2 et 20 mM Mgg(cercles pleins et courbe tiretée). Les réactions
10 et 20 mM Mg, pH 7.5, ont été ajustées a un aeebiphasique {k

0.32+0.03 miff, k, =0.030+0.016 min), les autres a des exponentielles simples.
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Partie I

Une analyse phylogénétique inédite suggere une mspour explorer le site
potentiel de fixation du domaine VI lors de la prenere étape de I'épissage

En comparant la variabilité des séquences siteeackez les introns de groupe Il
normaux et ceux pourvus d’une insertion a I'extténd’, nous avons découvert
des variations de séquence et structure qui peutraiontribuer a expliquer
I'absence de formation de la structure lariat deszntrons a insertion. Chez ces
derniers, en effet, non seulement 'adénosine dotmte branchement manque,
mais la section moyenne du domaine VI, qui compneoanalement (chez les
introns mitochondriaux de sous-groupe [IB1) uned®unterne bien conservée
de 6 nt et une hélice de trois paires de basesietjai cette boucle au point de
branchement, est méconnaissable. Ceci suggere auseulement le point de
branchement et les deux paires G :U qui I'encadi@ht et al, 1998), mais toute
la section moyenne du domaine VI pourrait étre igysde dans la réaction de
branchement. Outre les nucléotides appartenant caoaide VI, nous avons
découvert que plusieurs sites dans I'hélice disthliedomaine IC1 montrent
egalement une variabilité difféerente selon gu’ilséx ou non une insertion a la
jonction 5’ et pourraient donc contribuer aussaaéaction de branchement : il
s’agit — chez l'intron ribosomique PI.LSU/2 de Rgll — des positions 78, 79 et

100.
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Substitutions de nucléotides dans le domaine Vidats son site

récepteur potentiel IC1.

Nos analyses de séguences suggerent qu’aussi @ieection moyenne du

domaine VI que les paires G :U 79:100 et 78:101Cle sont spécifiquement

impliquées dans la réaction de branchement. Paségoent, il devrait étre

possible d’observer un déplacement de I'équilibnéree transestérification et

hydrolyse en réponse a l'introduction de substinginucléotidiques a ces sites.
Au cours de notre étude, nous avons introduit de®rsubstitutions aussi bien
dans le sous-domaine IC1 que dans le domaine YA, & montrer que ces

composants jouent un role clé dans la réactioraiechement. (Figure 5).

5 5' 5 5'
| | | |
U U U U
G G G G
A A A A
A,BG A/BG A/EG A/EG
U ch c::”GG U ch c/’/GG UCA C/’/GG UCA c/’/GG
[ C'o’G C'o’G C'o'G
U o fGhA, U of 8¢ U o6 U oof
Augn A AU Ay AUy AUg
€ WG A Cey s Cc
AucUc"’ Ac
DVI wt DVI-7bp DVI-4bp DVI-2bp
5 5' 5
| | |
C=¢ C=g¢ c=¢
u- u- -
T A VA A
€ \5% L A % 4 A G c
@\G;/:U rd @AG;/Z'U re <‘>AG/;/U
}\, (;UofcG /Guofcc
A/ ¢’ u A ¢’ u
G~ A G~ A
A A’
Uu.'c Uzsie
C'2°¢g C .~
G, G
[ /A
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IC1 wt IC1 AB IC1-2bp
IC1 UA:UA IC1 A6 UA:UA

Figure 5. Ribozyme mutants comportant des substitutions Endomaines VI et IC1.
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Mutagénese du domaine VI

Premierement, la tige du domaine VI a été tronglgenaniére a ne laisser que
deux paires de bases au-dela du site de branchdwesion courteDVI-2bp
dans l'article #2fFigure 5; puis la boucle interne du domaine VI a été rats et
remplacée par une hélice de domaine VI continuée t’un intron de groupe Il
de Pseudomonas spp. (mutant ‘DVI stem’). Les cinétiques de réactionsde
molécules mutantes PL2-wt, PL2-50\(I-2bp) et PL2-58 (DVI stem) ont alors
été analysées et comparées aussi bien dans desarenfhvorisant I'initiation de
I'épissage par transestérification (1 M k), que dans des conditions
privilégiant 'hydrolyse (1 M KCI). Il en est resgsbque méme si le mutant avec
un domaine VI tronqué (PL2-57; DVI-2bp) parait cem®er un A protubérant
bordé de deux paires G :U, il a perdu néanmoiniliade a initier I'épissage par
transestérification. On en conclut que la fixatidn domaine VI, pour étre
productive, requiert la présence non seulement guwotubérant, mais aussi des
nucléotides qui entourent ce A : il est donc ramsiite de penser que la tige du
domaine VI joue également un role important dang¢@nnaissance du domaine
VI.

Quelle partie exacte du domaine VI est utiliséer@msurer sa fixation au cours
de la réaction de transestérification de premiéaped? Afin de répondre a cette
guestion, I'hélice continue du domaine VI du mutBhP-58 a été soumise a des
troncations successives. PL2-70 (DVI-4bp) et PLZEXI-7bp) sont des mutants

avec des hélices distales de 4 et 7 paires de,baspgctivement (Figure 5). Les
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ARN mutants ont d’abord été examinés et caracma@étiquement dans des
conditions favorisant la transestérification : @ssort de ces expériences que
modifier la longueur de la tige du domaine VI n@une influence mineure sur
I'épissage par transestérification en présence mi@anium. On peut penser que le
sel monovalent monovalent contribue a stabilisstracture de I'intron de groupe
[l intron, ce qui n’apparaissait pas initialemeand nos expériences.

Nous avons ensuite examiné les mémes mutants @snsotditions favorisant
I'hydrolyse (1 M potassium). La vitesse d’hydrolyda mutant DVI-4bp est
grandement accrue et les produits de branchemeitséen proportion, par
comparaison a la molécule de séquence ‘sauvageijodic dans les mémes
conditions expérimentales, chez I'autre mutantcauee hélice DVI distale de 7
paires de bases, les produits de transestérificatia jonction 5’ sont par contre
beaucoup plus importants, aussi bien en termesudatite que de vitesse de

production(Tableau Ide I'article #3.
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Table 1. Kinetic parameters of dV1 and 1G1 mutants.

Construct Fraction of Kpranching (min'l) Khydrolysis (min’l) Ko/ Kpy

products

branched

ammonium

wt" 0.90 + 0.07 0.136+0.019 0.024 +0.010 5.5

0.88+0.11 0.166 + 0.032 0.023 + 0.008 7.2
dVI -7 bp 0.89+0.04  0.092=+0.006 0.019 + 0.002 5.0
dVI -4 bp 0.84+0.06  0.058+0.006 0.014 + 0.002 42
dVI -2 bp 0.02? <0.008 + 0.002®)  0.013 + 0.002 <0.62
IC1 AO n.d. n.d. n.d. n.d.
IC1 UA:UA 0.89+£0.09  0.028 +0.003 0.024 + 0.004 1.3
IC1 A6/ UA:UA nd. n.d. n.d. n.d.
IC1-2bp 0.90+0.11 0.016 + 0.004 0.024 =+ 0.004 0.69

potassium

wt? 0.76 £0.08  0.160 + 0.030 0.064 + 0.023 2.5

0.77+0.06  0.149 + 0.020 0.065 =+ 0.009 2.3
dVI -7 bp 041+0.04  0.132+0.021 0.057 £ 0.012 2.3
dVI -4 bp 0.15+£0.01  0.045+ 0.006 0.072 + 0.008 0.63
dVI -2 bp 0 0 [0.135+0.011]Y 0
IC1 A8 0.69+0.05  0.097 +0.006 0.019 + 0.004 5.1
IC1 UA:UA 0.10 £0.007 0.028 = 0.002 0.042 £ 0.005 0.67
IC1 AO/UA-UA 0.067+0.005 0.025 % 0.003 0.029 + 0.002 0.84
IC1-2bp 0.063 +0.025 0.026 +0.013 0.031+0.011 0.85

n.d. : not determined

() determinations from different RNA preparations

@ observed value at 180 min

(®) estimated from the fraction branched at 180 min

@ determined at 50 mM Mg

Mutagénese du sous-domaine IC1

Nous avons recouru de nouveau a une mutagéndgéedpour explorer la
fonction des paires G:U du domaine I®@temierement, les deux paires ‘wobble’
G:U furent changées en deux paires Watson-Crick Arutant PL2-56, IC1

UA:UA, Figure 5). Cette substitution était ceperidansceptible d'altérer la
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géomeétrie du sous-domaine IC1. Pour remédier arobbfgme, deux autres
mutants ont alors été construits dans lesqueléntiéhtd manquait. Il s’agit de
PL2-63 (C1 A6) etPL2-64 (IC1A6 UA:UA), le premier servant de référence pour
le second

Les molécules mutantes furent examinées dans 1 MakKé€c 10 mM MgQd a
42°C. La délétion dé s’est révélée étre sans conséquences sévereapbituide
des molécules précurseurs a réagir dans les comsligxpérimentales que nous
avions choisies (Tableau 1 de l'article #2). De manfrappante, les réactions des
deux mutants UA:UA (PL2-56 and PL2-64) sont fortatm@éplacées vers la voie
d’initiation par hydrolye : la transestérificatiast significativement inhibée et
I’hydrolyse devient dominante (Figure 6). Il esmaquable qu’'un changement
apparemment si minime dans le sous-domaine IQinaiinfluence aussi forte sur
le mode de réaction. Apres notre analyse phyloggretgui avait montré que la
perte de ces deux paires G:U coincide avec la plertd protubérant dans le
domaine VI, ces données expérimentales vienneygrefiypothése que ces deux
G:U forment tout ou partie du site de fixation dunrdhine VI durant la premiere

étape de transestérification de I'épissage.
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Figure 6. Fractions réagies d’intron branché et liaire a partir de 'ARN
précurseur PL2-wt et des mutants du sous-domaine ICa 42 °C dans 1 M
KCI, 20 mM MgClL. Le Tableau indique la constante de vitesse decheament
(kor) et celle d’hydrolyse (), calculées a partir des fractions réagies entifomc

du temps.

Démonstration de l'identité du récepteur de premiee étape du domaine VI a
I'aide oligonucléotides ADN utilisés comme conneates pontants

Afin de rassembler des données plus convaincantésveur de notre hypothése
de travail — que le sous-domaine IC1 est le vdatalie de fixation du domaine
VI au cours de la premiere étape de transestérditae I'épissage — nous avons
construit un systeme expérimental qui se sert dligonucléotide comme d’une
chaine pour ancrer le domaine VI au sous-domaire L€ concept sous-jacent
est que si le domaine VI contacte effectivementdas-domaine IC1 during la
réaction de branchement, alors ces deux compodansnt étre situés tres prées
'un de l'autre dans I'espace. Et si la sectiondiumaine VI impliqguée dans la
reconnaissance de ce domaine par le reste dwynitgogst mutée, on s’attend a ce
gue la réaction soit redirigée de la voie de tratgs#ication a la voie d’hydrolyse.
Nous avons donc créé une version spéciale du nbeARI.LSU/2 dans laquelle
les séquences des domaines IC1l et VI sont tousesddeix changées pour

s’adapter a un oligonucléotide spécifique. Quartdotigonucléotide est ajouté a
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la réaction, on s’attend a ce que la fonction dicprseur Pl.LSU/2 soit restaurée
et qu'il initie de nouveau I'épissage par une r@actle branchement.

Pour commencer, nous avons construit un ensemingatis mutants (Figure 7)
dans lesquels deux séquences de six nucléotidas, dlans le domaine VI, l'autre
dans le sous-domaine IC1, sont complémentaire aligonucléotide pontant. Ces
mutants PL2-72, PL2-73 and PL2-74 ont été testarément avec ou sans
addition de concentrations variables d’'un oligogatile pontant appelé PLI55
(Tableau 5 de la version anglaise). Dans des aondit favorisant la
transestérification (1 M ammonium), 10 mM magnés@r7 °C, I'addition de
PLI55 est sans effet sur la réactivité de la mdesauvage ou du mutant PL2-72.
Ces résultats négatifs montrent qu’il ne parait esster d’interactions non-
specifiques entre les séquences de I'ARN précurséule I'oligonucléotide.
Quant au mutant PL2-74, il s’est comporté commenditi : il y a restauration de
I'aptitude a initier I'épissage par transestérifica quand I'oligonucléotide
pontant PLI55 amene le domaine VI a proximité dwssdomaine IC1.
Cependant, le mutant PL2-73, avec un domaine Vliidocbmme dans PL2-74,
se revele aussi capable d’initier dans une certamesure |'épissage par
branchement en présence de I'oligonucléotide PLI55.

Afin de poursuivre notre analyse de l'interactiarire les domaines IC1 et VI,
nous avons alors construit un nouveau lot de msii@igure 7, panneau B). Nous

attendions de ces mutants gu’ils aient une affilii§ élevée pour I'oligo pontant,
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ce qui devrait diminuer le K,, des couples précurseur-oligonucléotide, et aussi une

structure plus stable.
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(A). Les seéquences des domaines VI and IC1 sonifiéesl pour s’adapter a un
oligonucléotide utilisé comme connecteur. (B). Wsanstruction prévue pour
permettre aux deux poignées oligonucléotidiquess@@parier présente une
efficacité de branchement grandement accrue. Geftestruction a été aussi
utilisée pour tester des oligonucléotides avec slegments connecteurs de
longueurs différentes et une séquence IC1 mésa&apd€). La séquence du sous-
domaine IC1 dans cette construction est modifiéendaiére a s’apparier avec
celle de I'oligonucléotide PLI77, precédemment apggriée vis-a-vis du mutant
PL2-84B (c’est maintenant I'oligonucléotide PLI-dént la séquence n’est plus

complémentaire de celle du sous-domaine IC1).

Comme on le voit Figure 8, I'aptitude du précurseuR-84B a initier I'épissage
par transestérification est efficacement restaupsg des concentrations
croissantes de l'oligonucléotide PLI68. PLI68 senporte comme un connecteur
qui s’apparie a la fois avec le domaine IC1 etdmdine VI et aide ce dernier a se
fixer correctement au domaine IC1. PLI68 accroiteiment la transestérification,
qui atteint jusqu'a 60% de la réaction totale a wgoacentration saturante de
I'oligonucléotide. Le K, est aussi beaucoup plus petit, d’environ BV comparé

a un Km de 58uM pour le mutant précédent PL2-74. Ainsi, l'affénitde
I'oligonucléotide pour I'intron a été considérabkmh augmentée, comme nous

I'espérions.
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Figure 8. Vitesse relative de branchement en foncin de la concentration
d’un oligonucléotide pontant pour différents couples mutant-oligonucléotide.
La méthode de calcul est indiquée dans MaterialdMathods. La vitesse relative
de branchement est maximale pour le couple formmélepanutant PL2-84B et
I'oligonucléotide complémentaire PLI68. Le remplaemt de cet oligonucléotide
par I'oligonucléotide mésapparié PLI-69 a pour tetfe réduire et la vitesse de
branchement et la fraction branchée. La combinaiBa2-73 + PLI71) constitue
un contrble experimental, dans lequel il n'y a apgraent qu’avec DVI (PL2-73 a
la méme séquence DVI que PL2-84B, mais un sous+denh@l sauvage; PLI-71
est un 7-meére dont la séquence est complémentaidomiaine VI de PL2-84B;

PL2-84B + PLI71 fournit le contréle correspondaegc IC1 mutant).
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Un oligonucléotide mésapparié (PLI69; 15-mére avemignée IC1
mésappariée) a été utilisé comme contrble : saeseguest complémentaire de
celle du domaine VI, mais pas de celle du domatifedans le précurseur PL2-
84B. On observe une réduction de 60% a environ 88%oproduits générés par
transesterification et surtout, une augmentatiao@ke du K, de 5.4uM a 278
uM, juste a cause du meésappariement avec le souaHdentCl. Ces données
montrent que seul un oligonucléotide bien appasi&capable d’agir efficacement
comme connecteur et de restaurer la réaction declbement en amenant le
domaine VI a proximité du domaine IC1.

PLI71, un 7-mére avec une séguence complémemtaieelle du domaine
VI (anti-D6), a été testé avec PL2-73 et PL2-84B afestimer dans quelle
mesure la reconstruction du domaine VI participe @estauration de I'activité de

branchement : comme nous nous y attendions, I'effée modeste.

La longueur du segment connecteur a des effets imypants sur I'aptitude
d’un oligonucléotide a restaurer I'activité de brarchement

Méme si un oligonucléotide avec une séquence lpparable peut restaurer la
réaction de branchement d’'un précurseur fonctidameint déficient, le complexe
entre cet oligonucléotide et l'intron ne réagit passsi bien que la molécule
sauvage d'origine. On peut penser que la raisorcat® situation est que la
position dans I'espace du domaine VI est insuffisemt bien définie. A partir de

cette hypothese, nous avons concu un lot d’oligéotides qui ont les mémes
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poignées d’appariement que PLI68, mais dans lesqadbngueur du segement
connecteur poly-T varie de 0 a 4 nucléotides (Tablg de la version anglaise).
Ces oligonucléotides ont été utilisés a une conagomn de 5uM, proche du K,

de la combinaison PL2-84B:PLI68. A notre surprigelongueur du segment
connecteur a des effets tres marqués sur I'effeald la réaction de branchement.
Comparée a celle de I'oligonucléotide d’originee@wun connecteur standard de 3
T (oligo PLI68), la vitesse relative de branchemeast considérablement
ameliorée avec des connecteurs composés de unuguldéandis que I'absence
de connecteur ou un connecteur de 4T conduisess pelformances relativement
médiocres (vitesses relatives: sans T=0.24, 1B;04T7=0.46, 3T=0.30,
4T=0.20; voir Figures 9 et 10). Ces resultats euogug fortement que les
oligonucléotides avec un connecteur court (1T et &héliorent la réaction de
branchement en contraignant le mouvement du dom¥inelans I'espace.
Toujours dans le méme ordre d’idées, un connectempose de 4T confere trop
de flexibilité a la position du domaine VI, tandisie I'absence de connecteur
antre les domaines VI et IC1 rend difficile le gimsinement correct de ces

domaines I'un par rapport a l'autre.
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Figure 9. Vitesses relatives de branchement en famn de la concentration
d’oligonucléotides complémentaires différant par ldongueur de leur segment
connecteur. La réaction de branchement d'un précurseur PL2-848
progressivement restaurée par des concentratianssantes d’oligonucléotides
avec un connecteur composé d’'un ou 3 T, mais leipreoligonucléotide est

beaucoup plus efficace — sop, st beaucoup plus petit — que le second.
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Figure 10. Vitesse relative de branchement du précseur PL2-84B en
fonction du nombre de T dans le segment connectede I'oligonucléotide 5’-
GTGGACIT] \GGCTGG. La concentration des oligonucléotides était H/n)

valeur proche du }Kmesuré pour I'oligonucléotide pontant a 3 T, PBI-6

Oligonucléotides mésappariés et mutations compensittes

Se pourrait-il que le phénomene de restauration’ajgitude a effectuer la
réaction de branchement soit spécifique de cedarguences? Pour répondre a
cette question, nous avons créé un mutant supptamenPL2-86 (Figure 7;
construction C). La différence avec les combinasprécédentes est que le sous-
domaine IC1 du nouveau mutant est complémentaif®ldgonucléotide PLI-69.

PLI69 (un 15-mere) avait été utilisé comme témadgatif pour les expériences
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avec PL2-84B : sa séquence est complémentaire lde dre domaine VI, mais
mésappariée vis-a-vis de celle de PL2-84B dansls-domaine IC1, de telle
sorte que la section correspondante de PLI69 nigilooa pas significativement a
la restauration de la réaction de branchementrésdtats (Figure 11) montrent
gue PL2-86, dont la séquence IC1 est complémentdiee celle de
I'oligonucléotide PLI77, voit lui aussi sa réactida branchement restaurée par la
présence de cet oligonucléotide, méme si cettawedion est un peu moins
efficace que pour la combinaison PL2-84B:PLI-74. i@sultat prouve que le
phénomene que nous avons découvert est robustewssdes changements de

séguence.

—6&— PL2-84B vs PLI74
-E— PL2-86 vs PLI77
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Figure 11. Vitesse relative de branchement de dewonstructions DVI-IC1 en

fonction de la concentration d’un oligonucléotide eamplémentaire (voir partie
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C de la Figure 7). L'oligonucléotide mésapparié PLhe peut rétablir I'aptitude
du PL2-84B a effectuer la réaction de branchentegu(e 4 de I'article #2), mais
ce méme oligonucléotide restaure la réaction dadhement de la construction

appariable PL2-86 presque aussi bien que poundeled®L2-84B + PLI74.

Modélisation de l'interaction entre le domaine ¥ken récepteur
présumeé dans le sous-domaine IC1

La premiére structure a résolution atomique d'lbozyme de groupe Il a été
établie par Toor et coll. en 2008. Malheureusemémianque au modele publié
les coordonnées atomiques du domaine VI, peut-étidme 'ont proposé ces
auteurs, parce gque la flexibilité de ce domainedadna sa dégradation. Notre
tentative de modélisation tri-dimensionnelle (Fi) a cherché a concilier le
modele cristallographique a haute résolution detrbn dOceanobacillus par
Toor et coll. (plus précisément, la derniére versle ce modéle, publiée en 2010)
et l'interaction, que nous pensons avoir découvertge le domaine VI et un
récepteur spécifique de la premiére étape de $ages Dans notre modele, la
partie distale du domaine VI est traitée comme hutlege continue en deépit de la
présence d’'une boucle interne bien conservée @anstrons mitochondriaux de
sous-groupe |IB1. Ce modéle est en excellent acaoed notre analyse comparée
de séquences introniques et nos expériences dditgtimms de nucléotides,
puisque la section de IC1 qui y est spécifiguentemntactée par le domaine Vi

comprend la paire de base G79:U100 (G81:U101 dat®h d’Oceanobacillus).
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Figure 12. Modé¢le tridimensionnel de I’interaction entre les domaines VI et

IC1 du ribozyme durant I’étape de branchement.

Ces vues stéréo ont été générées a partir d’un jeu de coordonnées du ribozyme de
sous-groupe IIC d’Oceanobacillus iheyensis (Toor et coll., 2010), a I’exception du
domaine VI, du segment de 3 nt qui relie DV et DVI et des deux premiers résidus
de I’intron, qui ont ét¢ modélisés de novo. Couleurs: noir, adénosine du point de
branchement; vert, domaine VI; rose, domaine V; violet, exon 5’; jaune, nt 1-5 de
I’intron; ocre, sous-domaine IC1; rouge, paire de bases 79:100 (81:101 chez le

ribozyme d’Oceanobacillus ribozyme); bleu foncé, ‘coordination loop’.

130



Figures, Supplementary Figures and Table

131



Placozoan sp. BZ10101 LSU1787

Candida zemplinina LSU2584 RT
Saccharomyces cerevisiae cob/1
100 —— Saccharomyces cerevisiae cox1/5
L Saccharomyces pastorianus cox1/5
Candida ipomoeae SSU531
— Amoebidium parasiticum LSU2449 m
100 100 — Placozoan sp. BZ10101 LSU2586 +1
—_— Trichoplax adhaerens LSU2586 +1
—|——Placozoan sp. BZ2423 LSU2586 | +1
Pylaiella littoralis LSU2451
] Pylaiella littoralis LSU575 RT
— Pylaiella littoralis LSU1787 RT
— Scenedesmus obliquus SSU968
7§|—Allomyces macrogynus LSU2059
76 Rhizophydium sp. 136 LSU2059
93 [ Pichia angusta LSU2059 LAGLIDADG
N Ustilago maydis SRX2 LSU2059 LAGLIDADG
LSU 100 Agrocybe aegerita LSU2059 +23 LAGLIDADG*
— 2059 '_|:3ui||us luteus LSU2059 +25
I—Glom us intraradices LSU1787 LAGLIDADG(")
Scenedesmus obliquus LSU2455
Amoebidium parasiticum SSU788 GIY.YIG
1 Y 100 Trametes cingulata SSU788 +6 LAGLIDADG*
_:Pycnoporellus fulgens SSU788 +6 LAGLIDADG
L2 75 Ganoderma lucidum SSU788 +6 LAGLIDADG
Ceriporiopsis gilvescens SSU788
Ssu7es = _:Aleurodiscus botryosus SSU788 LAGLIDADG
95 Grifola frondosa SSU788 LAGLIDADG
100 Usnea antarctica SSU788
'_:Cryphonectria parasitica SSU788 LAGLIDADG
L] Pedinomonas minor LSU1787
95 Chaetosphaeridium globosum trnG
100 Chlorokybus atmophyticus trnS
_:Marchantia polymorpha trnS
100 e P aracoccidioides brasiliensis SSU952 ORF
Cryphonectria parasitica SSU952 LAGLIDADG
o1 SSU952 gL:Leptographium truncatum 1435 SSU952  LAGLIDADG
. 96 Cordyceps konnoana SSU952 LAGLIDADG
Marchantia polymorpha cox2/1

| 100 e Marchantia polymorpha LSU787
b Marchantia polymorpha cox3/2

Figure 1. Phylogenetic tree of mitochondrial subgroup IIB1 introns.

