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ABSTRACT

In order to investigate in vivo splicing of group Il
introns in chloroplasts, we previously have integrated

the mitochondrial intron rl1 from the green alga
Scenedesmus obliquus into the Chlamydomonas
chloroplast tscA gene. This construct allows a functional
analysis of conserved intron sequences  in vivo , since
intron rll is correctly spliced in chloroplasts. Using
site-directed mutagenesis, deletions of the conserved
intron domains V and VI were performed. In another set

of experiments, each possible substitution of the
strictly conserved first intron nucleotide G1 was
generated, as well as each possible single and double
mutation of the tertiary base pairing  y-y' involved inthe
formation of the intron’s tertiary RNA structure. In most
cases, the intron mutations showed the same effect on

in vivo intron splicing efficiency as they did on the in
vitro self-splicing reaction, since catalytic activity is
provided by the intron RNA itself.  In vivo , all mutations
have additional effects on the chimeric  tscA-rl1 RNA,
most probably due to the role played by  trans-acting
factors in intron processing. Substitutions of the '
base pair lead to an accumulation of excised intron
RNA, since intron stability is increased. In sharp
contrast to autocatalytic splicing, all point mutations
result in a complete loss of exon RNA, although the
spliced intron accumulates to high levels. Intron
degradation and exon ligation only occur in double
mutants with restored base pairing between the y and
Y sites. Therefore, we conclude that intron degradation,

as well as the ligation of exon—-exon molecules,
depends on the tertiary intron structure. Furthermore,

our data suggest that intron excision proceeds in vivo
independent of ligation of exon—exon molecules.

INTRODUCTION

conserved structure (Fi@j) which participates in a characteristic
splicing reaction with two transesterification step3. (This
splicing mechanism, which results in the excision of an intron
lariat, is also used by nuclear pre-mRNA introns, whilst being
spliced by a multisubunit ribonucleoprotein complex called the
spliceosomed). Further functional similarities between nuclear and
group Il introns have been found, such as corresponding RNA—
RNA interactions, and conserved intron nucleotides especially
participating in the lariat formation (reviewed i6). These
similarities, along with the detection tinsspliced group I
introns, which also depend on intermolecular interactions with
trans-acting RNA molecules7(9), have led to the assumption
that group Il introns and nuclear pre-mRNA introns may be
functionally or even evolutionarily relatediG-12).

In contrast to nuclear introns, what is generally known about
contribution of cis-acting sequences during group Il intron
splicing, stems mainly frorim vitro studies using autocatalytic
intron RNAs without any associated protein factors. Compared to
in vitro investigations, only a few reports show data fiowivo
studies using site-directed intron mutation$-6). In these
cases the mitochondrial intron glfom yeast was used in a
comparative analysis. Thie vivo data available indicate some
significant differences when identical intron point mutations are
comparedin vivo and in vitro, suggesting that in organelles
trans-acting factors play an important role in spliciig,(6).

For chloroplasts, comparable data are not yet available,
although we and others have already establisheigto splicing
systems for the alg&€hlamydomonaseinhardtii (17,18) and
tobacco {9). In our system, we use thiscA gene from
C.reinhardtiias a vehicle to introduce the mitochondrial group Il
intron rl1 @0) into the chloroplast genome. ThecA gene
encodes a 400 nt RNA, which is involvedtians-splicing of
MRNA transcribed from the discontinuopsaA gene {,9).
Using the photosynthesis-deficient mutant strain H13 from
C.reinhardtii with a deletion of thdéscA gene, chimeric and
non-chimerictscAgenes can be used to restore photosynthetic
activity, and to select for transformants. In previous studies we

Group Il introns occur in the organelles of algae, higher plants ahdve shown that the heterologous intron ri1 is correctly spliced in
fungi and have also recently been discovered in some prokaryoGiaeinhardtii chloroplasts 17). Even when intron binding site 2
organisms 1,2). Group Il introns are characterized by their(IBS2) is missing, we observed unaltered splicing efficiencies of
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the heterologous introim vivo (18). Therefore, this system is Plasmid construction andin vitro mutagenesis

suitable forin vivo investigations of mutated intron RNAs. ) _ o
ThetscARNA exonic sequence can be used as an importaﬁ!' plasmlds_ us_ed for chloro_plast transformanons iareitro

tool for investigating mutant intron RNAs, since it tolerategnutated derivatives of plasmid prl1k7}. In vitro mutagenesis

insertions of heterologous sequences without losing its functiot@s performed by PCR (Tablg. The resulting amplification

during trans_sp”cing (7) Thus, even Sp”cing deficient intron prOdUCtS containing intron rll_together with its |B.Sl_Were _ClonEd

derivatives can be analyziztvivo. Besides that, our system also into the tscA gene of plasmid plG637.117). This insertion

allows a comparative investigation of mutant introngivoand ~ Separates thtecAgene into a'sand a 3exon of 140 and 290 bp.

in vitro, since rl1 shows autocatalytical activitiesitro (21). As ~ Mutants of intron nucleotide A398 were generated by overlap

far as we know, this is the first case in which site-directed intropXtension as described by Ht al (24). Mutations at both
mutations have been analyzed in chloroplasts. positions 398 and 608 were obtained, using a second round of

We have investigated a set of ri1 intron derivatives with®CR mutagenesis, and template DNA taken from A398 mutants.

mutations incis-acting sequences that are highly conserved ifflasmids and correspondinghlamydomonastransformants
group Il introns ). These sequences are essential for botRave been named according to the intron mutations