Numbers next to nodes are bootstrap proportions (200 replicates) equal to or higher than 75 percent
(corresponding branches are thickened). The roots of well-supported, major clades of ribosomal
introns are indicated. The length of the 5’ terminal insertion, when present, is provided at right of an
intron name (boxed numbers preceded by + sign). RT, LAGLIDADG, GIY-YIG and ‘Unknown’
designate proteins potentially encoded by the introns. The cox1 introns from P. brasiliensis and C.

parapsilosis are used as outgroups.
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Sequence analyses

Figure 2. Variations in domain VI of introns with a 5’ terminal insert.

The domain VI sequences of various introns with a 5’ terminal insert were selected and compared
with those of related introns without a 5’ terminal insert. Nucleotides conserved in the subset [IB1
are in red; conserved hydrogen bonds are labelled in blue. The structure conserved in the middle
part of the dVI stem in introns with no insert is framed by a yellow line and features conserved in

all introns are boxed in green. The terminal loop structure, which follows the GNRA consensus, is
also marked.
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Figure 3. Secondary structure of (A) the Grifola frondosa SSU788 intron, which is used as the
model of an intron without a 5° terminal insert. (B) the Pycnoporellus fulgens SSU788 intron,
which stands as a model of an intron with a 5° terminal insert. The 5’ terminal insert is defined by
using the GUGYG consensus sequence and the IBS1 sequence as boundaries.
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Figure 4. Superimposition of the secondary structure model of the Pycnoporellus fulgens
SSU788 intron over the Grifola frondosa SSU788 intron. Light green nucleotides are conserved
in both introns and other introns from the same subset. Red nucleotides are conserved as well in the
IIB1 mitochondrial subset, but not in the Pycnoporellus fulgens SSU788 intron.
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Figure 5. Mapping of intron-exon junctions and the branch site. Sequencing lanes are labelled

by the base complementary to the dideoxynucleotide added.

A. Sequencing by reverse transcription of gel-extracted ligated exons; left panel, Pycnoporellus;
right panel, Grifola. Arrows indicate splicing junctions.

B. Mapping of the 5’ extremity of gel-extracted linear intron molecules generated by in vitro self-
splicing of a Pycnoporellus precursor transcript; the latter was used as a template to generate the
sequencing lanes at right with a primer located downstream of the intron 5” extremity.
Elongation from the same primer using the excised intron molecules as template generated the
strong stop in the lane at left; the arrow marks the 5’ splice site.

C. Mapping of the branchpoint of gel-extracted lariat intron molecules generated by in vitro self-
splicing of a Grifola precursor transcript. Left panel: elongation from a primer located
downstream of the intron 5’ extremity, the stop (marked by an asterisk) corresponds to the first
intron nucleotide; sequencing lanes (at right) were generated by the same primer on a precursor
RNA template. Right panel: elongation from a primer located in the 3° exon (intron-3’exon
branched molecules were used as template), the asterisk marks the branch site (elongation stops
on the nucleotide immediately 3” of the branch site); sequencing lanes were generated by the
same primer on a precursor RNA template.
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Figure 6. Self-splicing of the Grifola and Pycnoporellus SSU788 introns.

A. Time course of self-splicing reactions at 42 °C in 1M NH4Cl, 20 mM MgCl,, 40 mM Na-MES
(pH 6.2).  Electrophoretic mobilities are compared to those of known splicing products of a
Pylaiella littoralis LSU1787 precursor transcript (MW lane: band 1, 640 nt, lariat; band 2, 872 nt,
precursor; band 3, 640 nt, linear intron; band 4, 232 nt, ligated exons).

B. Time course of self-splicing reactions of a Grifola SSU788 precursor RNA at 42 °C in 40 mM
Tris-Cl pH 7.5, 20 mM MgCl, and 1 M NH4CI (circles and solid curve, generated by a biphasic
exponential fit with k; = 0.9+0.2 min™' and k, = 0.03 min™") or 1 M KCl (squares and dashed curve,
lariat intron; lozenges and dotted curve, linear intron; both from single exponential fits).

C. Time course of self-splicing reactions of a Pycnoporellus SSU788 precursor RNA in 40 mM
Tris-Cl pH 7.5, 1M NH4Cl and 10 mM MgCl, (empty squares), 20 mM MgCl, (empty circles), 50
mM MgCl, (empty lozenges), or in 40 mM Na-MES pH 6.2 and 20 mM MgCl, (filled circles and
dashed curve). Reactions at 10 and 20 mM Mg, pH 7.5, were fitted to a biphasic process (k; =
0.32+0.03 min™', k, =0.030+£0.016 min™"), the other ones to simple exponentials.
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Figure 7. The phylogenetic tree of 42 subgroup IIB1 mitochondrial intron sequences. Thick
red branches lead to the10 introns with 5’-terminal inserts. The colum marked 5’ insert’ indicates
the number of nucleotides inserted between the 5’ splice site and the GUGCGAC consensus
sequence normally present at the intron 5’ end. In the rightmost column, variants of the G79:U100
wobble pair in domain IC1 of some introns —mostly those with a 5’ terminal insert — are also
indicated. L and S designate the large and small subunit rRNA genes, respectively, and the
following number corresponds to the site of insertion, according to E. coli numbering.
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Intra- and interdomain tertiary interactions are labelled with greek symbols.
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Figure 9-1. A. Ribozyme constructs of domain ID2 deletion mutants. B. Total unreacted fraction
of wt and mutants as a function of time (in seconds).
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Figure 9-2. Fraction reacted by branching and hydrolysis for the wild type and ID2 mutants
as a function of time (in min). Rates were measured at 42 °C in 1 M KCl, 50 mM MgCl, and
calculated as in Materials and Methods. Since PL2 55.1 and 55.2 show no difference, only one

curve has been shown.
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Figure 10-1. Ribozyme constructs of domain VI modification mutants. PL2-58 and PL2-57 (lab
numbering) are also called DVI stem and DVI-2bp, respectively.
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| Figure 10-2. Fraction reacted of branched and linear intron at 42 °C in 1 M NH,4Cl, 20 mM
MgCl, for the PL2-wt precursor and domain VI modification mutants DVI stem and DVI-2bp
mutants, respectively. The Table indicates the branching rate (ki) and hydrolysis rate (kyy)
obtained by fitting reacted fraction data as a function of time.

*In order to compare the rate, the slope of the straight line is used to compare with initial rate of
exponential curve.
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Figure 10-3. Fraction of branched and linear intron generated from PL2-wt and domain VI

modification mutants DVI stem and DVI-2bp at 42 °C in 1M KCI, 50 mM MgCl, for. The

Table indicates branching rates (kyr) and hydrolysis rates (kyy) calculated from reacted fractions as a

function of time.
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Figure 11-1. Ribozyme constructs of domain VI modification mutants. PL2-58, PL2-70 and
PL2-71 (lab numbering) are also named DVI stem, DVI-4bp and DVI-7bp in our study.
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Figure 11-2. Fraction reacted of branched and linear intron from PL2-wt and domain VI
modification mutants DVI stem and DVI-2bp at 42 °C in 1 M KCI, 20 mM MgCl,. The Table
indicates the branching rate (k) and hydrolysis rate (kny) calculated from the reacted fractions as a
function of time.
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Figure 11-3. Fraction reacted of branched and linear intron from PL2-wt and domain VI
modification mutants DVI stem and DVI-2bp at 42 °C in 1 M NH4Cl, 20 mM MgCl,. The Table
indicates the branching rate (k) and hydrolysis rate (kny) calculated from reacted fractions as a
function of time.
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Figure 12-1. Ribozyme constructs of domain IC1 modification mutants. PL2-56 (IC1 UA:UA),
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Figure 13-1. Ribozyme constructs of modification mutants used in our studies.
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Figure 15. Principle of domain VI-IC1 oligo anchoring experiments.

A. Domain VI and IC1 sequences are modified so as to adapt to the oligonucleotide used as a linker.
B. A construct modified to allow pairing of both oligonucleotide handles provides more efficient
branching of the intron. This construct was also tested with oligonucleotides with different linker
lengths and a mismatched IC1 sequence. C. The domain IC1 sequence of this construct is modified
to pair with the mismatched oligonucleotide used in the PL2-84B tests. In this construct, originally
matched oligonucleotide PLI-74 no longer matches the sequence of domain IC1
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Figure 16. Relative branching fractions of Domain VI-IC1 constructs as a function of the
concentration of a bridging oligonucleotide. The calculation method is described in Materials and
Methods. PL2-84B show a higher relative branching rate with matched oligo PLI68 (3T) showing
the highest ratio. When the oligo is replaced by mismatched oligo PLI-69, both the branching rate
and fraction are found to decrease. The PL2-73 + PLI71 combination is an experimental control, in
which only DVI is pairing with the oligo. PL2-73 has the same DVI sequence as PL2-84B, but a wt
domain IC1. PLI-73 is a 7-mer which matches the DVI sequence of PL2-84B. P12-84B + PLI71 is
the corresponding control.
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Figure 17. Relative branching fractions of Domain VI-IC1 constructs as a function of the
concentration of complementary oligos. The branching reaction of a PL2-84B precursor is

progressively restored with increasing concentrations of an oligonucleotide with a 1-T or a 3-T
linker.
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Figure 18. Relative branching fractions of Domain VI-IC1 constructs as a function of the
concentration of a complementary oligo (see construct C in figure 15). PL2-84B with the IC1
sequence-mismatched oligo PLI77 failed to undergo an efficient branching reaction, but the same
oligo can restore the branching reaction of PL2-86 (matched) almost as well as for the PL2-84B +
PLI74 combination.
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Figure 19. Relative branching fractions of Domain VI-IC1 constructs as a function of the
| concentration of a complementary oligonucleotide. Both a 1-T oligo (PLI-74) and an RNA oligo
(PLI-79) can restore the branching reaction of PL2-84B.
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Figure 20. Relative branching rate of PL2-84B as a function of the number of linker T’s in
oligonucleotide 5’-GTGGAC|T].GGCTGG. The concentration of oligonucleotide was set at 5.0
uM, close to the observed K,, for the 3-T bridging oligo PLI-68.
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Figure 21. Proposed three-dimensional model of the interaction between ribozyme domains
VI and IC1 during the branching step.

Stereo views generated from the coordinate set of Toor et al. (2010) for the Oceanobacillus
iheyensis subgroup IIC ribozyme, except for domain VI, the 3-nt DV-DVI linker and intron
residues 1-2, which were modeled de novo. Color scheme: black, branchpoint adenosine; green,
domain VI; pink, domain V; violet, 5 exon; yellow, intron nt 1-5; tan, subdomain IC1; red, bp
79:100 (81:101 in the Oceanobacillus ribozyme); deep blue, “coordination loop”.
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Figure S1. A. Structure of a representative bacterial IIA1 intron, variations in IIB
and IIC introns is marked in circles. The “loop” of DIV, which encodes the IEP, is
depicted by dashed lines, a high-affinity binding site for the IEP. Subdomains
discussed in the text are labeled. (Figure from Lambowitz and Zimmerly., 2010)

*Compared to ITA introns, major differences in other subgroups include structural
features of DV (IIC introns); different " motifs (IIB, IIC); the number of base pairs
in the k -stem-loop (IIC); a coordination loop containing EBS3 and 6’ (IIB, 1IC); the
absence of the DId(iii) stem-loop (IIB, IIC); the absence of a stem in the EBS2 motif
(IIB, IIC); a unique { — " motif (IIC); and the o—®’ interaction (IIC, some 1IB).
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Figre S2. Base-pairing interactions used by IIA, IIB, and IIC introns to
bind the exons at the active site. EBS, exon-binding site; IBS,
intron-binding site. (a) Subgroup IIA. Two terminal loops of the ribozyme
secondary structure (EBS1 and EBS2) bind to the last ~12 nucleotides of the 5’ exon
(IBS2 and IBS1) by canonical (Watson—Crick and wobble) base pairing. The binding
site for the 3’ exon (‘6’ or ‘EBS3’; up to two base pairs might be involved is located
immediately 5’ of EBS1. (b) Subgroup IIB. Binding of the 5’ exon occurs as in
subgroup I1A, except that EBS2 is part of an internal, rather than terminal, loop. The
first nucleotide of the 3’ exon (IBS3) is base paired to the EBS3 site. EBS3 is part of
an internal loop that is tethered to the EBS1-carrying loop by the 6—06’ base pair. (c)
Subgroup IIC. Binding occurs as in subgroup IIB, except that (with rare exceptions)
IBS2 is replaced by the stem-and-loop component of a rho- independent transcription
terminator.

Figure from Francois Michel et al., 2009.
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Figure S3. Group II intron lineages. The major lineages of group II intron IEPs,
denoted CL (chloroplast-like), ML (mitochondrial-like), and bacterial classes A-F, are
shown as blue sectors. Notable sublineages, including four subdivisions of CL and a
subclass of IIC introns that inserts after attC sites, are shown as darker blue sec- tors
within the major lineages. RNA structural subgroups that corre- spond to IEP lineages
are shown in magenta. All group II intron lineages and RNA types are found in
bacteria. Lineages and RNA types also found in organelles are delineated in green
(outer circle). Note that there may be limited exceptions to the overall pattern of co-
evolution within the CL group, with different sublineages possibly having exchanged
IIB RNA structures. An alter- nate nomenclature for group II lineages has been
proposed, which does not distinguish between IEP and ribozyme lineages or take into
account exceptions to their coevolution.

Figure from A.Lambowitz & S.Zimmerly 2004.
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Figure S4. Two major splicing pathway of group II intron. In
transesterification pathway, Group II introns splice via two sequential
transesterification reactions that yield ligated exons and an excised intron lariat with a
2'-5" phosphodiester bond. In the hydrolytic pathway, water or a hydroxyl ion is used
as a nucleophile in the first splicing step.

Figure is from Frangois Michel and Jean-Luc Ferat, 1995.
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Figure S5. Group II intron mobility mechanisms. (A) Retrohoming via
reverse splicing of the intron RNA into double-stranded DNA. After reverse splicing
of the intron RNA into the top strand, the bottom strand is cleaved by the En domain
of the IEP, and the 3’ end at the cleavage site is used as a primer for reverse
transcription of the inserted intron RNA. The resulting intron cDNA is integrated by
cellular DNA recombination and/or repair mechanisms. (B) Reverse splicing of the
intron RNA into double-stranded DNA, with priming by the nascent leading strand of
the DNA replication fork. (C) Reverse splicing of the intron RNA into single-stranded
DNA, with priming by the nascent lagging strand of the DNA replication fork. (D)
Retrohoming of linear intron RNA by the first step of reverse splicing, bottom-strand
cleavage, reverse transcription, and attachment of the free cDNA end to the 5’ exon
DNA likely by NHEJ. (E) Use of group II introns to introduce a targeted
double-strand break that stimulates gene targeting by homologous recombination.
Figure from Lambowitz and Zimmerly., 2010.
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Table S1. List of different types of Ribozyme.

Collected from Karola Lehmann and Udo Schmidt.,2003
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Recurrent insertion of 5’-terminal nucleotides and loss
of the branchpoint motif in lineages of group Il introns
inserted in mitochondrial preribosomal RNAs

CHENG-FANG LI,""* MARIA COSTA,' GURMINDER BASSI,"? YIU-KAY LAI,? and FRANCOIS MICHEL"*

!Centre de Génétique Moléculaire du C.N.R.S., 91190 Gif-sur-Yvette, France
Department of Life Science and Institute of Biotechnology, National Tsing Hua University, Hsinchu, Taiwan 30013

ABSTRACT

A survey of sequence databases revealed 10 instances of subgroup 11B1 mitochondrial ribosomal introns with 1 to 33 additional
nucleotides inserted between the 5’ exon and the consensus sequence at the intron 5’ end. These 10 introns depart further from
the 1IB1 consensus in their predicted domain VI structure: In contrast to its basal helix and distal GNRA terminal loop, the
middle part of domain VI is highly variable and lacks the bulging A that serves as the branchpoint in lariat formation. In vitro
experiments using two closely related 11B1 members inserted at the same ribosomal RNA site in the basidiomycete fungi Grifola
frondosa and Pycnoporellus fulgens revealed that both ribozymes are capable of efficient self-splicing. However, whereas the
Grifola intron was excised predominantly as a lariat, the Pycnoporellus intron, which possesses six additional nucleotides at the
5’ end, yielded only linear products, consistent with its predicted domain VI structure. Strikingly, all of the introns with
5’ terminal insertions lack the EBS2 exon-binding site. Moreover, several of them are part of the small subset of group Il introns
that encode potentially functional homing endonucleases of the LAGLIDADG family rather than reverse transcriptases. Such
coincidences suggest causal relationships between the shift to DNA-based mobility, the loss of one of the two ribozyme sites for
binding the 5’ exon, and the exclusive use of hydrolysis to initiate splicing.

Keywords: mitochondrial group Il introns; linear intron; lariat intron branchpoint; homing endonucleases

INTRODUCTION small domain V tends to be sufficiently conserved in terms
of structure and sequence to lend itself to the design of an
efficient search engine, with relatively few false negatives
and positives (e.g., Griffiths-Jones et al. 2005; Lang et al.
2007). And once a candidate domain V has been spotted, it
is generally feasible to use comparative sequence analysis and
start building step-by-step the potential secondary structure
of the rest of the ribozyme, all the way to the 3’ and 5’
splicing junctions (Michel et al. 1989). Although there exist
a few noteworthy exceptions (Michel et al. 1989; Vogel and
Borner 2002; Stabell et al. 2007), the 3" terminus normally
lies 2-3 nt downstream from domain VI, while the latter
carries on its 3’ side a bulging adenine that serves as
branchpoint for lariat formation (Fig. 1). On the other side
of the intron, the last six or so nucleotides of the 5’ exon
take part in a long-range, intron—exon pairing, EBS1-IBS1
(Fig. 2A), whose ultimate base pair precedes the splice site.
Moreover, the first five nucleotides of the intron tend to
obey a characteristic consensus sequence, GUGYG, which is

Bacterial group II introns result from the association of
a reverse transcriptase (RT) gene with a large ribozyme: the
latter catalyzes the branching and ligation reactions that
result in an excised intron lariat and spliced exons (for
review, see Lambowitz and Zimmerly 2004; Beauregard et al.
2008). Several lineages of these widely distributed prokary-
otic retrotransposons found their way into the genomes of
organelles and proliferated in diverse eukaryote clades. A
majority of present-day group II members from organelles
subsequently lost their RT component, but a number of in-
dividual introns have retained the potential to code for a
protein and still behave as mobile elements (Kennell et al.
1993; Lazowska et al. 1994).

Even in the absence of an RT gene, identifying a group II
intron in sequence data remains reasonably straightforward.
Of the six secondary structure domains of the ribozyme, the

*Deceased. conserved as such in some 85% of known group II members
4 : . 133 > : :
Corresponding author. (to the exclusion of the “degenerate” group II introns in the
E-mail michel@cgm.cnrs-gif.fr. hl 1 £ ] id lick 1 .
Article published online ahead of print. Article and publication date are chloroplast genomes of eug en91 s) (S.ee Ha 1ck et al. 19?3 );
at http://www.rnajournal.org/cgi/doi/10.1261/rna.2655911. the actual extent of conservation of individual nucleotides
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FIGURE 1. Predicted structures of domain VI in 10 introns with a 5" terminal insertion. (dV) Domain V; (arrow) the 3’ splice site; (boxed) well-
conserved G:C pairs in the basal helix of domain VI, as well as its terminal loop, when it obeys the GNRA consensus. The structures are compared
with the strongly conserved consensus structure and sequence of domain VI in 34 introns devoid of additional nucleotides at the 5" end (inset; the
asterisk indicates the branchpoint; nucleotides and base pairs shown are at least 90% conserved; M: A or C; the highly divergent sequences of the
cox1 introns of Paracoccidioides brasiliensis and Candida parapsilosis [see Table 1] were not taken into account).

varies from 92% for position three to virtually 100% for
position five (Michel et al. 2009).

While taking a census of established and candidate group
II introns in organelle DNA sequences, our attention was
brought to a small subset of introns that appeared to diverge
somewhat from these rules. In these 10 group II members,
the end of the IBS1 sequence and the GUGYG consensus
sequence are separated from one another by one to as many
as 33 intervening nucleotides (Fig. 2B; Table 1). Moreover,
at the other intron end, the potential secondary structure of
domain VI lacks a bulging A at the expected location for
the branchpoint (Fig. 1). These introns, which happen to
belong to the same ribozyme structural subgroup (IIB1)
(Michel et al. 1989) and are inserted in ribosomal RNA
precursor transcripts, exhibit additional remarkable features
(Table 1): They all lack the EBS2-IBS2 pairing between the
ribozyme and the 5’ exon, which is potentially present in
most group II introns, and several of them code for a
homing endonuclease, rather than a reverse transcriptase
(see also Michel and Ferat 1995; Toor and Zimmerly 2002;
Monteiro-Vitorello et al. 2009).

We have cloned one of the members of this peculiar
subset of intron sequences, as well as a closely related, but

2 RNA, Vol. 17, No. 7

apparently “normal” intron inserted at the same genomic
site in another host, and we now show that the self-splicing
reaction of the former (but not latter) molecule is initiated
by hydrolysis, resulting in excision of the intron in linear
form, rather than by transesterification, which generates a
lariat structure (as is normal for group II introns) (for review,
see Michel and Ferat 1995). More generally, we propose that
the loss of the ability to form a branched structure should
be regarded as an ultimate consequence of the recently doc-
umented (Mullineux et al. 2010) evolutionary conversion of
some mitochondrial group II introns into DNA trans-
posons (the class II mobile elements of Wicker et al. [2007]
that move at the DNA level, contrary to retrotransposons
that change location as RNA).

RESULTS

Distribution of 5’-terminal inserts in mitochondrial
subgroup IIB1 introns

Subgroup IIB1 is widespread both in bacteria and organ-
elles and includes two members whose ribozyme is used
as a model system (Saccharomyces cerevisiae cox1/5y and
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FIGURE 2. Secondary structure models of (A) the G. frondosa SSU788 intron, (B) the
P. fulgens SSU788 intron. (Boldface) Nucleotides in common between the two introns.
(Arrowheads) Point to splice junctions; (asterisk) points to the branchpoint of the Grifola
intron. Labeling of secondary structure components and tertiary interactions is as in Michel

et al. (2009). In domain IV, nucleotides not shown were replaced by the
“ORF-less” constructs.

Pylaiella littoralis LSU1787, also known as PLLSU/2). A list
of published sequences of mitochondrial subgroup IIBI1
members, which contains the 10 organelle group II introns
we found to possess additional nucleotides at their very 5’
extremity, is provided in Table 1 (several subgroup IIB1 mem-
bers from land plants other than Marchantia are missing
from this list; they were excluded from our analyses because
of the likelihood of [partly] undocumented editing of intron
nucleotides prior to splicing) (see Bonen 2008).

To ascertain that a candidate intron
contained additional nucleotides at its
5" end, the location of splice junctions
was first inferred by comparison with
intron-less copies of the host gene in
related organisms. We then looked for
entries in which the 5'-terminal consen-
sus sequence (GUGCGAC in the case of
subgroup IIB1 introns) was separated
from the predicted 5’ splice site by one
or more nucleotides. Finally, a complete
secondary structure model was gener-
ated for each candidate ribozyme (Fig.
2B; Supplemental Data Set), and the
EBS1 terminal loop in domain I was
verified to base-pair with the last nu-
cleotides of the inferred 5’ exon, rather
than with the sequence preceding the
5'-terminal consensus.

An alternative interpretation to the
existence of an insert at the intron 5’
end could be that the additional nucle-
otides are not removed during splicing.
However, all 10 candidate introns hap-
pen to be in ribosomal RNA genes, and
their inferred sites of insertion (SSU788,
LSU2059, LSU2449, and LSU2586) (see
Table 1) lie within segments of sequence
that are extremely conserved and most
unlikely to tolerate insertions in mature,
functional molecules (the three LSU
segments are either part of, or lie next
to, the catalytic site for peptide synthe-
sis, while the SSU site is part of the loop
that separates the tRNA P and E sites)
(Nissen et al. 2000; Schuwirth et al.
2005). As for the possibility that the
sequence under scrutiny was that of a
pseudogene, it can be ruled out for en-
tries that correspond to completely se-
quenced genomes (the three placozoan
sequences and those of Amoebidium,
Rhizophydium, and Trametes) and have
a single, intron-containing copy of the
ribosomal RNA gene of interest.

The 10 introns with a 5’-terminal
insert also stand out in that the sequence and predicted
secondary structure of ribozyme domain VI is strikingly
variable, even among closely related introns, and departs in
multiple ways from the consensus domain VI structure
shared by all other mitochondrial members of the IIBI
subgroup (Fig. 1). Not only is the branchpoint adenine miss-
ing at its expected location, but the well-conserved 3-bp
helix and (GAA:CUA) internal loop immediately distal of it
are unrecognizable. This is all the more striking since the

1104 nt

sequence CTCGAG in
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TABLE 1. A list of mitochondrial subgroup [1B1 introns

Accession Intron ORF productd
Organism, gene, and intron number coordinates” 5’ insert* EBS2 and location’
Fungi
Paracoccidioides brasiliensis cox1/2¢ AY955840 41,071-43,890 RT (1IV)
Candida parapsilosis cox1¢ X74411 12,690-15,605 RT (IV)
Saccharomyces cerevisiae cox1/5vy V00694 8746-9632"
Saccharomyces pastorianus cox1/5 EU852811 53,565-54,476
S. cerevisiae cytb/1 EU004203 38,472-39,239
Candida zemplinina LSU2584 AY445918 2516-324" RT (IV)
Candida ipomoeae SSU531 AY393889 176-801
Glomus intraradices C8.3b_18 AM950206 1449-2257
LSU1787
G. intraradices C16g1_2 LSU1787 AM950209 2541-3896 LAGLIDADG (1V)
Uncultured Glomus W9/1 LSU1787 FN377588 1827-3215 LAGLIDADG (V)
Allomyces macrogynus LSU2059 U41288 2416-3192
Rhizophydium sp. 136 LSU2059 NC_003053 3880-4564 +6 GUGCGAC No
Pichia angusta LSU2059 AL432964 625-1; 469-1; 294-879" No LAGLIDADG (IV)
AL434946
AL433470
Ustilago maydis SRX2 LSU2059 EU921807 3413-5372 LAGLIDADG (IV)
Agrocybe aegerita LSU2059 AF087656 9088-10,871 +23 UUGCGAC No LAGLIDADG* (IV)
Suillus luteus LSU2059 L47586 2675-3341 +25 UAGCGAC No
Cryphonectria parasitica SSU952 AF029891 7168-9235 LAGLIDADG (III)
Leptographium truncatum 1435 GU949593 800-2639 No LAGLIDADG (l11)
SSU952
Cordyceps konnoana SSU952 ABO031194 897-2724" LAGLIDADG (llI)
Paracoccidioides brasiliensis SSU952 AY955840 25,574-27,362 Unidentified (IIl)
Aleurodiscus botryosus SSU788 FR7739808 No LAGLIDADG (1V)
Ceriporiopsis subvermispora SSU788 EU546103 345-907" No
Grifola frondosa SSU788 FR7739788 No LAGLIDADG (1V)
Pycnoporellus fulgens SSU788 FR7739798 +6 UUGCGAC No LAGLIDADG (IV)
Ganoderma lucidum SSU788 AF214475" 1056-2562 +6 UUGCGAC No LAGLIDADG (IV)
Trametes cingulata SSU788 GU723273 39,037-40,442" +6 AUGCGAC No LAGLIDADGX (IV)
Usnea antarctica SSU788 DQ990920 397-1473"
C. parasitica SSU788 AF029891 2415-4596" No LAGLIDADG (V)
Ichthyosporea
Amoebidium parasiticum AF538044 855-2198 No GIY-YIG (IV)
SSU788
A. parasiticum LSU2449 AF538042 5337-5909 +33 GAGCGAC No
Plants®
Chaetosphaeridium globosum AF494279 16,893-16,066 No
trnG(UCC)
Chlorokybus atmophyticus NC_009630 134,254-136,307
trnS(GCU)
Marchantia polymorpha NC_001660 48,902-49,892
trnS(GCU)
M. polymorpha LSU787 NC_001660 149,541-148,824
M. polymorpha cox3/2 NC_001660 87,980-88,911
M. polymorpha cox2/1 M68929 81,191-82,268
Scenedesmus obliquus LSU2455 NC_002254 28,831-29,438
S. obliquus SSU968 NC_002254 40,780-41,627"
Pedinomonas minor LSU1787 AF116775 1198-2027
Stramenopiles
Pylaiella littoralis LSU575 748620 543-2952 RT (IV)
P. littoralis LSU1787 748620 4052-6489 RT (1V)
P. littoralis LSU2451 748620’ 7134-8304
(continued)
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TABLE 1. Continued

Accession Intron ORF product?
Organism, gene, and intron number coordinates” 5" insert EBS2 and location!
Animals
Trichoplax adhaerens LSU2586 NC_008151 19,460-20,691" +1 GUGCGAC No
Placozoan sp. BZ2423 NC_008834 16,339-17,068" +1 GUGCGAC No
LSU2586
Placozoan sp. BZ10101 NC_008832 17,186-17,990" +1 GUGCGAC No
LSU2586
Placozoan sp. BZ10101 NC_008832 15,476-16,215
LSU1787

“Introns from land plants other than Marchantia were excluded because of the likelihood of RNA editing.
PIntron coordinates were inferred by comparison with closely related uninterrupted gene sequences; (asterisks) introns the coordinates of which

differ from those indicated in the GenBank entry or were missing.

“For introns with insertions at the 5" end, the sequence that best matches the 11B1 5" terminal consensus is provided, together with the number of

nucleotides inserted in front of it.

94(RT) Reverse transcriptase; (LAGLIDADG and GIY . . YIG) putative homing endonucleases belonging, respectively, to these families.
“These introns are inserted at homologous sites in the coxT gene, their sequences are only distantly related to the rest of the [1B1 set, and they were

used as the outgroup in Figure 5.

'Following Johansen and Haugen (2001), introns in ribosomal RNA genes are designated by the name of the ribosomal subunit followed by the
coordinate of the nucleotide preceding the insertion site (according to the Escherichia coli numbering scheme).

SThis study.
PThe reference for this entry is Hong et al. (2002).
'The sequence of domain VI was from entry AB281597.

JRibozyme secondary structure domain within which the ORF is located.

Presence of in-frame stop codons and frameshifts.

base of the domain VI stem tends to be well-conserved—it
begins with a G:C pair in nine out of 10 introns—and seven
out of 10 sequences share a GNRA loop at the tip of the
domain; in related introns, that loop participates in the n—n’
tertiary interaction (Chanfreau and Jacquier 1996; Costa
et al. 1997a) between domains II and VI (Fig. 2).

Cloning and sequence analysis of the Grifola frondosa
and Pycnoporellus fulgens SSU788 introns

Of the 10 intron sequences with 5’ terminal insertions in
Table 1, that of the P. fulgens SSU788 intron (GenBank
entry AF518690) was incomplete. We chose to clone and
sequence this intron and its flanking exons, as well as two
partially sequenced, insert-lacking, related SSU788 introns
in the basidiomycete fungi G. frondosa and Aleurodiscus
botryosus (accession numbers AF334880 and AF026646).
As shown in Figure 2, the predicted secondary structure
models of the Grifola and Pycnoporellus ribozymes are very
similar, and the same is true of the Aleurodiscus ribozyme
(Supplemental Fig. S1). As expected, the identity of nucle-
otides at sites known to participate in intra- or inter-domain,
long-range tertiary interactions (Toor et al. 2008a; Michel
et al. 2009; Pyle 2010) is especially well conserved. The only
exception is the 8-8' Watson-Crick base pair, which
contributes to the stability of the EBS1-IBS1 intron—exon
pairing (Costa et al. 2000): the U:A 3-8 pair of the Grifola
intron is replaced by G:A in the Pycnoporellus molecule (the
closely related Ganoderma lucidum and Trametes cingulata
introns have A:A at these sites, whereas other 5'-insert-

bearing introns, and also the A. botryosus molecule, have
diverse Watson-Crick base pairs) (data not shown). Also
very well-conserved is domain III, which contributes to the
efficiency of catalysis (Fedorova and Pyle 2005).

A striking feature that the two secondary structure models
have in common is the lack of EBS2-IBS2, an extended
canonical pairing that involves nucleotides upstream of
IBS1, on the one hand, and a single-stranded loop in the
distal section of subdomain ID, on the other. The EBS2—
IBS2 pairing is present in a majority of group II introns,
with the exception of members of subgroup IIC, whose
5" exon displays a hairpin structure at the expected location
for the IBS2 sequence (Granlund et al. 2001; Quiroga et al.
2008). What has been lost, in fact, is not only the EBS2 loop,
but an entire subdomain that, in subgroup IIB, branches off
the 5’ strand of the stem connecting the internal loops that
contain the EBS3 and o’ nucleotides. This subdomain carries,
in addition, a sequence that, in many introns, potentially par-
ticipates in the B—p' long-range interaction with subdomain
IC2 (Michel et al. 1989). Interestingly (Table 1), the EBS2 loop
and associated subdomain are missing from all 10 introns with
5'-terminal inserts and also all other known SSU788 introns
with the exception of Usnea antarctica (data not shown).

Subdomains that are known (Toor et al. 2008a) or sus-
pected (Pyle 2010) to lie at the surface of the ribozyme three-
dimensional structure tend to be the most variable ones.
This is especially true of domain IV, only the first three base
pairs of which are conserved between the Grifola and
Pycnoporellus sequences. Still, the contents of domain IV
are similar in the two introns (and in the A. botryosus
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SSU788 intron), consisting primarily of open reading frames
(ORFs; 260 codons in Grifola and 266 in Pycnoporellus) that
potentially encode related (38% identical at the amino acid
level) members of the LAGLIDADG family of DNA double-
stranded homing endonucleases (Stoddard 2005). As seen
in fact in Table 1, four out of the other seven published
sequences of SSU788 introns contain coding sequences for
additional LAGLIDADG homing endonucleases (the gene
appears defective in T. cingulata), while a fifth one (in
Amoebidium parasiticum) potentially encodes a GIY-YIG pro-
tein, the second most common family of homing endonu-
cleases in mitochondrial genomes.

Contrasting self-splicing products of the Grifola
and Pycnoporellus SSU788 introns

The lack of a group II branchpoint structure in domain VI of
the Pycnoporellus SSU788 intron suggested that splicing was

initiated by hydrolysis at the 5" splice junction, rather than by
transesterification (Jarrell et al. 1988; Jacquier and Jacquesson-
Breuleux 1991; Daniels et al. 1996; Podar et al. 1998; Vogel and
Borner 2002). This was confirmed by incubating precursor
transcripts containing the Grifola and Pycnoporellus SSU788
introns under conditions that allow in vitro self-splicing.

In vitro self-splicing of the Grifola SSU788 intron (Fig. 3)
is reasonably efficient at 42°C in 1 M NH,CI and at a
moderately high magnesium concentration (20 mM). As
reported for other group II introns (Daniels et al. 1996;
Costa et al. 1997a,b), reaction of precursor molecules is
a kinetically complex process, converting only about half of
the material to products in ~2 min and the rest much
more slowly if at all (Fig. 3B). The distribution of splicing
products is also typical of most group II introns, being
dominated by the lariat intron and ligated exons (Fig. 3A),
the identity of which was verified by gel extraction followed
by reverse transcription (Fig. 4A,C). Only small amounts of
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FIGURE 3. Self-splicing of the Grifola and Pycnoporellus SSU788 introns. (A) Time course of self-splicing reactions at 42°C in 1 M NH,CI, 20
mM MgCl,, 40 mM Na-MES (pH 6.2). Products were identified based on (1) reverse transcription of gel-extracted molecules (see Fig. 4) and (2)
their electrophoretic mobility, compared to that of known splicing products of a P. littoralis LSU1787 (Table 1; Costa et al. 1997b) precursor
transcript (MW lane: band 1, 640 nt, lariat; band 2, 872 nt, precursor; band 3, 640 nt, linear intron; band 4, 232 nt, ligated exons). (B) Time course of
self-splicing reactions of a Grifola SSU788 precursor RNA at 42°C in 40 mM Tris-Cl (pH 7.5 at 25°C), 20 mM MgCl,, and 1 M NH,CI (circles and
solid curve, generated by a biphasic exponential fit with k; = 0.9 + 0.2 min™" and k, = 0.03 min ") (see Materials and Methods) or 1 M KCl (squares
and dashed curve, lariat intron; lozenges and dotted curve, linear intron; both from single exponential fits). (C) Time course of self-splicing reactions
of a Pycnoporellus SSU788 precursor RNA in 40 mM Tris-Cl (pH 7.5 at 25°C), 1 M NH,Cl, and 10 mM MgCl, (empty squares), 20 mM MgCl,
(empty circles), 50 mM MgCl, (empty lozenges), or in 40 mM Na-MES (pH 6.2) and 20 mM MgCl, (filled circles and dashed curve). Reactions at 10
and 20 mM Mg (pH 7.5) were fitted to a biphasic process (k; = 0.32 + 0.03 min™ ", k, = 0.030 = 0.016 min '), the other ones to simple exponentials.
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FIGURE 4. Mapping of intron—exon junctions and the branch site. Sequencing lanes are
labeled by the base complementary to the dideoxynucleotide added. (A) Sequencing by reverse
transcription of gel-extracted ligated exons; (left panel) Pycnoporellus; (right panel) Grifola.
(Arrows) Splicing junctions. (B) Mapping of the 5 extremity of gel-extracted linear intron
molecules generated by in vitro self-splicing of a Pycnoporellus precursor transcript; the latter
was used as a template to generate the sequencing lanes at right with a primer located
downstream from the intron 5’ extremity. Elongation from the same primer using the excised
intron molecules as template generated the strong stop in the lane at left; (arrow) the 5" splice
site. (C) Mapping of the branchpoint and 5’ extremity of gel-extracted lariat intron molecules
generated by in vitro self-splicing of a Grifola precursor transcript. (Left panel) Elongation
from a primer located downstream from the intron 5’ extremity; the stop (marked by an
asterisk) corresponds to the first intron nucleotide; sequencing lanes (at right) were generated
by the same primer on a precursor RNA template. (Right panel) elongation from a primer
located in the 3’ exon (intron-3’exon branched molecules were used as template); (asterisk)
the branch site (elongation stops on the nucleotide immediately 3’ of the branch site);

reaction rate and final extent of reaction
is ~10-20 mM (Fig. 3C). On the other
hand, lowering the pH from 7.0 to 6.2
did lead to a substantial reduction of
the reaction rate (Fig. 3C), suggesting
that catalysis is at least partly rate-
limiting when splicing is initiated by
hydrolysis.

Phylogenetic relationships of
mitochondrial subgroup I1B1
introns with and without

a 5’ terminal insert

To generate a phylogenetic tree of mi-
tochondrial subgroup IIB1 introns,
their ribozyme sequences were aligned
over shared components of the sub-
group IIB1 secondary structure (see
Materials and Methods; Supplemental
Data Set). The number of sites that can
be unambiguously aligned (526) is too
small to resolve the complete phyloge-
netic relationships of all members of
this subgroup (Fig. 5). Nevertheless,

sequencing lanes were generated by the same primer on a precursor RNA template.

a linear intron form were observed, unless ammonium ions
were replaced by potassium ions (Jarrell et al. 1988). Even
then, the final molar fraction of linear intron molecules—
presumably generated by hydrolysis at the 5’ splice site—
did not exceed 15% of intron-containing products (Fig. 3B).

Under the conditions used for the Grifola intron, self-
splicing of the Pycnoporellus SSU788 intron is also a rather
rapid process (Fig. 3C, solid curve), with ~80% of pre-
cursor molecules converted to products in 10 min. How-
ever, the lariat intron is absent from reaction products,
which consist primarily of the ligated exons and a linear
intron form. The 5’ extremity of the latter was verified by
reverse transcription (Fig. 4B) to coincide with the 5" splice
site, as determined by alignment with uninterrupted versions
of the host gene, on the one hand, and sequencing of the
ligated exons (Fig. 4A), on the other. Additional products
include small amounts of molecules with the expected
electrophoretic mobility of the linear intron-3’exon splic-
ing intermediate and a molecule of ~550 nt, which could
have been generated by ribozyme-catalyzed, hydrolytic cleav-
age of the linear intron at position 110, 3" of the sequence
AGGAC. The latter offers a better match to EBS1 (GUCCU)
than the IBS1 sequence (AGGAU) at the 3’ end of the
5’ exon (see Fig. 2).

Varying the concentration of magnesium (Fig. 3C) did
not make it possible to observe lariat molecules among self-
splicing products of the Pycnoporellus intron but confirmed
that the optimal magnesium concentration in terms of

bootstrap analysis indicates that introns
inserted at the same ribosomal site
tend to form well-supported clades, consistent with a com-
mon origin. The only exception comes from introns
inserted at position 1787 of the large ribosomal RNA:
neither the four available sequences, from P. littoralis,
Pedinomonas minor, Glomus intraradices, and Placozoan
sp. BZ10101 (Fig. 5; Table 1), nor the corresponding
secondary structure models (data not shown) reveal any
particularly close similarity.

Provided it is assumed that the insertion of nucleotides
at the 5" intron extremity and the accompanying loss of the
branchpoint structure are irreversible events, the minimal
number of occurrences that gave birth to lineages of introns
with 5'-terminal inserts may be estimated from the phylog-
eny proposed in Figure 5. The most parsimonious interpre-
tation of the data implies at least four founding insertion
events, and a fifth one would become necessary should the
hypothetical relationship of the A. parasiticurn LSU2449
intron with the Placozoan LSU2586 introns prove nonsignif-
icant (in that case, two events would need to be postulated at
LSU2059 and one at each of the other three ribosomal RNA
sites occupied by introns with 5'-terminal inserts).

Interestingly, the presence in mitochondrial members of
subgroup IIB1 of intron-contained homing endonuclease
OREFs results as well from multiple, independent acquisition
events (Supplemental Fig. S2). As already pointed out by
Monteiro-Vitorello et al. (2009), the proteins potentially en-
coded by the SSU788 and SSU952 introns of Cryphonectria
parasitica are not closely related. More generally, whereas
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Placozoan sp. BZ10101 LSU1787
Candida zemplinina LSU2584

Saccharomyces cerevisiae cob/1
100 _I_—Saccharomyces cerevisiae cox1/5
Saccharomyces pastorianus cox1/5

Candida ipomoeae SSU531

100_| 100

Pylaiella littoralis LSU2451
EPylaiella littoralis LSU575
Pylaiella littoralis LSU1787

Scenedesmus obliquus SSU968
Allomyces macrogynus LSU2059
Rhizophydium sp. 136 LSU2059
Pichia angusta LSU2059

Ustilago maydis SRX2 LSU2059

Glomus intraradices LSU1787

Scenedesmus obliquus LSU2455
Amoebidi

Trametes cingulata SSU788

Ganoderma lucidum SSU788
Ceriporiopsis gilvescens SSU788
Aleurodiscus botryosus SSU788
Grifola frondosa SSU788

Usnea antarctica SSU788
Cryphonectria parasitica SSU788
Pedinomonas minor LSU1787
Chaetosphaeridium globosum trnG
Chlorokybus atmophyticus trnS

Marchantia polymorpha trnS
Paracoccidioides brasiliensis SSU952
Cryphonectria parasitica SSU952
Leptographium truncatum 1435 SSU952
96 Cordyceps konnoana SSU952

Marchantia polymorpha cox2/1
| 100 :Marchantia polymorpha LSU787
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0.1

FIGURE 5. Phylogenetic relationships of mitochondrial subgroup IIB1 introns based on
aligned ribozyme sequences (see Materials and Methods and Supplemental Data Set). Introns
are designated as in Table 1; the coxl introns from P. brasiliensis and C. parapsilosis, the
sequences of which are markedly divergent from the rest, were used as outgroups. Numbers
next to nodes are bootstrap proportions (200 replicates) =75% (corresponding branches are

Amoebidium parasiticum LSU2449
Placozoan sp. BZ10101 LSU2586
Trichoplax adhaerens LSU2586
Placozoan sp. BZ2423 LSU2586

Agrocybe aegerita LSU2059
Suillus luteus LSU2059

parasiticum SSU788
LAGLIDADG
LAGLIDADG
LAGLIDADG

Pycnoporellus fulgens SSU788

domain IV (Table 1; Mullineux et al.
2010); (2) the ORF in the A. parasiticum
SSU788 intron encodes a protein be-
longing to the GIY-YIG family of hom-
ing endonucleases, rather than a mem-
ber of the LAGLIDADG family; (3) the
proteins possibly encoded by the LSU2059
introns are closely related (Supplemen-
tal Fig. S2) to the protein specified by a
group I intron inserted at position 2066

A IoARS of the mitochondrial LSU gene of Tuber

LAGLIDADG melanosporum, just 7 nt 3’ of position
LAGLIDADG 2059.

GIY.YIG The latter observation is obviously in

keeping with a model (Bonocora and
Shub 2009) in which mobilization of an
intron by a homing endonuclease pre-

LAGLIDADG T
LAGLIDADG cedes the acquisition of the endonu-
LAGLIDADG clease gene by the intron. Should the
proteins encoded by the LSU2059 and
LSU2066 introns eventually be found
Unknown to share the same site of cleavage, as
LAGLIDADG i i i
CAGLIDADG appears llkély, this would constitute an
LAGLIDADG additional instance (after those reported

by Zeng et al. 2009 and Bonocora and
Shub 2009) of an endonuclease-coding
sequence being translocated without the
endonuclease changing its cleavage spec-
ificity. Note that even though available
phylogenetic data provide no indication
as to whether translocation was from the

thickened). The roots of well-supported, major clades of ribosomal introns are indicated. The

length of the 5’ terminal insertion, when present, is provided to the right of an intron name
(boxed numbers preceded by + sign). RT, LAGLIDADG, GIY . . YIG, and “Unknown”
designate proteins potentially encoded by the introns (see Table 1; note that only some

versions of the G. intraradices LSU1787 intron include an ORF).

LAGLIDADG proteins encoded by introns inserted at the
same ribosomal site tend to be rather similar—they form
monophyletic groups—and may have coevolved with their
intron host, introns located at different sites encode pro-
teins that belong to separate lineages within the LAGLI-
DADG phylogenetic tree (Supplemental Fig. S2). Note also
that in contrast to the ORFs located in introns inserted at
positions LSU2059, SSU788, and SSU952, which contain
two LAGLIDADG motifs, the much shorter Glomus
LSU1787 intron ORFs (200 and 208 codons; accession
numbers AM950209 and FN377588, respectively) contain
a single LAGLIDADG element, so that the corresponding
homing endonuclease must be a homodimer, rather than
a monomer (see Stoddard 2005).

The following facts provide further evidence that mito-
chondrial subgroup IIB1 introns acquired ORFs for pro-
teins other than reverse transcriptases through independent
insertion events: (1) in introns inserted at the SSU952 site,
the ORF is inserted in ribozyme domain III, rather than in

8  RNA, Vol. 17, No. 7

group I to the group II intron subclade
or vice versa in this particular case, the
much greater abundance of endonucle-
ase-encoding group I introns in fungal
mitochondrial genomes makes it far
more likely that they act as donors. The occasional trans-
position of an entire group I intron into domain IV (or the
periphery of domain III), followed by the rapid degeneration
of the group I ribozyme sections, constitutes an obvious way
for an endonuclease-coding gene to invade a group II intron:
The resulting genomic arrangement should be readily
selected whenever the recipient intron already happens to
lie within the recognition sequence of the endonuclease.

DISCUSSION

Additional nucleotides at the intron 5’ end
and the inability to initiate splicing
by transesterification

We have shown that under in vitro self-splicing conditions,
the SSU788 intron of P. fulgens generates only linear intron
forms, in contrast to its close relative in G. frondosa, the
excision of which yields the expected lariat (branched)
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intron. Either the absence of a bulging A at the expected
location for the branchpoint or the presence of an insert
at the intron 5’ end could be invoked to account for the in-
ability of the Pycnoporellus intron to perform the branching
reaction. Deletion or base-pairing of the branchpoint
adenosine has long been known to inhibit branching of
the S. cerevisiae cox1/5y intron (van der Veen et al. 1987;
Chu et al. 1998), although splicing remains possible via
hydrolysis at the 5" splice site. Similarly, the insertion of
additional nucleotides at the intron 5" end was reported by
Jacquier and Jacquesson-Breuleux (1991) to result in the loss
of the cox1/5vy branching reaction in vitro; splicing could be
initiated only by hydrolysis, and they showed the 5’ splice
site to coincide with the 3" end of the IBS1 sequence, rather
than with the 5' end of the GUGCG intron consensus
sequence, just as we now report for the Pycnoporellus intron.

The existence of natural group II introns that lack
a bulging A on the 3’ side of domain VI was noted long
ago (Michel et al. 1989), and one of these introns, in the gene
encoding the tRNAY" (UAC) of plant chloroplasts, was later
shown to be excised without forming lariats (Vogel and
Borner 2002). On the other hand, this is the first time that
the existence of group II introns with additional nucleo-
tides at the 5’ end is explicitly reported (the presence of a 5’
terminal insert in the Agrocybe aegerita LSU2059 intron was
apparent in the secondary structure model in Figure 3
of Gonzalez et al. [1999] but was not discussed in the text).
5'-Terminal inserts can be surprisingly long: In Paxillus
atrotomentosus isolate TDB-782 (Bruns et al. 1998), an
intron closely related to the LSU2059 intron of Suillus
luteus has no fewer than 48 additional nucleotides inserted
between the presumed 5 splice site and the UAGCGAC
sequence motif that these two introns share on the 5 side
of domain I (this sequence [accession number AD001614]
was not listed in Table 1 because it stops 73 nt within the
intron). At the other end of the length spectrum, only 1 nt
separates the inferred 5’ splice site from the canonical
GUGCG sequence motif in the three placozoan LSU2586
sequences. Whether a single-nucleotide insert is sufficient
to abolish branching is questionable: Insertion of just 1 nt
at the 5" end of S. cerevisiae intron cytb/1 does not prevent
branching, even though it results in a marked shift toward
initiation of splicing by hydrolysis (Wallasch et al. 1991).
Still, the noncanonical secondary structure of domain VI in
the placozoan LSU2586 introns (Fig. 1) makes it unlikely
that these ribozymes would succeed in catalyzing branch
formation.

As inferred from experiments in which phosphodiester
bonds were replaced by phosphorothioates (Steitz and Steitz
1993; also, for review, see Michel and Ferat 1995; Jacquier
1996), the geometry of the reactive bond in the branching
step must differ from the one that prevails during reversal of
exon ligation, and also in 5" hydrolysis. Introns in which the
end of the IBS1 sequence is not directly connected to the
GUGCG consensus sequence are unable to catalyze branch-

ing, probably because interactions between the ribozyme
and nucleotides bordering the 5’ splice site on both its 5’
and 3’ sides are necessary to drive the phosphodiester bond
between the intron and 5’ exon into the appropriate, pre-
sumably highly constrained conformation required for first-
step transesterification. In contrast, the two exons are
believed to be maintained in helical continuity by the
EBS1-IBS1 and EBS3-IBS3 interactions in the ligation step
(Costa et al. 2000; Toor et al. 2008b). Now, since 5" hydrolysis
has the same phosphorothioate requirements as the reversal
of exon ligation, one would expect EBS3 to base-pair not
only with the first nucleotide of the 3’ exon, but also with
the first nucleotide of a 5'-terminal insert, when present.
Jacquier and Jacquesson-Breuleux (1991) did observe that
for S. cerevisiae cox1/5y constructs with a 5" insert, hydro-
lysis was facilitated when the nucleotide following the 5’
splice site was an A (which could base-pair with the U at the
site that would come to be known as EBS3). In nature,
however, while the EBS3—-IBS3 interaction is maintained in
all 10 introns with 5’-terminal inserts, the first intron
nucleotide forms U:U mismatches with EBS3 in the placo-
zoan introns and an A:A mismatch in the Pycnoporellus
intron. Thus, the identity of the nucleotide following (or to
be linked to) the IBS1 sequence may be less important for 5’
splice site hydrolysis (see also Su et al. 2001) than it is for
exon ligation (Costa et al. 2000) or retrotransposition
(Jimenez-Zurdo et al. 2003).

Loss of the ability to initiate splicing by branching
entails only limited degeneration of ribozyme
domain VI

The diversity of domain VI structures in introns with a 5’-
terminal insert (Fig. 1), which stands in striking contrast to
the well-conserved structure and sequence of this domain
in the rest of the mitochondrial IIB1 subset, is strongly
suggestive of rapid, unconstrained divergent evolution.
Still, in all but the Rhizophydium intron, apparent de-
generation is limited to sections in the middle part of do-
main VI that have been shown to matter to the efficiency and
specificity of the branching reaction. Specifically affected are
(1) the branchpoint bulging A, of which the deletion or base-
pairing inhibit branching (Schmelzer and Muller 1987; van
der Veen et al. 1987; Chu et al. 1998); (2) the two G:U pairs
flanking the branchpoint, whose replacement by G:C pairs
specifically decreases the rate of branching compared to
hydrolysis (Chu et al. 1998); (3) the AAA:CUA internal loop
(and its closing base pairs). Replacement of this loop by
base pairs has moderate, yet significant, effects on the
efficiency of branching relative to hydrolysis under strin-
gent conditions (Chu et al. 1998). Moreover, atomic group
substitutions on the 5’ side of the loop were found to
interfere with branching (Chanfreau and Jacquier 1994;
Boudpvillain and Pyle 1998), while its deletion was reported
to have a marked effect on the accessibility to the solvent of
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the branchpoint nucleotide in a magnesium-bound domain
VI construct (Schlatterer and Greenbaum 2008).

In contrast, both the base and tip of domain VI remain
highly constrained in introns with a 5’ terminal insertion.
All but the Rhizophydium intron retain a 3—4-bp helix at the
base of domain VI, which is connected by 3-nt joining
segments to domain V on one side and the 3’ splice site on
the other (Fig. 1). Complete deletion of domain VI has long
been known to interfere with the choice of the proper 3’
splice site (Jacquier and Jacquesson-Breuleux 1991). More-
over, shortening and, to some extent, lengthening of the
segment connecting domains V and VI in S. cerevisige intron
cox1/5y (Boulanger et al. 1996) not only interfere with
branching, but can lead to mis-splicing, even when the
reaction is initiated by hydrolysis: In deletion mutants,
only a fraction of molecules used the correct 3" splice site,
despite both the 5’ and 3’ flanking nucleotides of the latter
being involved in tertiary interactions (y—y’ and EBS3-
IBS3) (Fig. 2). Interestingly, the data in Figure 1 suggest
that the identity of base pairs in the basal helix of domain
VI is important as well for efficient and faithful exon
ligation: in introns with a 5’-terminal insert, G:C (not C:G)
base pairs predominate at positions 1, 3, and 4 of the basal
helix, being present in nine, eight, and seven sequences,
respectively.

At the other, distal end of domain VI, seven of the 10
intron sequences with additional nucleotides at the 5’
extremity have retained a 4-nt terminal loop of the GNRA
family, like nearly all mitochondrial and bacterial members
of subgroup IIB1 (Fig. 1). The GUAA loop (m) that caps
domain VI of the S. cerevisiae cox1/5vy intron was shown by
Chanfreau and Jacquier (1996) to interact with a specific
receptor (m’) in ribozyme subdomain IIA: Such a receptor
potentially exists in all the intron sequences in Figure 1 that
share a GNRA loop at the tip of domain VI (Fig. 2; data not
shown). Binding of domain VI to domain II after branch
formation was proposed to drag the first-step product—i.e.,
the 2'-5" bonded A-G dinucleotide—out of the catalytic site,
so as to make way for the 3’ splice site (Chanfreau and
Jacquier 1996). However, persistence of the n-n’ interac-
tion in introns that have lost the branchpoint structure and,
presumably, the ability to carry out the branching reaction
implies that formation of this interaction does not merely
sequester domain VI (see Pyle 2010), but contributes also
to the specific positioning of the 3’ splice site for exon
ligation. In fact, disruption of m—n’ impairs specifically the
second step of splicing in vitro (Chanfreau and Jacquier
1996). Even though the strikingly diverse structures of the
middle part of domain VI in introns with 5'-terminal
inserts (Fig. 1) may not all be capable of positioning
precisely the proximal and distal ends of domain VI with
respect to one another, formation of m-m’' may favor
correct exon ligation simply by reducing the complexity
of the conformational space to be explored to bring the 3’
splice site into the catalytic center of the ribozyme.
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Endonuclease-mediated homing and the loss
of the lariat structure

Compared to the thousands of group II introns that have
been sequenced from hundreds of organisms (Rfam data-
base) (Griffiths-Jones et al. 2005), the number of group II
introns that possess 5'-terminal inserts is quite small.
Moreover, these introns have a limited distribution, being
confined to ribosomal RNA precursor molecules transcribed
from mitochondrial genomes, and they belong to a single
subgroup of ribozyme structures (IIB1). This makes it all the
more striking that the 10 known instances of 5'-terminal
inserts should result from no fewer than four to five in-
dependent insertion events (Fig. 5).

Just as remarkable, insertion of additional nucleotides at
an intron 5" end is not the only process that has been at
play specifically in mitochondrial ribosomal genes and that
recurrently led to the creation of novel lineages of unusual
group II introns. All known examples of group II introns
encoding proteins completely unrelated to reverse tran-
scriptases also come from mitochondrial genes encoding
ribosomal RNA precursor transcripts (Toor and Zimerly
2002; Monteiro-Vitorello et al. 2009; Mullineux et al. 2010);
moreover, these introns belong again to subgroup IIB1, and
multiple events of the insertion of an ORF (at least six of
them) (Fig. 5; Supplemental Fig. S2) need as well be
postulated to account for the phylogenetic distribution of
ORF-ribozyme pairs. There exist, in fact, introns—the
SSU788 introns of Pycnoporellus, Trametes, and Ganoderma
and the LSU2059 intron of Agrocybe—that possess a 5'-
terminal insert and encode a protein of the LAGLIDADG
family at the same time (Fig. 5) (the ORF of the Agrocybe
intron is defective, but a closely related, apparently intact,
OREF exists in the Ustilago maydis SRX2 LSU2059 intron,
which belongs to the same ribozyme lineage). Such a coin-
cidence inevitably raises suspicion that some causal relation-
ship may exist between the acquisition of a 5'-terminal insert
and that of a non-RT ORF, encoding a protein with proven
(in the case of Leptographium truncatum) (Mullineux et al.
2010) or putative endonuclease activity.

Admittedly, six out of 10 introns with 5’ inserts lack any
significant protein-coding potential, while a majority of the
introns that contain non-RT ORFs are devoid of 5’ inserts
and have a normal domain VI, which was shown to support
efficient branching in the case of the G. frondosa SSU788
(this study) and L. truncatum SSU952 (Mullineux et al.
2010) introns. However, whereas degeneration of the middle
part of domain VI, which closely precedes or follows the in-
sertion of nucleotides at the 5" splice site, must be irrevers-
ible, acquisition of the coding sequence of a homing en-
donuclease is likely temporary. The reason is that, in a
panmictic host population, the selective advantage provided
by homing decreases rapidly as previously empty insertion
sites become filled by a copy of the intron (Goddard and Burt
1999), so that the coding sequence of the endonuclease
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should soon begin to accumulate deleterious mutations and
degenerate beyond recognition. That is, unless the protein has
become essential to its host by acquiring “maturase” activity.
Maturase function, by which the intron-encoded protein
participates in the splicing process, typically by helping the
ribozyme to fold into an active structure, is commonplace in
LAGLIDADG proteins encoded by group I introns (Ho et al.
1997; Bassi et al. 2002), but has not been detected so far
for their counterparts in group II introns (Mullineux et al.
2010; G Bassi, unpubl., experiments with the Grifola SSU788
intron). To summarize, it is not unreasonable to hypothesize
that not only the intron clades at the SSU788 and LSU2059
sites, but also those at LSU2586 and 1LSU2449, experienced
invasion by the coding sequences of homing endonucleases
and that sequencing of other group II introns inserted at these
sites will eventually reveal their presence in some organisms.

Assuming then that all group II introns with 5’-terminal
inserts had ancestors that encoded LAGLIDADG or other
DNA endonucleases, why should relying on these proteins
for homing eventually lead to the loss of branching? On the
one hand, the lariat structure appears essential for retro-
transposition by inverse splicing; the linear intron molecules
that result from hydrolysis at the 5’ splice site are unable to
perform the second transesterification reaction (reverse of
branch formation) and to complete their integration into
a DNA target by themselves. On the other hand, the intron
RNA, whether branched or linear, does not play any part in
the homing process mediated by DNA endonucleases of the
LAGLIDADG and GIY-YIG families, which rests on resealing
of a double-strand break by general, homologous recombi-
nation, using the intact, intron-carrying copy as template.
Thus, once a group II retrotransposon has been converted
into a DNA transposon (class II mobile element) (Wicker
et al. 2007) by the loss of its reverse transcriptase and the
acquisition of the coding sequence of a homing endonucle-
ase, a 2'-5" phosphodiester bond should no longer be re-
quired for mobility: The ability to generate this bond could
become lost through mutations at, or next to, the branch-
point or else, the insertion of nucleotides at the 5" splice site.

Why a branched intron structure in the absence
of retrotransposition?

While the branching reaction would no longer appear
necessary in introns that have lost retrotransposition, the
data in Table 1 point to a much more complex reality. The
mere fact that a majority of mitochondrial subgroup I1B1
ribozymes have retained a canonical branchpoint means
that a branched structure remains somehow important for
introns that do not encode an RT gene. Furthermore, since
the branchpoint and, presumably, branching have survived
the acquisition of a homing endonuclease gene in more
than half of the introns expected to propagate (or to have
propagated) as DNA, initiation of splicing by transester-
ification may remain advantageous even in this subset.

At the same time, one might question the need for a
branched structure even in retrotransposition. In fact, correct
integration of a linear intron that has undergone partial
reverse splicing followed by reverse transcription should still
be possible, by recombination with the intron-carrying DNA
copy: This is how the unidirectional conversion of upstream
exon sequences that accompanies insertion of S. cerevisiae
intron cox1/2 into its intron-less target has been accounted
for (Lazowska et al. 1994; Eskes et al. 2000). However, the 5’
exons of the intron-carrying donor and recipient molecules
must be homologous, as is the case, indeed, when, but only
when, homing—as opposed to ectopic transposition—is
involved. Such situations in which an intron is transmitted
partly by retrotransposition and partly by homologous
recombination may actually reflect transition from one
mode of propagation to the other.

Admittedly, retrotransposition even of exon-less, linear
intron molecules was recently reported in heterologous
systems (see Zhuang et al. 2009). However, that process,
which involves nonhomologous end-joining at the 5’ in-
tron extremity, is orders of magnitude less efficient than
lariat retrohoming. In fact, imprecise recombination at an
intron 5" end can generate 5’-terminal inserts, whose pres-
ence, and the resulting loss of branching, would trigger rapid
degeneration of the branchpoint structure. Alternatively,
since even linear intron molecules may retain the ability to
attack suitable targets with their 3’ extremity and generate
partially reverse spliced molecules, it may be argued that
the loss of branching should be followed by insertion events
at the 5’ splice site. Whatever the actual mechanism, de-
generation of the branchpoint structure and the acquisition
of a 5’-terminal insert must be closely coupled in subgroup
IIB1, for evolutionary intermediates have not been found so
far.

Coming back to the possible significance of branching
for introns devoid of an RT gene, the overall coevolution of
the ribozyme and protein components of group II introns
(Toor et al. 2001) makes it unlikely that the intimate
molecular interactions at its root could form back once
they have been lost. Still, RT-less, lariat-forming introns
may manage to transpose by diverting, whether on an
occasional or more lasting basis, a group II-encoded reverse
transcriptase that happens to be synthesized in the cellular
compartment in which they reside. (Mitochondrial mem-
bers of subgroup IIA, another subclass of group II introns
that is widely distributed in organelles [Michel et al. 1989;
Toor et al. 2001] generally encode reverse transcriptases and
at least some of them are indeed mobile [Lazowska et al.
1994].)

A more subtle justification for retaining the ability to form
lariats takes its roots in experimental evidence pointing
to (some levels of) indiscriminate reverse transcription by
group Il-encoded reverse transcriptases. In yeast mito-
chondria, the presence of RT-encoding group II introns has
been shown to promote genomic deletion of both group II
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and group I introns (Gargouri et al. 1983), presumably via
c¢DNA synthesis from spliced mRNAs. Such occasional
reverse transcription could lead as well to the genomic
gain of an intron that had happened to reverse-splice into
an ectopic RNA site.

The branching reaction may also remain advantageous
because it is liable to be more efficient than hydrolysis. This
is certainly the case in vitro (Jacquier and Jacquesson-
Breuleux 1991; see also Fig. 3), at physiological pH values,
and could also be true in vivo, unless folding of precursor
molecules were to remain rate-limiting even when compared
to hydrolysis. Yet another potential advantage of making
lariats is that it provides resistance to digestion by exo-
nucleases. Stabilization of the intron would, in turn, stabilize
the mRNA for the intron-encoded protein, as was argued,
for instance, to account for the production of mini-, 5'-
terminal lariats by a group I-derived ribozyme (Nielsen et al.
2005). However, some alternative mechanisms must exist to
allow efficient production of homing endonucleases from
linear intron molecules: The extensive, long-range RNA—
RNA pairings that flank the ORFs of the Pycnoporellus
molecule and other introns with 5'-terminal inserts (Fig.
2B; data not shown) may substitute for the 2'-5" phospho-
diester bond of the lariat and slow down the progression of
exonucleases.

Possible implication of the EBS2-1BS2 pairing
in branch formation

Another feature that shows correlation with the loss of
branching is the absence of EBS2 (Table 1). As already
emphasized (see Results), all 10 introns with a 5’ insert
actually lack the entire subdomain that the EBS2 segment is
normally part of (Michel et al. 1989; Dai et al. 2003). The
EBS2-IBS2 pairing is known to be important for insertion
of group Il introns by reverse-splicing into double-stranded
DNA, presumably because it helps stabilize interactions
between the intron and its target relative to DNA:DNA
base-pairing, but it does not appear to be required for
transposition into single-stranded nucleic acids (Coros
et al. 2005). Still, that this interaction should persist not
only in introns that have lost the coding sequence for a
reverse transcriptase, but in several of those that encode
a LAGLIDADG homing endonuclease (Table 1), implies
that the EBS2-IBS2 pairing has some significant function in
splicing as well. Partial disruption of that interaction in S.
cerevisiae intron cox1/5y decreases the stability of the com-
plex between the 5’ exon and intron, resulting in accumu-
lation of the intron—3'exon reaction intermediate in vitro
(Jacquier and Michel 1987). Somewhat more unexpectedly,
it also appears to affect the chemical step of the reaction by
which oligonucleotides that mimic the intron target site are
cleaved (Xiang et al. 1998).

Close examination of the data in Table 1 and, in par-
ticular, the absence of EBS2 from all but one of the SSU788
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introns, suggests that loss of the EBS2-IBS2 pairing pre-
cedes, and might even be a necessary step for, the loss of
branching. One possibility is that the deletion of EBS2
somehow facilitates hydrolysis at the 5" splice site (although
for the Grifola ribozyme, hydrolysis-initiated self-splicing
was found to constitute but a minor reaction pathway even
in the presence of potassium) (Fig. 3B). This would not be
without precedent, for the only intron subclass—subgroup
IIC—in which these components are systematically missing
is noteworthy for (most of) its members initiating self-
splicing in vitro by hydrolysis (Granlund et al. 2001; Toor
et al. 2006).

Unfortunately, possible ways in which EBS2 and the
structures that surround it might affect the balance between
transesterification and hydrolysis remain difficult to think
of at present. The only currently available group II crystal
structure (Toor et al. 2008a,b) happens to be that of a
subgroup IIC intron, and it lacks not only domain VI, but
the EBS2-IBS2 interaction and a number of additional
RNA subdomains and devices that a majority of other
lineages of group II ribozymes have opted to conserve (for
review, see Pyle 2010). Additional group II structures, in
which domain VI and the branchpoint can be visualized in
interaction with the rest of the ribozyme, are a prerequisite
if we are eventually to reach a complete understanding of
why the branching reaction has been so stubbornly,
although not universally, retained during the diversifying
evolution of group II introns.

MATERIALS AND METHODS

Sequence analyses of mitochondrial subgroup
11B1 ribozymes

Published sequences of mitochondrial introns that possessed
characteristic sequence and secondary structure features of sub-
group IIB1 (Michel et al. 1989) were collected (Table 1), and their
ribozyme sections were manually aligned (Supplemental Data Set)
based on conservation of both sequence and potential secondary
structure (the distal sections of stems IC2, ID2, IIA, IIIB, and IV
[see Fig. 2; Michel et al. 2009] could not be reliably aligned and
were discarded). Starting from this alignment, a phylogenetic tree
was generated by PAUP* 4.0b10 (Swofford 2002) using the
Neighbor-Joining algorithm and a matrix that had been obtained
by using the LogDet measure of distance, which is insensitive to
differences in base composition (Lockhart et al. 1994). Note that
(1) to avoid biasing the tree-building procedure in favor of subsets
constituted by introns that share homologous insertion sites, the
EBS1, EBS2, and EBS3 sites were removed, leaving 526 sites in the
final alignment; (2) of the three closely related G. intraradices
LSU1787 intron sequences in Table 1, only the first one, which does
not include an ORF, was retained for the tree-building process.

Sequence analyses of LAGLIDADG proteins

To investigate the phylogenetic relationships of LAGLIDADG
proteins potentially encoded by subgroup IIB1 introns, apparently
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intact or defective sequences generated from the intron nucleotide
sequences (Table 1) were compared to the NCBI nonredundant
protein data set, and for each comparison, the 10 target sequences
with the highest BLASTP scores were retained. The resulting
sequence data set was then aligned together with the 91 sequences
in the Pfam LAGLIDADG 1 (PF00961) “seed” set. After manual
refinement, the final alignment (available from the authors)
consisted of 146 sites and 174 sequences, 26 of which were
of presumably dimeric proteins (Stoddard 2005), with a single
LAGLIDADG motif, while the rest corresponded to monomeric
proteins (in which case, each of the two sections following a
LAGLIDADG motif was aligned separately).

Because of the rather large number of sequences in this data set,
we resorted to the efficient Neighbor-Joining algorithm, using
distances generated by the program PROTDIST (Felsenstein 2004),
to generate a phylogenetic tree and calculate bootstrap percentages
(Supplemental Fig. S2). Even though the resulting phylogeny is far
from being completely resolved, our main conclusions regarding
phylogenetic relationships of the proteins encoded by group II
introns (see above) are supported by relatively high bootstrap
percentages and/or the fact that groupings were found to be the
same whether the first or second pseudo-repeat of monomeric
proteins was used for comparisons (Supplemental Fig. S2).

Amplification, sequencing, and cloning
of fungal introns

DNA extracts from A. botryosus CBS195.91, G. frondosa CBS 480.63,
and P. fulgens T-325 were obtained from David Hibbett (Clark
Fungal Database at Clark University). PCR amplifications of the
SSU788 intron and surrounding exons were performed in 50 wL
with 1 pM primers BMS65MOD and BMSI103E (Supplemental
Table S1) using 1 unit of high-fidelity Phusion polymerase in HF
buffer (Finnzymes) and 33 cycles (10 sec at 98°C, 45 sec at 60°C,
90 sec at 72°C). Sequencing of amplification products was carried
out on both strands by GATC Biotech using the same primers as
well as species-specific primers listed in Supplemental Table S1.
Accession numbers for the assembled sequences are FR773978,
FR773979, and FR773980.

For cloning into Escherichia coli, amplification products were
reamplified with primers BMS65MODT?7 and BMS103EZ, digested
with BamHI and Xmal, and ligated into the pUC19 vector plasmid.
For deletion of ORF sequences from ribozyme domain IV of
the G. frondosa and P. fulgens introns, primers GRXHOREV (or
PYXHOREV) and GRXHOFWD (or PYXHOFWD) (see Supple-
mental Table S1) were used in combination with vector-specific
primers ANT7 and 24mer, respectively, to generate PCR products.
These products were digested with Xhol and either BamHI or
Xmal, and cloned back into pUC19. The resulting constructs,
pUC19-GR1AORF and pUCI19-PY1AORF, in which most of
domain IV has been replaced by an Xhol site (Fig. 2, legend),
were verified by sequencing.

In vitro transcription and purification
of precursor RNA

Templates for synthesis of the Grifola and Pycnoporellus precursor
RNAs were obtained by digestion of plasmids pUC19-GR1AORF
and pUC19-PY1AORF with Smal. RNA synthesis and purification
were carried out as described in Costa et al. (1997b), except that the

transcription mixture contained 10% DMSO so as to avoid pre-
mature transcription stops and a 1.55 molar concentration ratio of
magnesium over nucleotides was used to prevent premature intron
splicing.

Self-splicing reactions

Precursor transcripts internally labeled with **P-UTP were dena-
tured in water at 90°C prior to cooling to reaction tempera-
ture. Reactions were started by addition of an equal volume of
2X-concentrated splicing buffer. The final concentration of pre-
cursor molecules was 20 nM. Reactions were stopped by addition
of an equal volume of a solution of formamide containing EDTA
at a concentration appropriate to complex all of the magnesium,
and products were separated on a denaturing polyacrylamide gel
(50% [w/v] urea, 4% total acrylamide, 0.2% bis-acrylamide).
Radioactivity was quantitated on fixed, dried gels using a Phos-
phorImager (MolecularDynamics), and the molar fraction of each
product was calculated. Reaction time courses were fitted to either
single {m;[1 — exp(—k#)]} or double {m;[1 — exp(—k;t)] + m,[1 —
exp(—k,t)]} exponentials (m; or m; + m, are final fractions of
reacted product).

Reverse transcription of splicing products

Preparative self-splicing reactions were carried out in 40 mM Tris-
Cl (pH 7.5), 20 mM MgCl,, and 1 M NH,CI at 42°C (the G.
frondosa intron—3'exon lariat molecule was isolated from a splicing
reaction that included 20 mM CaCl,). Purification of splicing
products from preparative denaturing polyacrylamide gels and
their reverse transcription with **P-labeled, gel-purified oligonu-
cleotides were performed essentially as described by Costa et al.
(1997b). The following oligonucleotides (see Supplemental Table
S1) were used for reverse transcription: BMS103B, to sequence
ligated exons and determine the branchpoint of the G. frondosa
intron—3’'exon lariat; Gr-R2, to determine the 5’ splice of the G.
frondosa intron lariat; Py-R2, to determine the 5’ extremity of P.
fulgens linear intron molecules.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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SUPPLEMENTARY MATERIAL

TABLE S1. List of oligonucleotides used (sequences 5’ to 3)

BMS65MOD
BMS65MODT7
BM5103E
BM5103EZ
BM5103B

Al -S1

GGTGCCAGAAGACTCGGTAAGA
TGCTGGATCCTTTAATACGACT CACTATAGGGT GCCAGAAGACTCGGTAAGA
CACTCCGITTGCTTCGAGACCGAC

ATGCGAGCT CGGTACCCGGECACTCCGT TTGCT TCGAGACCGAC
GTACTCACAAGGCGGAATGG
TTAATTAGACAAGTAATTGTCCT
CACTTGTAATATCTATACGATAAG
TATATTCTAGTATAGGTTTATCC
GGATGTGCGACTTGAAAAG

CTGAAAGGGTGCCCACTTT
TAAAAGACTTAAATAGTATTATTC
TCTAGAATGAACTTTTGGATTT
AAGCTTAACACAAGACCATTACTGG
ACAGGGAAACTCCTATAATC

TTTTATTAATGGGGAAGGT T

GICGCACGTACAGTITCTTAG

AAACATTTGGAGT TAAATCTAATC
TAAATCTTAAGCTTTAGICCTAG
AGCTACGTCACTCGAGTTATATGT CCTTAGTAAATTCTCAAA
GTATCGTCTTCTCGAGAGATATGTACTTGECTAGTAGATTGA
AGCTACGT CACTCGAGCT TTACAATTAACACCCAATATACTA
TATCGTCTTCCTCGAGTAGTACGCCAATATAATACTT
AACAGCTATGACCATGATTACG

CGCCAGGGT TTTCCCAGT CACGAC

Li et al., 2011




Supplementary Figure L egends

FIGURE S1. Secondary structure model of tAkeurodiscus botryosus SSU788 intron.
Arrowheads point to splice junctions and an adtetsthe branchpoint. Labeling of

secondary structure components and tertiary intiereccas in Michel et al. (2009).

FIGURE S2, parts A, B and C. Phylogenetic relationships of LAGLIDADG proteins
potentially encoded by subgroup 1IB1 introns. Tiiylogenetic tree was built by the
Neighbor-Joining algorithm from a distance matrengrated by program PROTDIST
(Felsenstein, 2004) using a set of 174 sequenizggedlover 146 sites (see Materials and
Methods; bootstrap percentages, when at least ¢m@@l, are indicated next to nodes). The
tree was rooted by choosing proteins encoded bi 2593 introns as outgroup. For
monomeric proteins, I- and II- refer to sectionoiwing the first and second LAGLIDADG
motif, respectively (thickened branches indicatectades in common between sections of the
tree generated from the first and second LAGLIDApg&udo-repeat). For organelle introns,
mt stands for mitochondrial and cp for chloroplasiintrons are named according to their
location in host genes, see Table 1. Accession eusifbr protein sequences (exceptionally,
for nucleotide sequences, when a protein accessiober is lacking) are indicated between
square brackets. Names of proteins encoded by dranfpons are in red, the corresponding
clades are named according to the intron locatiatbosomal RNA genes; except for three

genes designated ‘ORF’, all of the other codinguseges are located within group | introns.

Li et al., 2011 2
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99

Synechococcus sp.C9 LSU1917 [ABD91528] Li et al

100 LSU1787

Chlamydomonas eugametos cp LSU1923 [P32761]

Tuber melanosporum mt LSU1787 [CABJ01004053]

L Glomus intraradices mt LSU1787 [CAQ34819]

Uncultured Glomus mt LSU1787 [CAY33153]

Acanthamoeba castellanii mt LSU1951 [NP 042525]

L

Chlorella vulgaris mt LSU1951 [AAG61148]

Monomastix sp OKE-1 cp LSU1951 [YP 002601069]

92

Acanthamoeba castellanii mt LSU1931 [NP 042524]

93| Pedinomonas tuberculata cp LSU1931 [AAL34311]

Synechococcus sp.C9 LSU1931 [YP 002601069]

LI_ Chlamydomonas geitlericp LSU1931 i1 [AAL34368]
Chlamydomonas mexicana cp LSU1931 i1 [AAL34360]

|-Tuber melanosporum mtLSU2066 [CABJ01004050]

|-Agrocybe aegerita mt LSU2059 [AF087656]

|-Pichia angusta mt LSU2059 [AL434828]

[-LSU2059

I-Ustilago maydis SRX2 mt LSU2059 [ACL27279]

I-Williopsis saturnus mt ORF3 [CAA54457]
I-Williopsis saturnus mt ORF1 [CAA47159]
[-Saccharomyces cerevisiae S288c mt ORF1 [NP 009327]
|-Podospora anserina mt cox2/2 [CAA38805]
[-Podospora anserina mt LSU1699 [NP 074910]
72 I-Podospora anserina mt nad5/1 [NP 074944]
I-Cryphonectria parasitica mt SSU911 [AAB84210]
I-Monoblepharella sp. JEL15 mt cytb/1 [NP 803530]
I-Podospora anserina mt cytb/1 [NP 074921]
I-Marchantia polymorpha mt cox1/4 [NP 054456]
—l I-Schizosaccharomyces pombe mt cox1/1 [NP 112417]
I-Penicillium marneffei mt cox1/2 [NP 943725]
[-Rhizophydium sp. 136 mt LSU2585 [NP 150329]
I-Saccharomyces cerevisiae mt cytb/3 [NP 009317]
|-Debaryomyces hansenii mt cytb [YP 001621419]
[-Trimorphomyces papilionaceus mt SSU788 [X73671]

[-Aleurodiscus botryosus mt SSU788 [CBY89749]

I-Grifola frondosa mt SSU788 [CBY89747]
I-Cryphonectria parasitica mt SSU788 [AAB84209]

[-Pycnoporellus fulgens mt SSU788 [CBY89748]

[-Trametes cingulata mt SSU788 [GU723273]

[-Ganoderma lucidum mt SSU788 [AAO13729]
I-Neurospora crassa mtnad5/2 [CAA28766]

I-Podospora anserina S mt cox1/7 [CAA38786]

- [-Kluyveromyces lactis mt cox1/2 [CAA40767]
91 |-Podospora anserina S mt cox1/11 [CAA38790]
[-Allomyces macrogynus mt cox1/8 [NP 043736]
|-Candida parapsilosis mt cox1/3 [NP 943640]
|-Prototheca wickerhamii mt cox1/3 [NP 042245]
87 I-Podospora anserina S mt cox1/8 [NP 074933]
|-Podospora anserina S mt cox1/9 [NP 074934]

I-Dictyostelium discoideum mt cox1/2a [NP 050074]

I-SSU788 75

I-Peperomia griseoargentea cox1 [AAB86933]
I-Saccharomyces cerevisiae mt cox1/4 [NP 009307]
[-Sachharomyces cerevisiae mt cytb/4 [NP 009316]
93 I-Podospora anserina S mt cox1/3 [NP 074927]
I-Podospora anserina S mt cox1/6 [NP 074930]
71 73 I-Podospora anserina S mt cox1/6 [NP 074931]
[-Podospora anserina S mt cox1/2 [NP 074926]

78 I-Schizosaccharomyces pombe mt cox1/2 [NP 039501]
_I—I I-Podospora anserina mt cox1/12 [NP 074938]

Fig. S2 part A

I-Dictyostelium discoideum mt cox1/2b [NP 050075]

[-Saccharomyces cerevisiae mt cox1/3 [NP 009308]

I-Saccharomyces bayanus mit ORF3 [P05512]
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[I-Kluyveromyces lactis mt cox1/2 [CAA40767]
I-Kluyveromyces lactis mt cox1/3 [YP 054501]
[-Marchantia polymorpha mt cox1/8 [AAC09452]
|-Dictyostelium discoideum mt cox1+2/3 [NP 050076]
I-Podospora anserina S mt cox1/14 [NP 074940]
[I-Prototheca wickerhamii mt cox1/3 [NP 042245]
[I-Podospora anserina S mt cox1/8 [NP 074933]
[I-Podospora anserina S mt cox1/9 [NP 074934]
II-Peperomia griseoargentea cox1 [AAB86933]
II-Saccharomyces cerevisiae mt cox1/4 [NP 009307]
II-Sachharomyces cerevisiae mt cytb/4 [NP 009316]
[I-Dictyostelium discoideum mt cox1/2a [NP 050074]
|I-Dictyostelium discoideum mt cox1/2b [NP 050075]
II-Podospora anserina S mt cox1/6 [NP 074931]
90 [I-Podospora anserina S mt cox1/6 [NP 074930]
5 [I-Podospora anserina S mt cox1/3 [NP 074927]
[I-Podospora anserina S mt cox1/2 [NP 074926]
[I-Saccharomyces cerevisiae mt cox1/3 [NP 009308]
II-Schizosaccharomyces pombe mt cox1/2 [NP 039501]
II-Podospora anserina mt cox1/12 [NP 074938]
[I-Podospora anserina S mt cox1/7 [CAA38786]
II-Candida parapsilosis mt cox1/3 [NP 943640]
II-Allomyces macrogynus mt cox1/8 [NP 043736]
II-Neurospora crassa mt nad5/2 [CAA28766]
[I-Podospora anserina S mt cox1/11 [CAA38790]
II-Podospora anserina mt cox2/2 [CAA38805]
II-Williopsis saturnus mt ORF1 [CAA47159]
[I-Williopsis saturnus mt ORF3 [CAA54457]

92

91

[I-Saccharomyces cerevisiae S288c mt ORF1 [NP 009327]
89 lI-Podospora anserina mt LSU1699 [NP 074910]
93 [I-Podospora anserina mt nad5/1 [NP 074944]
75 [I-Cryphonectria parasitica mt SSU911 [AAB84210]

[-Monoblepharella sp. JEL15 mt cytb/1 [NP 803530]
[I-Podospora anserina mt cytb/1 [NP 074921]
II-Schizosaccharomyces pombe mt cox1/1 [NP 112417]
[I-Marchantia polymorpha mt cox1/4 [NP 054456]
II-Penicillium marneffei mt cox1/2 [NP 943725]
II-Kluyveromyces lactis mt cox1/3 [YP 054501]
[I-Dictyostelium discoideum mt cox1+2/3 [NP 050076]
[I-Marchantia polymorpha mt cox1/8 [AAC09452]
[I-Podospora anserina S mt cox1/14 [NP 074940]
[I-Saccharomyces bayanus mit ORF3 [P05512]
II-Debaryomyces hansenii mt cytb [YP 001621419]
II-Saccharomyces cerevisiae mt cytb/3 [NP 009317]
[I-Rhizophydium sp. 136 mt LSU2585 [NP 150329]
[I-Trimorphomyces papilionaceus mt SSU788 [X73671]
[I-Aleurodiscus botryosus mt SSU788 [CBY89749]
[I-Grifola frondosa mt SSU788 [CBY89747]
II-Cryphonectria parasitica mt SSU788 [AAB84209]
[I-Pycnoporellus fulgens mt SSU788 [CBY89748]
[I-Trametes cingulata mt SSU788 [GU723273]
[I-Ganoderma lucidum mt SSU788 [AAO13729]
85 [-Tuber melanosporum mt LSU2066 [CABJ01004050]

91 lI-Pichia angusta mt LSU2059 [AL434828]

81 ll-Ustilago maydis SRX2 mt LSU2059 [ACL27279]

1L SU2059 ll-Agrocybe aegerita mt LSU2059 [AF087656]

93

[I-SSU788
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73

I-Podospora anserina mt nad1/4 [NP 074960]
w I-Rhizophydium sp. mt cox1/9 [NC 003053]
I-Gibberella zeae mt cox1/7 [YP 001249330]
|-Gibberella zeae mt nad2/4 [YP 001249303]
I-Podospora anserina S mtcox1/4 [NP 074928]
|-Podospora anserina race A mt nad4L/1 [CAA38797]
I-Neurospora crassa mt nad4L/1 [CAA28761]

I-Leptographium truncatum mt SSU952 [ADN05145]
|-Cordyceps konnoana mt SSU952 [AB031194]
I-Gibberella zeae mt cox2/1 [YP 001249309]
I-Agrocybe aegerita mt SSU1224 [AAB50391]
I-Amoebidium parasiticum mt LSU1931 [AAN04058]
I-Leptographium truncatum mt LSU2449 [ACV41167]
I-Cryphonectria parasitica mt SSU1210 [AAB84212]
[-Moniliophthora perniciosa mt nad4/1 [YP 025865]
I-Hypocrea jecorina mt cox2/1 [NP 570153]
I-Podospora anserina mt nad3/1 [P15563]
|-Gibberella zeae mt nad3/1 [YP 001249305]
I-Sclerotinia sclerotorium mt SSU569 [AAC48982]
I-Podospora anserina mt nad5/2 [NP 074945]
|-Neurospora crassa mt nad5/1 [CAA28764]
[I-Podospora anserina mt nad1/4 [NP 074960]
[I-Neurospora crassa mt nad4L/1 [CAA28761]
[I-Rhizophydium sp. mt cox1/9 [NC 003053]
II-Gibberella zeae mt cox1/7 [YP 001249330]
[I-Cryphonectria parasitica mt SSU952 [AAB84211]
ll-Leptographium truncatum mt SSU952 [ADN05145]
[I-Cordyceps konnoana mt SSU952 [AB031194]
II-Gibberella zeae mt nad2/4 [YP 001249303]
II-Agrocybe aegerita mt SSU1224 [AAB50391]
II-Cryphonectria parasitica mt SSU1210 [AAB84212]
[I-Moniliophthora perniciosa mt nad4/1 [YP 025865]
[I-Sclerotinia sclerotorium mt SSU569 [AAC48982]
[I-Podospora anserina race A mt nad4L/1 [CAA38797]
[l-Podospora anserina mt nad3/1 [P15563]
II-Gibberella zeae mt nad3/1 [YP 001249305]
II-Hypocrea jecorina mt cox2/1 [NP 570153]
II-Podospora anserina S mt cox1/4 [NP 074928]
Il-Podospora anserina mt nad5/2 [NP 074945]
II-Neurospora crassa mt nad5/1 [CAA28764]
Il-Leptographium truncatum mt LSU2449 [ACV41167]
ll [I-Gibberella zeae mt cox2/1 [YP 001249309]
II-Amoebidium parasiticum mt LSU1931 [AAN04058]

[-SSU952

[1-SS U952

echococcus sp.C9 LSU2593 [ABD91530]
Thermosynechococcus elongatus LSU2593 [NP 683037]
Haematococcus lacustris cp LSU2593 [AAL77526]

Chlamydomonas reinhardtii cp LSU2593 [1N3E A]

Scenedesmus obliquus ¢cp LSU2593 [YP 635980]

[-Cryphonectria parasitica mt SSU952 [AAB84211]

Monomastix sp.M722 cp LSU2593 [AAL77610]

0.1

Chlamydomonas agloeformis cp LSU2593 [AAL34364]
hlorella vulgaris cp LSU2593 [NP 045793]
Scherffelia dubia cp LSU2593 [AAL77586]

—|_|_I—C

Chlorokybus atmophyticus mt LSU2593 [YP 001315085]

Nephroselmis olivacea mt LSU2593 [YP 665644]

Acanthamoeba castellanii mt LSU2593 [NP 042526]
Mesostigma viride mt LSU2593 [YP 665683]

Li et al.
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Abstract

Like spliceosomal introns, the ribozyme-containing group II introns are excised as
branched, lariat structures: a 2’°-5” bond is created between the first nucleotide of the intron
and an adenosine in domain VI, a component which is missing from available crystal
structures of the ribozyme. Comparative sequence analysis, modeling and nucleotide
substitutions point to the existence, and probable location, of a specific RNA receptor for the
section of domain VI that lies just distal to the branchpoint adenosine. By designing
oligonucleotides that tether domain VI to this novel binding site, we have been able to
specifically activate lariat formation in an engineered, defective group II ribozyme. The
location of the newly identified receptor implies that prior to exon ligation, the distal part of
domain VI undergoes a major translocation, which can now be brought under control by the
system of anchoring oligonucleotides we have developed. Interestingly, these
oligonucleotides, which link the branchpoint helix and the binding site for intron nucleotides

3-4, may be viewed as counterparts of U2-U6 helix III in the spliceosome.

Subject categories: RNA; Structural Biology

Keywords: group II intron / allosteric ribozyme / lariat branchpoint / self-splicing /

spliceosome



Introduction

Group II introns, when fully functional, are retrotransposons composed of a large ribozyme
and the coding sequence of a reverse transcriptase. The ribozyme catalyzes splicing of the
intron-containing precursor transcript and reverse splicing of the excised intron into DNA
targets, while the intron-encoded protein is essential to copy the inserted intron RNA into
DNA (Lambowitz and Zimmerly, 2004). Both the ribozyme components of group II introns
and the eukaryotic spliceosome excise introns as branched, lariat structures. Lariats result
from a 2’-5’ phosphodiester bond being formed between an adenosine internal to the intron
and the first intron nucleotide. In group II introns, the adenosine whose 2’OH group will
attack the 5’ splice site during the first step of splicing bulges out of ribozyme domain VI, on
its 37 side (Figure 1A). After the branching reaction, the newly formed 2’-5’ dinucleotide is
removed from the (apparently) single ribozyme catalytic center and replaced by the 3” splice
site in order for exon ligation to take place (Chanfreau and Jacquier, 1994; 1996).

Except for its branchpoint adenosine, the rather small domain VI is poorly conserved
between subgroups of group II ribozymes (e.g. Michel et a/, 2009) and its sequence and
secondary structure may vary even within sets of closely related introns. Nevertheless, an
RNA tertiary contact involving domain VI and domain II (n-n’ in Figure 1A), which had
been identified by Chanfreau and Jacquier (1996) in a screen for interactions specific to the
exon ligation step, was subsequently shown to be present in both major subdivisions, IIA and
IIB, of the group II intron family. In addition to dramatically reducing the rate of exon
ligation, disruption of N-1’ promotes branching: it increases the rate of first step
transesterifications (branching and its reverse reaction, debranching) and, in a subgroup ITA
intron (Costa et al, 1997a), it was shown to favor branching over hydrolysis at the 5 splice

site. The latter is usually a minor reaction which only prevails when the branchsite is missing



or mutated (Van der Veen et al, 1987), when the 5’ splice site is separated from the rest of the
intron (Jacquier and Jacquesson-Breuleux, 1991) or else, in the presence of potassium ions
(Jarrell et al, 1988). These data were rationalized by postulating that group II ribozymes exist
in two conformations, one in which -1’ contributes to the specific positioning of the 3’
splice site for exon ligation and another one in which domain VI and the branch site are
somehow poised for branching.

By contrast to the identification of n-1’, the search for interactions that, by being
specific to the branching step, could contribute to our understanding of the mechanism by
which formation of the lariat bond is activated, proved particularly frustrating. Only in 2006
was a candidate receptor for the domain VI branchpoint finally proposed by Hamill and Pyle,
based on crosslinking experiments. This receptor consists of a subdomain ID internal loop
which had previously been shown to contain the binding site for the 3* exon of subgroup 1B
introns and to be indirectly involved as well in the binding of the 5* exon (Costa et al, 2000);
it was accordingly dubbed the ‘coordination loop” by Hamill and Pyle (Figure 1A). However,
no counterpart for the subgroup IIB coordination loop can be discerned in secondary struture
models of subgroup I1A ribozymes (see Michel et al, 2009), which is surprising, given the
nearly universal conservation of the branchpoint adenosine and bulge. Also, some nucleotide
substitutions in the coordination loop do reduce dramatically the rate at which precursor
molecules react (Hamill and Pyle, 2006), but they have not been shown to affect branching
specifically (that is, with respect to hydrolysis).

The first atomic-resolution structure of a group II ribozyme, by Toor ef al (2008a),
lacked both the coordination loop and domain VI. Subsequent refinements of this structure
have made it possible to visualize the coordination loop and its predicted interactions with

both the 3’ exon and the EBS1 loop which binds the 5° exon (Toor et a/, 2010; Wang, 2010),



but domain VI remains invisible, possibly because its flexibility leads to its degradation (see
discussion in Pyle, 2010).

This situation, and our recent finding that the ability to initiate splicing by branching
was recurrently lost during the evolution of a subclass of natural group II introns (Li et al,
2011) prompted us to reexamine the sequences of group II ribozymes in search for a potential
receptor site that would bind the nucleotides that surround the branchpoint, in the middle part
of domain VI. We now show that there exists such a candidate site, located in subdomain IC1
(Figure 1), at which nucleotide substitutions specifically affect branching, rather than
hydrolysis. In a second stage, by taking advantage of the currently available group II
ribozyme structure, we were able to model the possible interaction of domain VI with this
receptor and from there, to create an allosteric ribozyme (Tang and Breaker, 1997), whose
ability to form the lariat bond depends on oligonucleotides that anchor domain VI to its

binding site.

Results

Comparison of introns with and without branchsites points to a potential first-step
receptor for domain VI

It has long been known that some rare group II introns in organelles lack a bulging A on the
3’ side of domain VI (Michel et al, 1989; Li-Pook-Than and Bonen, 2006) and at least one of
these introns, in the tRNAY (UAC) gene of plant chloroplasts, is excised indeed as a linear
molecule, rather than a lariat (Vogel and Borner, 2002). Such cases used to be regarded as
oddities but recently, an evolutionary process that recurrently created intron lineages with
additional nucleotides at the intron 5’ extremity, and no apparent branchpoint, was shown to

be at play in mitochondria (Li ef a/, 2011; one member of this subset was confirmed to be



unable to generate other than linear excised intron molecules in vitro). In these lineages, not
only is the branchpoint adenosine missing, but the middle part of domain VI next to it, which
normally consists, in the IIB1 intron subclass from which these lineages originated, of a 3-bp
helix and a well-conserved 6-nt internal loop (Figure 1A), is highly variable, in contrast to the
basal and distal sections of the same domain VI (Li ef a/, 2011). This suggests that not merely
the branchpoint and its two flanking G:U base pairs (Chu et al, 1998; Figure 1), but the entire
middle part of domain VI could be involved in branching, presumably by binding to one or
several specific receptor sites. We sought to identify candidate sites for such receptors by
taking advantage of the fact that their sequences and structures may no longer be constrained
in molecules that have lost the ability to carry out branching.

Only 10 sequences of introns with a 5° terminal insert are currently known, but these
sequences belong to four to five independent lineages (Li et al, 2011, and Figure 1C), which
should ensure some measure of statistical significance in comparisons. In fact, when those ten
sequences are aligned with 32 sequences of mitochondrial introns that belong to the same
intron subclass, but lack a 5’ terminal insert (and possess a potential branchpoint), and the
sequence entropy in each subset is systematically compared site by site (Figure 1B and
Materials and Methods), a small number of intron positions at which the difference in
sequence entropy (AE) lies well beyond the main distribution stand out from the rest. In
simple terms, these sites are very well conserved as long as the branchpoint is present, but
very poorly so otherwise.

Among the 20 sites with the highest AE scores, two were discarded because their
nucleotide composition was too variable (entropy above 0.3) in the no-5’-insert subset. Out of
the remaining 18 sites (Figure 1), 12 are concentrated in the middle part of domain VI, which,
as already emphasized, is quite variable in the 5’-insert subset; one corresponds to the first

intron nucleotide, that no longer forms a 2°-5’ bond in that subset; another one is at position



2389 (generally an A), which, in the crystal-derived atomic-resolution model of the
Oceanobacillus ribozyme (Toor et al, 2008a), lies next to the 5’ splice site and binds two
metal ions that have been proposed to be critical for catalysis; and yet another one, at position
104, is also known to be part of the catalytic core. Remarkably, however, the remaining three
sites (positions 78, 79, 100) belong to two consecutive G:U pairs in the IC1 distal helix, a
component whose terminal loop (8) is known to play an important structural role by
contacting domain II, but which lies rather far away from the reaction center and had not yet
been proposed to be implicated in catalysis.

The distribution of bases at positions 79 and 100 is especially striking. These
nucleotides form a G:U pair in all but one of the 32 intron sequences with a recognizable
branchpoint, whereas nine out of the 10 sequences with a 5’-terminal insert have a Watson-
Crick pair instead and one has an A:A mismatch (Figure 1C). Such a nearly perfect
correlation suggests that presence of a G:U pair at positions 79:100 is particularly important
for the initiation of splicing by branching, whereas in the absence of a functional branchpoint,
the type of base pairing at that site affects only the overall stability and precise geometry of

the IC1 stem.

Nucleotide substitutions in domain VI and its IC1 candidate receptor site

In constructs that lack domain VI or have an altered branchpoint, hydrolysis at the 5’ splice
site substitutes for branching and the intron is excised in linear, rather than lariat form. By
contrast, introns with fully functional, well-folded ribozymes are expected to initiate splicing
almost exclusively by transesterification. As seen in Table I, that is the case for the Pylaiella
L1787 intron (P1.LLSU/2; Costa et al, 1997b), which we have been using as a model subgroup
IIB1 molecule: about 90 percent of excised intron products are lariats when the in vitro self-

splicing reaction takes place in the presence of ammonium and magnesium counterions.



Assuming, as suggested by sequence analyses, that both the middle section of domain
VI and the 79:100 and 78:101 G:U pairs are specifically involved in the branching reaction,
nucleotide substitutions at these sites should shift the balance between transesterification and
hydrolysis towards the latter process. However, replacement of the internal loop of domain VI
by canonical base pairs and trimming of the resulting, extended helix down to four base pairs
(Figure 2) have barely detectable effects on the fraction of products branched when reactions
are carried out in the presence of 1M ammonium chloride (Table I). The observed rate
constant for branching (Kyranching) does decrease (by less than 3-fold), but so does that for
hydrolysis, so that their ratio is barely affected. Only by bringing the length of the helix distal
to the branchpoint down to two base pairs (mutant dVI-2bp) do consequences suddenly
become dramatic, with splicing proceeding almost exclusively by hydrolysis (Table I, line 4).

One possibility was that under optimal in vitro self-splicing conditions, processes
other than the positioning of domain VI are rate-limiting for transesterification at the 5’ splice
site of precursor molecules. Among monovalent counterions, potassium has long been known
to favor hydrolysis relative to branch formation (Jarrell ef al, 1988). Compared indeed to the
situation in ammonium, the observed rate constant for hydrolysis is increased by almost 3-
fold for the wild-type P1.LSU/2 ribozyme, and there is also a significant decrease in the
fraction of lariats among intron excision products (Table I). Interestingly, all of the mutant
domain VI (dV]) constructs in Figure 2 are further affected in their ability to react when
assayed in the presence of potassium. Removal of the dVI internal loop significantly
decreases the fraction of molecules that initiate splicing by branching compared to the wild-
type, while truncation of the resulting helix to four base pairs not only reduces this fraction
further, but specifically affects the observed rate constant for branching, by about 4-fold

relative to the wild-type.



Since any nucleotide substitution in the IC1 stem might affect the relative position in
three-dimensional space of the €” and 0 loops, we deemed it preferable to try and delete the
latter component before assessing our IC1 constructs in potassium. Fortunately, removal of 0
turned out to be without severe consequences on the ability of precursor molecules to react
under the experimental conditions we had chosen; in fact, transesterification is even less
affected than hydrolysis, resulting in an elevated Kyranching/Knydrolysis ratio (Table I). By contrast,
when the two G:U pairs at positions 79:100 and 78:101, which 16 out of 32 mitochondrial
IIB1 introns with a recognizable branchpoint share, are simultaneously substituted by A:U
pairs, the observed rate constant of branching and the fraction of intron molecules excised in
lariat form are both markedly affected and this, whether in a wild-type or AB context (Table I;
in ammonium, Kpranching 18 specifically affected as well, but the fraction of molecules that react
by branching is left unchanged; see also Figures S1 and S2). Interestingly also, trimming of
the IC1 helix down to only two base pairs is without further effects on kinetic parameters.
Thus, these experiments are consistent with the conclusions of comparative sequence
analyses, which pointed to the tandem G:U pairs in IC1 as major potential contributors to the

ability to perform branching.

Modeling of the interaction between domain VI and its proposed IC1 receptor

The G79:U100 pair is highly conserved in a majority of group II intron subclasses (Dai et al,
2003), including the somewhat divergent subgroup I1C, to which the Oceanobacillus intron
belongs. We have explored the possibility that this pair constitutes part of the first-step
receptor site for domain VI by attempting to model the missing domain VI (Figure 3A) into
the latest atomic-resolution models (Toor et al, 2010; Wang, 2010) of the Oceanobacillus

group II ribozyme.



Currently available structures of the Oceanobacillus ribozyme reflect the final stage of
splicing, after exon ligation. They lack domain VI and the last three intron residues as well as
the first intron nucleotide (G1). The latter must move away from the catalytic center after the
first step of splicing in order to make way for the 3” splice site and the segment at the intron
5’ extremity that gets relocated may include also U2 (although not G3, for the €-¢’ interaction
— Jacquier and Michel, 1990 — is believed to persist throughout splicing). As first pointed out
by Steitz and Steitz (1993; see also Michel and Ferat, 1995; Jacquier, 1996), the best way to
reconcile data on the inhibition of individual splicing steps by phosphorothioate stereoisomers
of the reactive phosphate group with the generally accepted existence of a single catalytic site
is to postulate that the O3’-P-O5’ dihedral angle at the 5’ splice site undergoes a 120° rotation
away from the helical geometry that prevails at the splice junction of the intron-bound ligated
exons (Toor et al, 2008b; Costa et al, 2000). In the predicted structure of the Oceanobacillus
precursor RNA, such a sharp bend is required anyway in order to ensure connectivity within
the segment that extends between the last nucleotide of the 5° exon, which is expected to
remain bound to EBS1 throughout the splicing process, and G3 (see Wang, 2010). Modeling
of the phosphodiester bond at the 5’ splice site then makes it possible to position precisely the
attacking 2°’OH group of the branchpoint adenosine, which sets in turn the stage for placing
the basal and distal helices of domain VI.

We found that in order for the 5’ strand of the basal dVI helix to bridge the distance
between the branchpoint and domain V, the first two base pairings at the base of the latter in
Figure 1 of Toor et al (2008a) need to be disrupted: these pairings, the existence of which is
not supported by comparative sequence analysis (note their absence in Figure 1A), may owe
their presence in the Oceanobacillus ribozyme structure to the absence of domain VI. As for
the section of domain VI that lies distal to the branchpoint, we chose to model it as a

continuous helix despite the presence of a very well conserved internal loop (Figure 1A and
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Li et al, 2011) in mitochondrial subgroup IIB1 introns. The reasons for this are (i) most
bacterial members of this subclass lack an internal loop in their distal dVI stem, even though
they share tandem IC1 G:U pairs with their mitochondrial counterparts; (ii) substitution of
canonical base pairing for the internal loops of introns Sc.cox1/5y (Chu et a/, 1998) and
PLLSU/2 (Figure 2 and Table I) has limited effects on their ability to carry out branching.
As shown in Figure 3A, it is possible indeed to position a continuous dVI distal helix
in such a way that its base is connected to, and stacked on, the proximal section of the domain
(consisting of the basal dVI helix and branchpoint adenosine), while its 5’ backbone fits
neatly into the shallow (‘minor’) groove of the IC1 stem. This model is consistent with our
comparative sequence analysis and nucleotide substitution experiments, since the section of
IC1 that is specifically contacted by domain VI encompasses the G79:U100 base pair
(G81:U101 in the Oceanobacillus intron). For the sake of consistency with 1-1’, we propose

to name 1-1’ (iota-iota’) this novel interaction between the IC1 shallow groove at, and

immediately distal to, positions 79 and 100 (1) and the middle part of the dVI distal stem (1’).

Activation of lariat formation by oligonucleotides that anchor domain VI to its binding
site

As apparent from Figure 3A, optimal positioning of the dVI distal helix into the shallow
groove of helix IC1 results in placing IC1 nucleotides A83 to A87 (P1.LSU/2 numbering) in
near continuity of A2413 in the 5’ strand of domain VI. This peculiar arrangement suggested
to us that it might be possible to replace part of the 5’ strands of the dVI and IC1 helices by an
oligonucleotide that would at the same time restore the dVI helical structure and anchor it to
its proposed receptor. The complete setup, consisting of such an ‘anchoring’” DNA

oligonucleotide with segments (‘handles’) that are complementary to the terminal loops of the
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truncated dVI and IC1 stems and are connected with one another by a tether made out of
deoxythymidines, is shown in Figure 3B.

As expected from the data in Table I, the construct in Figure 3B, in which the dVI
distal helix has been truncated down to two base pairs, with a 7-nt terminal loop, has only
residual branching activity (Figure 4A, intercept with the y axis). However, the same
precursor transcript, when incubated in the presence of increasing concentrations of an
oligonucleotide capable of restoring base pairing in both the dVI and IC1 stems (Figure 3B),
gradually recovered the ability to initiate splicing by transesterification, with up to ca 58
percent of reaction products consisting of the lariat intron at 200 uM oligonucleotide (not
shown). A plot of the fractional rate of branching (observed rate of branching relative to total
rate of conversion of precursor into products) as a function of the concentration of
oligonucleotide can be fitted indeed to a saturation curve (see Materials and Methods) with an
estimated K, equal to 58 + 20 uM (Figure 4A).

Subsequent experiments showed that this Ky, could be decreased by playing with both
the geometry of the IC1 terminal loop and its sequence. Among the combinations we tried, the
one shown in Figure 3C turned out to be optimal, with a K, of 5.4 + 1.0 uM (Figure 4A; a G
which had been introduced at position 82 so as to leave unspecified the junction between the
IC1 and anchoring helices proved suboptimal). As a control, reactions in the presence of
increasing concentrations of a 7-mer, no-anchor oligonucleotide that merely restored the dVI
helix resulted in only minimal recovery of branching activity (Figure 4A). Additional controls
(Table II) performed in the presence of oligonucleotide concentrations (100 uM) well above
the observed K, for the combination in Figure 3C demonstrate that: (i) whether the structure
of IC1 is wild-type (setup 1), truncated (setup 3) or (presumably) restored by a
complementary 7—mer oligonucleotide (setup 5), only residual branching activity is observed

as long as the terminal loop of the truncated dVI stem is left unpaired; (ii) restoration of the
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dVI stem by a complementary 7-mer, whether in a wild-type (setup 2) or IC1 mutant context
(setup 4; Figure 4A) only slightly improves branching activity; (iii) simultaneous restoration
of base pairing in both the dVI and IC1 stems by two 7-mers (setup 6) is not sufficient:
branching activity remains very modest unless anchoring is achieved by creating a covalent
link between these oligonucleotides (setup 7).

The next step in optimizing this system consisted in keeping the sequence of the
anchor in Figure 3C constant and varying the length of the tether from zero to four T’s (Figure
4B) at an oligonucleotide concentration (5 UM) about equal to the K, determined for a 3-T
tether (Figure 4A, full curve). A sharp optimum was observed for a tether consisting of just
one T, with a relative rate of branching equal to 0.790 + 0.011. The latter value should be
close to saturation, as was verified indeed by determining the corresponding K., (0.073 +
0.009 uM; Figure 4C).

Final proof that complementarity between the IC1 terminal loop and an anchoring
oligonucleotide is both necessary and sufficient to activate branching was obtained by
nucleotide substitutions (Figures 3D and 4C): whereas mismatched combinations devoid of
potential for base pairing exhibit no detectable branching activity, restoration of
complementarity by substitution of both the oligonucleotide anchor and the IC1 terminal loop
was found to result in almost complete recovery of the ability to initiate splicing by branching
(relative rate of branching at saturation, 0.744 + 0.022; K., equal to 0.270 + 0.047 uM).
Finally, it should be noted that for the setup of Figure 3C, we verified the oligonucleotide-
induced branching reaction to be an authentic one, in the sense that the same branchpoint is
used as in a wild-type molecule and the resulting ligated exons have the same sequence (see

Materials and Methods and also the analytical gel in Figure S3).

Discussion
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A first-step-specific receptor for the branchpoint-carrying domain VI

We have shown that by using oligonucleotides that bring together domain VI and what we
propose to be a first-step RNA receptor for this domain, in subdomain IC1 (Figure 5), it is
possible to specifically activate the branching reaction in a defective precursor molecule that
is otherwise essentially unable to initiate self-splicing, except by 5’ splice site hydrolysis. The
dVI and IC1 helices must truly come in contact in the active first-step complex, for we found
the optimal connecting segment between the dVI and IC1 handles of the anchoring
oligonucleotide to consist of just one thymidine residue (Figure 4B). The use of longer tethers
leads to a gradual decrease in the efficiency of branching, as would be predicted by a random-
coil model (Jacobson and Stockmayer, 1950), whereas, conversely, when the single
connecting nucleotide is removed, restoration of branching is much less efficient, presumably
because the anchoring oligonucleotide and its targets must give up one or several base pairs in
order to release the resulting strain.

While compatible with all available data, our modeling of the interaction between
domain VI and the IC1 distal helix was dictated by our identification of the G79:U100 base
pair as a likely receptor for domain VI. Current ignorance of the exact configuration of the
branchpoint adenosine, which has alternatively been proposed to be extrahelical (Schlatterer
et al, 20006), to be stacked between two base pairs (Erat et a/, 2007) or to be part of a two-
nucleotide bulge (Zhang and Doudna, 2002), is such that in fitting the middle part of domain
VI optimally into the shallow groove of IC1, we opted to care primarily about the need to
retain connectivity to the dVI proximal helix: the two dVI helices are actually stacked on top
of one another in Figure 3 and in connecting the branchpoint ribose to its immediate
neighbors, we chose to bulge it out from the helical stem, without taking stands on its exact

geometry.
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In this context, our finding that the optimal dVI-IC1 tether consists of only one
nucleotide is important and clearly pleads in favor of our own working model of the ribozyme
first-step configuration (Figure 3A), when compared with another recently proposed
arrangement of domain VI (Wang, 2010), which attempted to meet previous claims that the
coordination loop serves as receptor for the branchpoint (Hamill and Pyle, 2006). In the latter
model (Figure 10 of Wang, 2010), which includes a hypothetical ‘mispair’ between the
universal branchpoint adenine and A393 (Oceanobacillus ribozyme numbering), a nucleotide
that is poorly conserved by evolution, domain VI is oriented right towards the coordination
loop, away from IC1. In yet another recently published sketch of a possible first-step
conformation (Figure 13 of Pyle, 2010), the location of domain VI, which is represented only
as a cylinder, is somewhat intermediate between ours and Wang’s since it is placed in
between IC1 and the coordination loop, though in a position that would still not allow it to
contact our proposed IC1 receptor. It is also important to note that even though they clearly
differ, Wang’s, Pyle’s and our own modeling of the ribozyme first-step conformation all
imply a major rotation of domain VI after the branching step in order for its tip to dock into its
domain II, second-step receptor (inasmuch as the position of the latter can be modeled
precisely, see Figure 3A and its legend).

When interpreting crosslinks between the dVI branchsite and the coordination loop as
evidence that the latter constitutes the binding site for the former, Hamill and Pyle (2006)
implicitely assumed that domain VI should be stably docked in its first-step receptor prior to
the branching reaction. However, it seems more likely that domain VI keeps toggling between
different states, as initially proposed by Costa et al. (1997a), based on kinetic analysis of
mutant ribozymes, and, more recently, by Toor et al. (2010) to account for the absence of that
domain in the crystal structure of the Oceanobacillus intron. In fact, when Hamill and Pyle’s

sites of crosslinking are mapped on the atomic resolution model of ribozyme domains [ to V
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(Toor et al., 2008), it becomes apparent that essentially every nucleotide that would have been
accessible to the branch site and its two flanking nucleotides in a dVI molecule that could
freely rotate around the dV-dVI junction did give rise to a crosslink (only residues in the
proximal helix of domain V are missing, since crosslinks at those sites are internal to the D56
piece and, therefore, could not be recovered in the experiment). When domain VI is bound to
its IC1 receptor, photoactivable bases at the branchpoint and its two neighbors are predicted
from our model to crosslink neither to the coordination loop, nor to stem IC1, but to the first
two nucleotides of the intron and the last nucleotide of the 5’ exon: these three positions were
indeed among those recovered by Hamill and Pyle. Moreover, among the latter crosslinks,
those to the G1 nucleotide (and perhaps also to the second residue of the intron) are liable to
be compatible with splicing, which provides a ready explanation for the reactivity of part of
the XL1 material of Hamill and Pyle (2006).

Interestingly, some published pieces of data in the literature already hinted at the
possible involvement of the IC1 distal helix in the branching process. Stabell et a/ (2009)
noted that in a paraphyletic subset of group II introns that share additional secondary
structures 3’ of domain VI, the section of the IC1 stem that lies immediately distal to the €’
loop is unexpectedly conserved. Several nucleotide substitutions were introduced, among
which was the replacement of the (counterpart of the) 79:100 G:U pair by A:U. That mutation
was found to markedly decrease the rate of reaction of precursor molecules, but in the absence
of 57 splice site hydrolysis, branching could not be shown to be specifically affected.

Much earlier, Boudvillain and Pyle (1998) had published a map of domains I to III of
the subgroup IIB1 Sc.a5y ribozyme (a close relative of P1.LSU/2) that showed, based on
NAIM (Nucleotide Analog Interference Mapping; see Strobel, 1999), which nucleotides were
important for a branching reaction with domains V and VI (unfortunately, the authors’ setup

did not make it possible to discriminate between nucleotides required specifically for
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branching and those involved in catalysis in general or in binding of domain V by domains I-
IIT). Removal of the NH; at position 2 of G79 (P1.LSU/2 numbering) and also of the 2’0OH
groups of U78 and U100 was reported to interfere with activity, thus pointing to the
importance of the shallow groove in this section of the IC1 distal helix; remarkably, these
three residues are none other than the ones that generate a statistical signal when molecules
with and without a recognizable branchpoint are compared (Figure 1; it is also worth noting
that no hit was found in the coordination loop proper, whether by NAIM or our comparative
sequence analyses, despite its claimed function as a receptor for domain VI — Hamill and
Pyle, 2006). In fact, our phylogenetic approach may rightly be regarded as related to NAIS
(Nucleotide Analog Interference Suppression, also called ‘chemogenetics’; Strobel, 1999), a
method in which nucleotide interference maps (rather than sequence conservation maps) are

compared for the wild-type and a molecule that includes a specific defect.

Towards atomic resolution

It is now generally agreed that group II ribozymes exist in at least two major states (Figure 5),
one in which domain VI is prepositioned for the branching reaction and another one in which
it interacts with domain II (whether the latter interaction helps positioning the 3’ splice site for
exon ligation is still a matter of debate — see Pyle, 2010 — despite the fact that disruption of n-
1’ was found to impair specifically the second step of splicing — Chanfreau and Jacquier,
1996). The identification of a second-step-specific receptor for domain VI (Chanfreau and
Jacquier (1996) was a breakthrough, if only since it made it possible, by playing with the
strength of the interaction between diverse loops of the GNRA family and their RNA
receptors (Costa and Michel, 1997), to place introns into a well-defined configuration that
could be probed by biochemical and biophysical methods. Our use of anchoring

oligonucleotides that force domain VI and its IC1 first-step receptor to interact should
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similarly open the way to trapping the ribozyme into its branching-ready configuration,
something which could presumably be achieved by replacing our current DNA ‘handles’ by
higher-affinity, RNA or perhaps LNA (Locked Nucleic Acid; Petersen et a/, 2002)
counterparts (the affinity of even our best anchoring oligonucleotides for their targets — see
Legend to Figure 4 and Materials and Methods for estimated K4 values — is still too low to
prevent ‘breathing’ of helices, which also explains why we did not observe accumulation of
the lariat-3’exon reaction intermediate — not shown). This approach might even make it
possible to obtain crystals and visualize at last the ribozyme branchpoint and its molecular
context at atomic resolution.

One possible objection to the use of anchoring oligonucleotides for biochemical and
biophysical probing is that despite the fact that the authentic branchpoint is being used
(Materials and Methods) the resulting arrangement in space of domain VI and subdomain IC1
might be an unnatural one. However, because the segment of IC1 that was engineered to
interact with the oligonucleotide anchor is located distal to the section that we believe to
constitute the natural receptor for domain VI (Figures 3 and 5), that receptor is likely to
remain structurally intact in the complex (our initial choice of a 3-nucleotide tether reflected
our concern that shorter connecting segments might distort proximally located contacts). It
may prove possible also to reconstruct an authentic middle dVI section by replacing our
current DNA handle by an RNA counterpart with the appropriate sequence to generate the
characteristic internal loop of mitochondrial subgroup IIB1 introns (Figure 1A). This would
open the way to the substitution of individual chemical groups in the 5’ strand of that loop,
which we propose to be the site of contact with the IC1 receptor (in this respect, it is
interesting to note that besides the branchpoint adenosine, the only other sites in domain VI to
give rise to interference signals in the NAIM experiments of Boudvillain and Pyle (1998)

were positions 2411-2413 (P1.LSU/2 numbering), which are precisely the ones that should
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contact the IC1 shallow groove according to the model in Figure 3A). Up to now, the
introduction of atomic substitutions and, therefore, the use of NAIS to explore interactions in
this section of the ribozyme was made difficult (though not impossible) by the fact that
domain VI cannot be supplied alone in a two-piece intron system, but needs to be covalently

connected to domain V in order to be bound by the rest of the ribozyme (Jarrell et al, 1988).

Conclusion

Now that a tertiary contact between the branchpoint-carrying component of group II introns
and the rest of the group II ribozyme has been found and shown to be essential for the
efficiency of lariat formation, the stage is set at last to explore the atomic surroundings of the
branchpoint itself. In the meantime, pending a high-resolution structure of an entire intron,
our newly acquired ability to control at will the conformation of the ribozyme through the use
of oligonucleotides should prove particularly useful for detailed mechanistic investigations of
individual steps in the splicing and transposition processes carried out by the sophisticated
molecular machinery that we call a group II intron. Finally, it did not escape our notice that in
tinkering with the architecture of the group II ribozyme, we may have been preceded by
nature: U2-U6 helix III (Sun and Manley, 1995) which, in the spliceosome, links together the
branchpoint helix and the segment of U6 that, like €’, binds the first intron nucleotides, may

be regarded as a counterpart of our dVI-anchoring oligonucleotides.
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Materials and Methods

Sequence analyses

The set of 42 subgroup IIB1 mitochondrial intron sequences collected and aligned by Li et al
(2011; the aligned set is accessible at
http://rnajournal.cshlp.org/content/suppl/2011/05/05/rna.2655911.DC1.html) was divided into
a subset of 32 intron sequences in which the 5’ splice site is followed by the GUGCG
consensus at the intron 5’ end and a subset of 10 intron sequences with a 5’ terminal insert.
Entropy (as defined in BioEdit — Hall, 1999: H(l) = -Zf(b,])In(f(b,1)), where f(b,l) is the
frequency of base b at position 1) was calculated for each subset at each of the 577 positions
of the alignment and values for the no-insert subset were subtracted from those for the insert-
carrying subset in order to generate a ‘A Entropy’ measure, the distribution of which is plotted
in Figure 1C. In the phylogenetic tree of Fig. 1A, host genes were abbreviated as follows: L
and S designate the large and small subunit rRNA genes, respectively, and the following
number corresponds to the site of insertion, according to E. coli numbering — see Johansen

and Haugen, 2001; cob: cytochrome b; cox1, 2, 3: subunits 1, 2, 3 of cytochrome ¢ oxidase.

Modeling
Modelling and refinement were carried out with Rastop 2.2 and the Assemble 1.0 software

(Jossinet et al, 2010).

DNA constructs and precursor transcripts
Wild-type precursor transcripts were generated from plasmid pPl.LLSU2 (Costa et a/, 1997b), a

pBluescript II KS (-) (Stratagene) derivative. All mutant constructs in Figures 2 and 4 were
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verified by sequencing the entire length of the insert. Transcription and RNA purification

were carried out as in Costa ef al (1997b).

Kinetic analyses
Monomolecular reactions of the wild-type and mutant constructs listed in Table I were
initiated by addition of 2X-concentrated splicing buffer (final concentrations: 40 mM Tris-
HCI pH 7.5 at 25°C, 1M NH4Cl or KCI, 10 mM MgCl,, 0.02% sodium dodecyl sulfate) to an
equal volume of a water solution of **P-labelled precursor RNA molecules (final molar
concentration 20 to 40 nM) which was preequilibrated at the reaction temperature (45°C) after
having been denatured for 2 min at 90°C. Reactions were stopped by addition of an equal
volume of formamide loading buffer containing Na,EDTA (final concentration 20 mM; each
time point — from 0.5 to 180 min — was generated from a separate initial mix). Samples were
run on denaturing polyacrylamide gels (50% urea w:v, 4% total acrylamide, with 1:20 bis-
acrylamide), and bands associated with the precursor and reaction products were quantitated
with a Phosphorlmager (Molecular Dynamics).

Accumulation of branched and linear intron products was fitted (with Kaleidagraph
3.6) to simple exponentials,
[Lar] = [Lar]. (1 - exp(-kp.t)) and
[Lin] = [Lin]s (1 - exp(-kpy.t))
where [Lar] and [Lin] are the molar fractions of branched and linear molecules at time t,
[Lar]., and [Lin]., the corresponding, estimated final values, and ks, and kyy, the observed rate
constants for branching and hydrolysis. As already noted by others (e.g. Chu et al, 1988),
values obtained for ks, and kyy typically differ (Table I), which means that refolded precursor
molecules do not form a single population, but rather exist in multiple conformations that do

not readily interconvert during the time course of experiments. In ammonium buffer, about 90
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per cent of molecules remain committed to forming lariats, even in mutants with a 10-fold
reduced rate constant for branching (the only exception is the dVI-2bp mutant). In potassium
buffer, however, changes in rate constants for branching and hydrolysis tend to be reflected in
correspondingly altered proportions of branched and linear molecules among reaction
products (bottom part of Table I). Importantly, measurements were found to be highly
reproducible, whether for the wild-type (Table I) or mutant constructs.

For reactions in the presence of an oligonucleotide (Sigma-Aldrich), the latter was
added to concentrated splicing buffer (final concentrations: 40 mM Tris-HCI pH 7.5 at 25°C,
IM NH4CL, 10 mM MgCl,, 0.02% sodium dodecyl sulfate) prior to mixing with the solution
of purified precursor molecules (final molar concentration 20 nM) at reaction temperature
(37°C). Reaction time courses were modeled according to the following scheme, in which
pre:oligo is the unreacted complex between a precursor and an oligonucleotide molecule
(whereas hydrolysis at the 5 splice site is irreversible, transesterification is expected to be
reversible; however, the intron-3’exon lariat intermediate was either absent or barely
detectable, even at short reaction times, for all construct and oligonucleotide combinations we
tested, so that in this experimental system, branching may be regarded as irreversible for all

practical purposes).

kh/B linear intron
$ lariat intron
Kon Kofr

/ Kny.u —
/ linear intron
precursor

$ lariat intron

pre:oligo
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Provided ko and ko, are much larger than the rate constants for reactions, the rates of

formation of lariat and linear intron products become:

d[Lar)/dt = [Pre] (kpru + koes.[OLIVKg) (1)

d[Lin]/dt = [Pre] (knyu + knys.[OliV/Kg)  (2)

where [Pre] is the molar fraction of unbound precursor molecules at time t; kyr,u, Kny,u, Kor,s
and ki p are rate constants for branching (br) and hydrolysis (hy) in the absence (Unbound)
and presence of a bound (B) oligonucleotide, respectively; Kq = Kog/kon; and [OLI] is the
molar concentration of oligonucleotide. Let f be the fractional (relative) rate of formation of

lariat intron (fy and fi.x are initial and final values of f):

f = (d[Lar}/dt)/(d[Lar}/dt + d[Lin}/dt)

= fy+ (Fpax - £0) / (1 + Ko/[OLI])  (3) with
fo = Kor,u/( koru + kny,u) 4)
fimax = kor/( korg + knyn)  (5)

K = Ka ( Kny,u/ kor,g) (fmax/(1 - f0))  (6)

In practice, (i) the accumulation of lariat and linear intron forms for a given oligonucleotide
concentration was fitted to a simple exponential or, exceptionally, when reaction was both
slow and limited, to a linear function; (ii) initial rates at t = 0 and their standard errors were
obtained from these fits, f was calculated and plotted as a function of oligonucleotide
concentration (the relative error of f was estimated by adding the relative errors of branching
and total reaction rates, which were calculated from standard errors associated with initial

rates); (iii) the resulting plot was fitted with equation (3) to determine fy, f.x and Ky, (iv) Ky

23



was extracted from equation (6) after ki, u and ki g had been obtained from initial reaction

rates in the absence and at saturating concentrations of the oligonucleotide, respectively.

Verification of splice junctions and the branchpoint

The identity of splice junctions and the branchpoint were verified for the construct-
oligonucleotide combination shown in Figure 3C by purifying the ligated exons and intron
lariat from a denaturing polyacrylamide gel prior to reverse transcription, as described in
Costa et al (1997b; an analytical version of that gel is shown in Figure S3). After reverse
transcription of the ligated exons with primer 5’~-GAGGTCGACGGTATCGATAA (which
matches positions 70-89 of the 3’ exon), PCR amplification was carried out with the same
primer and 5’-AGCTTTTATCTTTGACACAAAATCGGGGGTG (positions -19 to — 49 of
the 5° exon) and products cloned with the pPGEM-T vector system (Promega): all clones
examined had the expected sequence for the ligated exons. After reverse transcription with
primer 5’-GCAGGTACATTGTCTCCAGA (complementary to intron positions 58-77) and
PCR amplification with the same primer and 5’-GAAAGGCTGCAGACTTATTA
(corresponding to part of ribozyme domain III), five clones were sequenced and found to
contain the intron sequence preceding the branchpoint followed by the beginning of the
intron, as expected. However, in three clones, an A rather than a T had been incorporated by
the reverse transcriptase at the position facing the adenine of the branchpoint, one clone
lacked both the branchpoint A and the preceding T and the fifth one lacked that T: these are
typical of the errors made by the Superscript II reverse transcriptase when trying to bypass a
2’-5” branched structure (Vogel and Borner, 2002).

Supplementary information is available at The EMBO Journal Online
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Table I Kinetic parameters of dVI and IC1 mutants.

Construct Fraction of Koranching (min’l) Knydrolysis (min'l) Kir/Kny

products

branched

ammonium

wt 0.90 + 0.07 0.136 £ 0.019 0.024 +0.010 5.5

0.88+0.11 0.166 + 0.032 0.023 + 0.008 7.2
dVI-7 bp 0.89+0.04  0.092+0.006 0.019 = 0.002 5.0
dVI -4 bp 0.84+0.06  0.058+0.006 0.014 + 0.002 4.2
dVI-2 bp 0.02 <0.008 £ 0.002%  0.013 + 0.002 <0.62
IC1 A6 n.d. n.d. n.d. n.d.
IC1 UA:UA 0.89+0.09  0.028 +0.003 0.024 = 0.004 1.3
IC1 A6/ UA:UA n.d. n.d. n.d. n.d.
IC1-2bp 0.90+0.11 0.016 = 0.004 0.024 = 0.004 0.69

potassium

wt') 0.76 + 0.08 0.160 = 0.030 0.064 + 0.023 2.5

0.77+0.06  0.149 + 0.020 0.065 = 0.009 23
dVI -7 bp 0.41+0.04  0.132+0.021 0.057 +0.012 23
dVI -4 bp 0.15+0.01  0.045+0.006 0.072 + 0.008 0.63
dVI-2 bp 0 0 [0.135+0.011]Y 0
IC1 AB 0.69+0.05  0.097 + 0.006 0.019 = 0.004 5.1
IC1 UA:UA 0.10+0.007  0.028 + 0.002 0.042 £ 0.005 0.67
IC1 A®/UA:UA 0.067 +0.005 0.025 = 0.003 0.029 + 0.002 0.84
IC1-2bp 0.063 +0.025 0.026 + 0.013 0.031 +0.011 0.85

n.d. : not determined

() determinations from different RNA preparations

2

) estimated from the fraction branched at 180 min

observed value at 180 min

@ determined at 50 mM Mg
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Table II Rate of branching relative to total reaction rate in the presence of a 15-mer

anchoring oligonucleotide and 7-mer controls

Setup 1c1

Oligonucleotide (s)

anti-dvI anti-IC1

relative rate

(100 uM) handle handle of branching
1 wt no 0.040 + 0.009
2 wt 7-mer GTGGACT 0.126 + 0.012
3 Fig.3C no 0.040 + 0.009
4 Fig.3C 7-mer GTGGACT 0.145 + 0.021
5 Fig.3C 7-mer TGGCTGG 0.068 + 0.017
6 Fig.3C 7-mer + 7-mer GTGGACT TGGCTGG 0.150 + 0.037
7 Fig.3C 15-mer GTGGACT-T-TGGCTGG 0.530 + 0.045

() Domain VI of all constructs was truncated as in Figure 3B.
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Figure Legends

Figure 1 Identification of a candidate site for binding the branchpoint-carrying domain of a
group II intron. (A) Schematic secondary structure of the P1.L1787 (P1.LSU/2) ribozyme, a
representative mitochondrial member of subgroup IIB1. Only the sequences of domains V and
VI and the distal part of subdomain IC1 are shown, the asterisk next to domain VI indicates
the branchpoint. Greek letters and arrows correspond to prominent tertiary interactions, which
are generally conserved in group Il introns (see Michel et al, 2009). Sites in red and orange
are those at which the difference in sequence entropy between the set of introns with and
without a 5’ terminal insert exceeds 1.0 or is included in the 0.70-1.0 range, respectively (see
panel B). (B) Statistical distribution over aligned ribozyme sites of the difference in sequence
entropy between sets of introns with and without a 5’ terminal insert. Ordinates: number of
sites; abscissa: difference in sequence entropy at homologous sites between the two intron
sets, calculated as in Materials and Methods (numbers are positives when site entropy is larger
for the set of introns with a 5” insert). The arrow points to the 0.70 differential entropy
threshold (for sites highlighted in panel A; red and blue rectangles correspond to sites in
domains VI and IC1, respectively). (C) Phylogenetic relationships of mitochondrial subgroup
[IB1 introns based on an alignment of their ribozyme sequences (the tree is redrawn from Li
et al, 2011). Introns and intron clades are designated by their host gene (Li et al, 2011). Thick
red lines correspond to lineages of introns that possess a 5° terminal insert, the length of
which is indicated at right (boxed numbers). When not G and U, the nucleotides at positions

79 and 100 (of the P1.L1787 ribozyme) are indicated at the far right.

Figure 2 Ribozyme constructs with altered dVI and IC1 structures.
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Figure 3 Three-dimensional model of the interaction between ribozyme domains VI and IC1
and optimization of oligonucleotides anchoring dVI to IC1. (A) Stereo views were generated
from the coordinate set of Toor et al (2010) for the Oceanobacillus iheyensis subgroup I1C
ribozyme (PDB accesion number 31GI). Only domain VI, the 3-nt dV-dVI linker and intron
residues 1-2 were modeled de novo; the last three nucleotides of the intron and the 3’ exon are
missing (see Results and Materials and Methods). Color scheme: black, branchpoint
adenosine; green, domain VI; pink, domain V; violet, 5’ exon; yellow, intron nt 1-5; tan,
subdomain IC1; red, bp 79:100 (81:101 in the Oceanobacillus ribozyme); deep blue,
‘coordination loop’. Thickened sections of dVI (G2409 to A2413) and IC1 (A83 to A87)
correspond to the base-paired segments (‘handles’) of our anchoring oligonucleotides (panels
B-D). The arrow points to the location in the P1.LSU/2 ribozyme of the 1 receptor (see Figure
1A); assuming stems II and IIA are stacked, the latter should be situated about one helical turn
beyond the tip of what was left of domain II in the molecule crystallized by Toor et al. (2008).
(B) Scheme for anchoring dVI to IC1, showing IC1 anchor 1 with a 3-T tether. (C) anchor 2,
with a 3-T tether; at position 82, G was introduced before switching back to U. (D) anchor 3,

with a 1-T tether.

Figure 4 Branching by dVI-IC1 constructs as a function of the concentration of anchoring
oligonucleotides, their tether length and their complementarity to the terminal loop of
truncated IC1 stems. See Materials and Methods for calculation of relative branching rates
and standard errors. (A) Optimization of IC1 anchors. Relative branching rate as a function of
oligonucleotide concentration for individual construct-oligonucleotide combinations (Figure
3B-C) was fitted to equation (3) of Materials and Methods. Empty squares and dashed curve,

construct in Figure 3B with matched oligonucleotide 5’-GTGGAC-TTT-AGCGAA, K, =58

+ 20 uM, Pearson’s R=0.9969; empty circles and solid curve, construct in Figure 3C with

33



matched oligonucleotide 5’-GTGGAC-TTT-GGCTGG, Ky, =5.4 £ 1.0 uM (Kq = 7.5 uM),
R=0.9825; lozenges and dotted curve, construct in Figure 3C with 5’-GTGGACT (no
anchor). (B) Relative branching rate of construct in Figure 3C as a function of the number of
T’s in the tether of oligonucleotide 5°-GTGGAC|T],GGCTGG. The concentration of
oligonucleotide was set at 5.0 UM, close to the observed K, for a 3-T tether (see panel A). (C)
Abscissa and ordinates as in panel A. Empty circles and solid curve, construct in Figure 3C
with matched oligonucleotide 5’-GTGGAC-T-GGCTGG, K, =0.073 £ 0.009 uM (K4 =0.17
uM), R=0.9946; empty squares and dashed curve, construct in Figure 3D with matched
oligonucleotide 5’-GTGGAC-T-GTGCCC, K, = 0.27 + 0.05 uM (K4 = 0.55 uM), R=0.9938;
filled lozenges, construct in Figure 3C with mismatched oligonucleotide 5’-GTGGAC-T-

GTGCCC; empty lozenges, construct in Figure 3D with mismatched oligonucleotide 5°-

GTGGAC-T-GGCTGG.

Figure 5 Conformational rearrangements and tertiary interactions involving domain VI.
Tentative delimitation of the 1 and V' motifs is based on our modeling of the interaction in
Figure 3A. During the splicing process, domain VI is successively bound by ribozyme
subdomain IC1 (1-1’ interaction — this work — which positions domain VI for the branching
step) and subdomain IIA (1-1’ interaction — Chanfreau and Jacquier, 1996 — which positions
domain VI for exon ligation; a 90 degree rotation was chosen for convenience of drawing, the
actual value must be less, see Figure 3A). In reverse splicing into a DNA or (possibly) RNA
target, formation of 1-1” should follow that of n-1’ (dashed arrow). Bases shown are
consensus ones for mitochondrial subgroup IIB1 introns (Li ef a/, 2011). Curved arrows

symbolize reactions.
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Figure 3
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Figure 5 Lietal. (2011)
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Supplementary Figure Legends

Figure S1 Splicing reactions of internally labeled precursor transcripts with a wild-type or
IC1 UA:UA mutant sequence. Products were separated on a denaturing 4% polyacrylamide
gel which was fixed and dried prior to exposure and quantitation with a Phosphorlmager
(Molecular Dynamics). For expected lengths and identification of splicing products, see Costa

etal. (1997b).

Figure S2 Time courses of splicing reactions of wild-type and IC1 UA:UA mutant
transcripts. (A) (B) ammonium-containing buffer; (C) (D) potassium-containing buffer. For

kinetic parameters and their determination, see Table I and Materials and Methods.

Figure S3 Splicing reactions of construct 3C in the presence of 1 UM of an oligonucleotide
with a 1T tether and either a matched or mismatched anti-IC1 anchor, compared with a wt
splicing reaction (see legend to Fig. S1 for methods). Expected lengths for construct 3C:
precursor, 850 nt; intron-3’exon, 724 nt; lariat and linear intron, 618 nt; ligated exons, 232 nt.

For the wild-type, all intron-containing forms are 22 nt longer.
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Supplementary Figure S3 (Li et al.)
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Referee comments and authors’ answers for Li, Costa and Michel (EMBO 1J.)
Fisrt round:
Referee #1

This is an important study because it raises questions about a generally accepted
structural feature of group II introns, the coordination loop. The coordination loop was
proposed by the Pyle lab to be the receptor for the branch point A in the first step of
splicing. However, the coordination loop does not have a clear analog among different
intron types, as one would expect for such a conserved element. The present manuscript
proposes a different position for domain VI during the branching reaction that is
incompatible with the purported role of the coordination loop. This study will probably not
convince everyone immediately, but it sets forth a plausible alternative that is supported
by at least as much data as the coordination loop.

The study begins with the examination of a subset of mitochondrial introns that have lost
the branch site motif and an adjacent bulge motif. Conservation profiles suggested that
when the branch site is lost, the residues in domain IC1 are free to mutate. This led to
the hypothesis that the bulge motif in domain VI forms an interaction with two base pairs
of domain IC1, which is named iota-iota'. Domain VI and IC1 were mutated to
demonstrate that the predicted motifs have a role in the branching reaction. The
interaction was modeled, which led to the successful testing of the juxtaposed
arrangement of domains VI and IC1 using an oligonucleotide splint assay.

Comment: Francois Michel has an impressive record in identifying interactions using
such methods, and this alone makes the study and conclusions compelling. On the other
hand, the conclusions would be strengthened by additional experimental evidence,
because there are weaknesses in some of the lines of evidence. For example, the
strength of the statistical arguments is unclear because an alignment is not provided.

Answer: As stated in ‘Materials in Methods’, the alignment that we used for the
statistical analyses in Figure 1 is available in Li et al. (RNA Journal, 2011, in press); the
final version of that paper contains a ‘Supplementary Dataset’, which consists of our
entire alignment of mitochondrial subgroup IIB1 ribozyme sequences in FASTA format.
Please note that 577 sites were actually aligned and analyzed; the value wrongly quoted
in the original version of this manuscript - 526 - was the number of sites used to build
the phylogenetic tree in Fig.1C, after removal of the IBS and EBS nucleotides and a few
highly variable segments (see Li et al., 2011).

Comment: Mutation of the iota-iota' motifs do not have the consequences one would
expect: mutation of the loop motif of domain VI had no discernible effect, and
progressive deletions of domain VI showed specific disruptions for branching only for the
most extreme deletions where splicing is nearly abolished, raising the possibility that
other factors may influence the ratios.

Answer: In our potassium-containing buffer, replacement of the internal loop motif by
canonical base pairs or truncation of the distal section of domain VI down to four base
pairs (which removes part - but only part - of what we propose to be the iota’ motif)
does have significant effects: the fraction of branched products is reduced from at least
70 percent in the wild-type down to 41 and 15 percent, respectively (bottom part of
Table I). Moreover, the latter change affects the rate constant for branching both
significantly and specifically (hydrolysis is not affected). In order to explain why relatively
mild structural changes had no discernible effect in the ammonium-containing buffer, we
proposed that in that buffer, docking of domain VI into its IC1 receptor may not be rate-
limiting in wild-type precursor molecules.



Comment: The strongest evidence is definitely the oligonucleotide splint assay. It
validates the logic that led to the hypothesis for the interaction. It is difficult to
rationalize how the oligonucleotide data could be produced unless domain VI has the
proposed position during the branching reaction.

Other:

For the domain IC1 UA:UA and IC1-2bp mutants, the branching rate decreases
dramatically while hydrolysis does not, yet the ratio of lariat:linear products remains
nearly the same as wild type. Why?

Answer: That is true only in ammonium buffer, in which about 90 per cent of molecules
remain committed to forming lariats, and unable to hydrolyze the 5’ splice site, even in
mutants with a 10-fold reduced rate constant for branching (the only exception is the
dVI-2bp mutant). In potassium buffer, however, changes in rate constants for branching
and hydrolysis tend to be reflected in correspondingly altered proportions of branched
and linear molecules among reaction products (see bottom part of Table I): what we
believe to be the ability to dock domain VI into its receptor affects both observed rates of
reaction and the partition of refolded precursor molecules into branching-compatible and
hydrolysis-compatible conformations. As we pointed out in the ‘Kinetic analyses’ section
of Materials and Methods, it already was noted by others that refolded precursor
molecules do not form a single population with respect to the ability to initiate splicing by
branching versus hydrolysis.

Comment: In the entropy analysis, why were the bulged A in domain V and A104
identified? Is it reasonable that they may contact the iota components in domain VI?

Answer: The ten intron sequences that lack a discernible branchpoint also have
additional nucleotides at their 5’ extremity; none of these sequences begins with G and in
only five of them does the GUGCG group II conserved motif actually start with G - see
Supplementary Dataset). The loss of both G1 and the ability to form lariats may have
relieved in turn constraints on the base of A2389 (A376 in the Oceanobacillus ribozyme),
whose location in Toor et al.’s crystal structure is compatible with a contact with G1
during the branching reaction. On the other hand, we have no plausible explanation for
the statistical signal at A104, unless that nucleotide were to be oriented quite differently
in the branching-ready configuration of the ribozyme.

Comment: What exactly are the nucleotides involved in the iota-iota' interaction? In
Figure 5, the interaction is shown as four base pairs in domain IC1 and four nucleotides
in domain VI. This is based presumably on modeling rather than experimental evidence.
The entropy analysis suggested that a larger portion of domain VI interacts with two base
pairs of domain IC1. Please specify what the proposed interaction consists of, and the
reasons.

Answer: Yes, our tentative delimitation of the iota-iota’ interaction in Figure 5 is based
primarily on modeling, as we now make clear in the legend to that figure: the nucleotides
we included are the ones that may directly contact one another according to our
provisional model. In domain VI, sequence conservation is expected to extend beyond
these nucleotides: most mutations within and immediately next to the internal loop are
likely to have been counterselected because they would affect the conformation of that
loop and, indirectly, the optimal positioning of nucleotides involved in the iota-iota’
interaction (inversely, involvement of the IC1 helical backbone distal to the two G:U pairs
is expected to remain undetected by our type of statistical analysis as long as only non-
canonical base pairs need to be avoided).

Comment: In Figure 5, a 90 degree rotation of domain VI is depicted between the steps
of splicing.



Answer: Figure 5 is intended as a mere sketch; as now explicitely stated, a 90 degree
rotation was chosen for convenience of drawing and in order to convey the impression
that this is a major translocation (although not quite as extensive as in J. Wang’s model
or A.M. Pyle’s latest sketch, as indicated in our Discussion); see also below.

Comment: In the model, however, the positions of the eta-eta' components in DII and
DVI seem to be close enough that both eta-eta' and iota-iota' might form simultaneously
even without DVI movement.

Answer: Figure 3A is to be viewed in three dimensions and it should be noted that in the
abgamma and Pylaiella LSU2 ribozymes, the eta receptor is located far beyond the tip of
what was left of domain II - hardly more than a stump - in the molecule that was
cristallized by Toor et al. and whose atomic coordinates we used to build our model. We
now point to the location of eta in Figure 3A and mention, in the legend to that Figure,
the need to extend mentally the helix.

Comment: Do the authors propose a twist of the DVI helix rather than a rotation? Please
explain in more detail what conformational change is considered likely to occur for
domain VL.

Answer: Precise modeling of domain VI in its second-step conformation is beyond the
scope of this work, if only since it involves some speculations. Nevertheless, let us
assume that stems II and IIA in Figure 1A are coaxially stacked, domain VI (assuming it
is rigid) would then need to rotate by about 50 degrees and undergo a 150-160 degree
twist after the branching reaction in order to dock into its eta receptor; as a consequence,
its tip should move by some 55 angstroms, which is a major translocation indeed (note
that this value should not depend too much on the exact angle between helices II and IIA,
since the latter is far shorter than the former).

Minor suggestions:
Comment: p. 2 line 8 and throughout manuscript. Change "distal of" to "distal to"

Answer: OK

Comment: p. 2 line 13 Change "Noteworthingly" to "It is noteworthy that".
Answer: We changed it to ‘Interestingly’ in order to remain at the 175 word limit
Comment: p. 3 line 7 Change "ribozyme component” to "ribozyme components”
Answer: OK

Comment: p. 3 line 13 What is meant by "seemingly unique"? Unique among ribozyme
active sites? A single active site within the group II ribozyme?

Answer: We have replaced ‘unique’ by ‘single’

Comment: p. 4 line 14 Change "dubbed coordination loop" to "dubbed the coordination
loop"

Answer: OK
Comment: p. 6 line 8 Change "sequence and structure" to "sequences and structures”
Answer: OK

Comment: p. 7 seven lines from bottom Change "with an altered” to "have an altered”



Answer: OK

Comment: p. 8 line 4 Change "Still, replacement" to "Unexpectedly"” or "Contrary to this
hypothesis"

Answer: We replaced ‘Still’ by ‘However’

Comment: p. 10 line 3 Change "3' splice" to "3' splice site"
Answer: Yes

Comment: p. 10 line 4 Change "though" to "although"
Answer: OK

Comment: p. 11 line 11 and throughout manuscript. Change "shallow groove" to "minor
groove" .

Answer: In an A-type helix, the counterpart of the minor groove of the DNA B-type helix
is actually somewhat wider than the so-called *‘major’ groove. We, and a nhumber of our
colleagues - just search for ‘RNA helix shallow groove’ on the Web - rather believe that
the two grooves of an RNA double helix should be designated by the terms ‘shallow’ and
‘deep’. We have added ‘minor’ between brackets after our first mention of ‘shallow’
[groovel].

Comment: p. 14 line 5 Change "must come truly" to "must truly come"

Answer: OK

Comment: p. 14 line 13 What does "prior modeling" refer to? If it is published it should
be cited. If it is not published it should be "data not shown." If it is the modeling in this
manuscript, then omit "prior.”

Answer: Yes, we were referring to the modeling in this manuscript, ‘prior’ was
inappropriate and we removed it.

Comment: p. 15 line 17 Change "supernumary" to something else, perhaps
"supernumerary”. "Appended" would be clearer.

Answer: We changed this word to ‘additional’

Comment: p. 16 lines 17-20. The sentence is contradictory because it says there is both
general agreement and debate.

Answer: Yes, there is agreement on the fact that domain VI interacts at some stage with
domain II, but debate on whether this interaction contributes to positioning the 3’ splice
site for exon ligation. We have rewritten that sentence accordingly.

Comment: p. 18 line 5 What is meant by "costly"? Expensive? Experimentally difficult?

Answer: We replaced ‘costly’ by ‘difficult’

Comment: p. 32 Fig. 4 legend. Is the error measurement the standard deviation or
standard error of the mean?

Answer: All errors are standard errors of parameters, which were estimated by fitting



experimental data (see Figure S2) to equations, as explained in Materials and Methods
(we have added ‘and their standard errors’ after ‘initial rates at t=0").

Comment: p. 33 Fig. 4 legend Change "full curve” to "solid curve”

Answer: Yes

Referee #2

In this work Li et al., aimed at identifying a receptor site for the branch-point adenosine
in group IIB1 introns. By combining phylogenetic and mutational analysis with a rational
design of a "molecular tether", the authors were able to identify such a receptor site for
D6. Strikingly, this site is located close to the €’ and A sites within stem c1 in domain 1.
Importantly, this receptor site is specific for the first transesterification step of splicing.
The proposed novel interaction was termed i1-1” and it has been suggested that this
interaction is disrupted after branching and D6 has to undergo a significant
rearrangement for the n-n’ contact to occur, which is known to be essential for
performing the second step of splicing. Impressively, the authors went on and
demonstrated that D6 can be modeled into the crystal structure the group IIC intron
from Oceanobacillus iheyensis to allow the i-1” contact. In light of previous findings, this
manuscript presents a very interesting, elegant, but also in part controversial study on
an aspect of group II intron splicing that finds its parallels in spliccosomal intron splicing.

Major comments

Comment: 1. As mentioned by the authors, Pyle and coworkers demonstrated a few
years ago that the branch-point adenosine is coordinated to the asymmetric internal loop
composed of Jd’’/d’’” and Jd’’’/d’’ in the ai5y group IIB1 intron (Hamill, 2006). The Pyle
lab had applied cross-linking to identify residues in spatial proximity to the branch-point.
These residues included G1 and C-1 together with two nucleotides in J2/3 (G588 and
U590; the counterpart of former and of A589 are part of the triple helix in the active site
of the Oi. Intron (Toor et al., 2008).) All other cross-linked residues were located in the
coordination loop, which harbors EBS 3 as well. Since Pyle and coworkers used a trans-
branching system, the obtained data should have been specific for the branching
pathway of splicing. While cross-links to G1, C-1, G588 and U590 can be readily
explained by the fact that they are active-site constituents, the phylogenetic data in the
current study do not seem to support the coordination loop as docking site for the
branch-point. How can the cross-links from A880 (ai5y branch-point) to the coordination
loop be reconciled? Also, looking at Fig. 3A the branch-point A in D6 is not even remotely
close to the coordination loop in the model. On the other hand, Hamill and Pyle did not
observe any cross-links to stem c1 in D1. Is there any explanation for this apparent
discrepancy between the two studies?

Answer: What Hamill and Pyle actually observed is (1) when D56 molecules with a
photoactivable group at either the branch point or one of the two flanking nucleotides are
incubated with the rest of the ribozyme (exD123) under conditions compatible with a
folded structure, they crosslink to a diversity of sites, including the coordination loop; (2)
when the unreacted, *XL1’" mixture of crosslinks is reincubated under conditions
conducive to splicing, some of it reacts, and yields the free 5’ exon, as well as another
product, which might be a branched molecule, although that was not established.
Importantly, crosslinks were mapped before, not after reincubation, so that it is not
known which of the crosslinks in the mixture were compatible with activity (the same is
true of the fraction of molecules that were able to carry out both steps of splicing - Fig.
5B).

When attempting to interpret these data, the authors implicitely assumed that domain VI



should be stably docked into its first-step binding site in unreacted molecules. However,
in Costa et al. (1997a) we had previously shown that yeast intron Sc.cox1/1 precursor
molecules exist in (at least) two distinct, about equally abundant conformations, one
which leads to branching and the other one to 5’ splice site hydrolysis; these
conformations must differ by the location of domain VI, since disrupting the eta-eta’
interaction between domains II and VI suppressed hydrolysis, whereas molecules in
which the same interaction was reinforced reacted exclusively by that mechanism. In Fig.
10 of that paper, domain VI of unreacted molecules was accordingly depicted as toggling
between a DII-bound state and another one in which it was poised for the branching
reaction (that is, bound to its then hypothetical, first-step receptor; obviously, domain VI
should also remain unbound for some length of time in between two docking events).
Our working model, which remains compatible with all data we know of (and in particular,
the absence of domain VI in Toor et al.’s structure; see discussions in Pyle, 2010) was
that as a general feature of group II self-splicing, domain VI always keeps toggling
between its first- and second-step binding sites, even though the exact equilibrium
between the two conformations must depend on each particular intron and intron form.
These ideas may now be put to test by mapping Hamill and Pyle’s sites of crosslinking on
Toor et al.’s atomic resolution model of ribozyme domains I to V. When that is done, it
becomes apparent that essentially every nucleotide that would have been accessible to
the branch site and its two flanking nucleotide in a dVI molecule that could freely rotate
around the dV-dVI junction did give rise to a crosslink. Only residues in the proximal
helix of domain V are missing in the list: since crosslinks at these sites would be internal
to the D56 piece, they were not recovered in Hamill and Pyle’s experiments.

It is also apparent from three-dimensional modeling that the IC1 helix is essentially out
of reach of the branchpoint and its immediate neighbors (this can be checked with the
help of the stereo drawings in Fig. 3A of this manuscript, even though the angle of view
is not ideal). When domain VI is bound to its IC1 receptor, photoactivable bases at the
branchpoint and its two neighbors are predicted to crosslink instead to the first two
nucleotides of the intron and the last nucleotide of the 5’ exon: these three positions
were indeed among those recovered by Hamill and Pyle. Moreover, among the latter
crosslinks, those to the G1 nucleotide (and perhaps also to the second residue of the
intron) are liable to be compatible with splicing, which provides a ready explanation for
the (limited) reactivity of the XL1 material.

To summarize, as long as they are not overinterpreted, Hamill and Pyle’s data do not
contradict in any way our own findings and conclusions.

Comment: Since the ai5y intron has often been referred to as "weirdo" among group II
introns, do the authors consider it a possibility that the coordination loop functions as
receptor for the branch-point in the ai5y intron only? Or, is more likely that cross-linking
possibly produced in part erroneous data (as it had happened before).

Since there is this controversy, this reviewer is of the opinion that it would be an critical
control experiment to mutate the corresponding tandem GU wobble pairs in stem c1 of
the ai5y intron and test for its ability to perform branching (despite data on the Bc. intron
from Stabell et al., 2009).

Answer: As just stated, any possible controversy should not be about data, but their
interpretation. In spite of its high A:U content and elevated magnesium requirements for
in vitro activity, which do not make it such a good model system, the ai5y intron looks
fairly typical of organelle members of subgroup IIB1, and we see no reason why mutation
of the tandem G:U pairs in the IC1 stem of that intron would not affect the ability of the
ribozyme to carry out branching, as reported in this work for the PI.LSU/2 ribozyme and
also by Stabell et al., using a molecule from a different structural subgroup (the
experimental setup must of course ensure that branching is rate-limiting).

Comment: 2. Hydroxyl radical footprinting has been done on the Pylaiella intron (Costa
et al., 2000). Have the authors also mapped D6 and stem c1? At least from the ai5y
footprinting data it appears that both GU wobble pair are internalized (except G87;



Swisher et al., 2001). In other words, how does the model in Fig. 3A correlate with such
footprinting data?

Answer: Our data for the IC1 stem were published in Fig. 7 of that paper. In the lariat
intron, there is a small zone of partial protection from hydroxyl radicals centered on G79,
whereas nucleotides around position 100 are moderately accessible. However, these data
should be regarded as irrelevant to our model as long as there is no evidence that
domain VI is stably docked into its first-step receptor. As we explained on p.17 |.4-9, it is
our hope that our system of anchoring nucleotides will make it possible to lock the
ribozyme into its first-step conformation, which would in turn make ‘footprinting’
pertinent.

Comment: 3. Assuming that i-1’ takes place in the ai5y intron, the available NAIM data
on this yeast mitochondrial intron support that the minor groove of stem c1 is involved in
the 1-1” interaction: the exocyclic amine of G87 and the 2'hydroxyl groups of U86 and
U110 were described to be important for branching (Boudvillain et al., 1998) - as stated
by the authors. In the same paper a 2-aminopurine and 7-deaza effect were observed for
A861 and A863, suggesting an involvement of the major groove (N6, N7). Can one infer
any interaction from the available data and your model?

Answer: The information provided by NAIM experiments may reasonably be interpreted
in terms of specific, direct atomic contacts only as long as one is dealing with
components the structure of which is known (or believed to be so), as is the case for the
IC1 distal helix. We believe that the structure, either in isolation or in interaction, of the
AAA:CUA, DVI internal loop of mitochondrial subgroup IIB1 introns can not be predicted
from currently available data and accordingly, we do not wish to take stands on what it
might be. As already stated in our Text, we provisionally modeled the distal part of
domain VI as a continuous helix because (i) that is by far the most commonly
encountered situation in intron subgroups that have a conserved G:U pair in IC1 at
positions equivalent to PI.LSU/2 79 and 100; (ii) replacement of that loop by canonical
base pairs is compatible with branching (even though it is not optimal; this work and Chu
et al., 1998).

Comment: The presented data unambiguously demonstrate that D6 branch site and
stem c1 are spatially very close, however, in order to definitively state that these
structural elements are in physical contact (i.e. a novel interaction), it is preferable to
have an idea about potential H-bonds in the i-1” pairing (in addition to the phylogenetic
evidence).

Answer: As can be checked by modeling, the fact that a single-nucleotide tether is
optimal (and the lack of it is tolerated) is hardly compatible with anything but a direct
contact.

Comment: As stated (Authors: observed, in fact) by the authors, the D6 internal loop
can be replaced with canonical base pairs without abolishing branching. What is the
advantage of maintaining an internal loop throughout evolution?

Answer: Admittedly, the internal loop of mitochondrial members of subgroup IIB1 is
replaced by a continous helix in the vast majority of bacterial members of this subgroup.
However, close examination of secondary structure models reveals that the location of
the predicted eta receptor may not be exactly the same in the two subsets and in fact,
the total length of the distal DVI stem differs (by two base pairs): the need to
simultaneously ensure efficient docking into the IC1 receptor and maintain the geometry
between the base and tip of domain VI appropriate for the eta-eta’ interaction may be
the key to structural conservatism in the middle part of domain VI.

Comment: 4. The oligonucleotide tether is a very elegant way to further support the



spatial proximity of D6 bulge and the tandem GU pairs in stem c1. The different variants
were compared for their relative branching rates. However, it would be helpful to enlist
the absolute kobs values together with the wt activity from Table 1.

Answer: At a 5 uM concentration of anchoring oligonucleotide, kyns values (calculated
from the fraction of unreacted precursor molecules) ranged from 0.0042 + 0.0002 min™
(for a 4-nucleotide tether) to 0.0093 + 0.0005 min! (for a 1-nucleotide tether).

Comment: Along the same line, I urge the authors to show a representative gel for
splicing of the wt and at least the IC1 UA::UA mutant and the anchor 2 with 1 T only.

Answer: Yes, we now have three supplementary figures: Figure S1 shows a
representative gel autoradiograph of wt and IC1 UA:UA splicing reactions in the presence
of potassium; in Figure S2, reaction time courses in ammonium- and potassium-
containing buffers are compared; and Figure S3 shows a gel with splicing reactions of the
construct in Figure 3C in the presence of oligonucleotides with a 1T-tether and either a
matched or mismatched handle for binding IC1; next to these lanes a wt splicing reaction
was run on the same gel for comparison purposes.

Comment: 5. It is my understanding that the coordination loop is poorly conserved
among group II introns (Michel et al., TIBS 2009), but what about the tandem GU pairs
in stem c1? How well are these and in turn the i1-1” contact conserved among group II
introns (possessing a branch-point) of different phylogenetic families.

Answer: The (counterpart of the) G79:U100 IC1 base pair is generally conserved in
ribozyme structural subgroups IIB1, IIB3, IIB4 and IIC (see Toro, 2003, Environ.
Microbiol. 5, 143-151, for nomenclature). Most importantly, in subgroup IIA, lengthening
of the epsilon’ loop from 4 to 11 nucleotides generates a ready candidate for a domain VI
receptor, whereas the section of the ribozyme that would be expected to host a
counterpart to the coordination loop (rather, to what would be left of that loop after
migration of EBS3 to the § position, next to EBS1) is not conserved, whether in terms of
sequence or structure.

Comment: 6. Another tertiary contact has been proposed by Pyle and coworkers a few
years ago (Fedorova et al., 2005): u-u’ in ai5y. As this contact has not been included
into the schematic drawing of Fig. 1A, I am wondering whether there is a specific reason
for it. Is such a contact not supported by phylogeny in the Pylaiella intron?

Answer: Loop IIIA, with a GUAAU consensus sequence (the two adenines were proposed
to constitute the p site), has a scattered distribution in subgroups IIB and IIC - there is
no evidence of its, or a counterpart of it, being present in the Oceanobacillus ribozyme,
or in most of the many subgroup IIC members. In fact, y-p’ is often omitted from
secondary structure models (for instance from Fig. 3 of Hamill and Pyle, 2006). However,
we agree that that is no good reason to overlook this proposed contact and since it is
potentially present in the PI.LSU/2 ribozyme, we have now included it in Figure 1A.

Minor comments:

Comment: I suggest highlighting Domain 2 in Fig. 3A to be able to imagine the
conformational switch of D6 shown in Fig. 5.

Answer: Yes, we now point to the location of the eta receptor in Fig. 3A, and also stress
in the legend to that figure that it is necessary to extend mentally the DII helix by about
one helical turn when trying to imagine the position of the tip of domain VI when it is
bound by the eta-eta’ interaction (see also our answer to a similar comment by referee
#1).



Comment: In the methods section, please name and cite the program used for the
alignment.

Answer: The usefulness of alignments destined to be exploited in comparative sequence
analyses depends for a large part on human expertise and accordingly, they should best
be generated manually (see discussions in Michel and Costa, ‘Inferring RNA structure by
phylogenetic and genetic analyses’, in 'RNA Structure and Function', Cold Spring Harbor
Laboratory Press, R. Simons and M. Grunberg-Manago eds., pp. 175-202, 1998). We
have made our alignment of mitochondrial subgroup IIB1 introns available as a
Supplementary Dataset in Li et al. (RNA Journal, 2011).

Comment: In Table II setup 2, please explain the 3-fold enhancement compared to
setup 1.

Answer: Yes, the anti-DVI 7-mer included in setup 2 (and also in setups 4 and 6)
provides limited compensation, and only so at very high oligonucleotide concentrations;
in fact, the relative rate of branching remains too small to allow a Km to be estimated
(see Figure 4A, lozenges and dotted curve). We have added a sentence to make it
explicit that that is true not merely in a mutated IC1 context, but also in the presence of
the wild-type IC1 sequence.

Comment: In the last section of the Discussion the authors mention "costly". I suggest
removing or rephrasing this sentence. There is no need to explain why the authors have
not performed NAIS (yet), as this would go beyond the scope of this manuscript.

Answer: We replaced ‘costly’ by ‘difficult’.

Second round:
Referee #1 (Remarks to the Author):

Comment: The manuscript is improved from the previous version, although some issues
were not fully addressed.

-The alignment upon which the comparative data are based is stated to be available as
supplementary data for a manuscript in press; however, the reviewers have not had
access to it.

Answer: As now indicated in Materials and Methods, in the ‘Sequence analyses’
subsection, the alignment of intron sequences that we used for our comparative analyses
can now be downloaded at
http://rnajournal.cshilp.org/content/suppl/2011/05/05/rna.2655911.DC1.html

Comment: [ still think the domain VI mutagenesis experiments provide weak evidence.
If the domain VI motif is so noticeably conserved over evolution, then one would expect
a significant effect when it is mutated. Instead the significant effects seem to be for
mutations in domain IC. It would be preferable to provide an additional type of
experimental evidence for the contact between DVI and DIC. Cross-linking experiments
would be an obvious choice, or protection experiments, which the Michel lab has used
qguite successfully in the past. The oligonucleotide experiment provides the only direct
evidence for a contact. An additional source of data might cement the existence of the
iota interaction, rather than making a strong case.

Answer: With regard to mutational effects, it is essential to distinguish between
ammonium and potassium ions, as was done in Table I. Even in subdomain IC1, point
mutations have only limited effects as long as ammonium-containing solutions are used
for self-splicing tests: substitution of the two consecutive G:U pairs by U:A pairs does not



change detectably the fraction of molecules that will react by branching (Table 1) and our
interpretation (p.8 1.12-14) was that docking of domain VI into its proposed IC1 receptor
is not limiting for the ability to carry out branching under these conditions. In contrast,
when branching is challenged by the presence of potassium ions, the fraction of
molecules that react by branching becomes quite sensitive to structural alterations in
both the iota and iota’” motifs: precise removal of the DVI internal loop (dVI-4b) brings
that fraction down to 0.15, a value that is close indeed to that observed (0.10) for the
IC1 UA:UA mutant (Table I; the kbr/khy ratio is also the same for the two mutants).

Cross-linking or protection experiments on the wild-type intron are unlikely to
detect the contact between DVI and IC1, since the molecule is predominantly in a
second-step conformation, as revealed by the fact that disruption of eta-eta’ greatly
increases either the rate of branching (Chanfreau and Jacquier, 1996) or the fraction of
molecules that react by branching (Costa et al., 1997). Performing similar experiments
on the complex between one of our mutated ribozymes and an oligonucleotide that
restores branching through complementarity to both DVI and IC1 will merely confirm the
existence of this complex (provided its stability is sufficient to make it the new ground
state of the system). For future experiments to be truly informative, they should be able
to probe the active state of the branching complex, and as we already suggested (now on
p.19 [.1-5), we believe that the best possible approach at present is NAIS (Strobel, 1999).
However, as previously pointed out by referee #2, ‘this would go beyond the scope of
this manuscript’.

Comment: p. 8 "Only by bringing the length of the helix distal to the branchpoint down
to two base pairs do consequences suddenly become dramatic, with splicing proceeding
almost exclusively by hydrolysis." A dramatic difference is not seen for the ammonium
conditions, but for the potassium conditions, which have not yet been explained in the
text.

Answer: Our sentence referred to mutant dVI-2bp (Table I, line 4), which dramatically
differs from the wild-type indeed, since splicing is seen to proceed almost exclusively by
hydrolysis, even in ammonium conditions. In order to remove any possible source of
confusion, we have now added an explicit reference to the mutant and corresponding line
in Table I within the sentence in question.

Comment: The explanation in Table 1 for the discrepancy between the fraction of
product branched and the kbr/khy ratio is reasonable, but it would be helpful to include
this explanation in the manuscript, perhaps as a footnote to the table.

Answer: Yes, we have now inserted our explanation for this observed discrepancy at
what we believe to be the most appropriate place - in the ‘Kinetic analyses’ subsection of
Materials and Methods.

Comment: My point about the position of the eta interaction was not that it should be
modeled, but that it is nearby. Given the uncertainties in modeling, it seems possible that
one could model the eta and iota interactions simultaneously. This is unlikely to occur of
course, but it suggests that the conformational change for domain VI may be subtle
rather than dramatic.

Answer: As we previously explained, reasonable assumptions about the position of the
eta receptor imply a large translocation. Nevertheless, we have now added bried notes of
caution in the Discussion and legend to Fig. 3A so as to warn the reader that the exact
location of eta is a bit uncertain.

Comment: The detailed explanation accounting for data in the Hamill et al paper is
informative, and in my opinion should be included in the Discussion. The present study
directly contradicts the conclusions of the Hamill paper, and for the sake of clarity in the



literature, it would be helpful for this to be acknowledged more directly with a rational
explanation provided, since the Hamill data are not disbelieved.

Answer: We have inserted in the Discussion an additional paragraph in which we explain
that we believe Hamill and Pyle’s data are compatible with our work indeed, as long as it
is not assumed that domain VI is stably docked into its receptor site prior to branching.

Comment: The added three supplementary figures are all improvements. I suggest
including Supplementary Figure 1 in the main text.

Answer: We are grateful to referee #2 for pointing out the necessity to give interested
readers access to representative examples of our raw data and for helping us to select
the gels to be provided as Supplementary Materials. On the other hand, we do not think
it necessary to include alongside our main text gels and graphics that were not conceived
for illustrative purposes, but for quantitation, and the main information content of which
we believe to be appropriately summarized in the Tables and Figure 4.

Comment: The phrase "fully consistent” is used in several places to describe how the
experimental data relates to the comparative data. This seems an overstatement,
because it implies that the theoretical inferences were entirely correct. There is noise in
the comparative data though. "Consistent" would be better.

Answer: Ok, we removed ‘fully’ every time it appeared in front of ‘consistent’.

Comment: p. 5 six lines from bottom "chloroplasts" not "chloroplats"

Answer: Thank you.
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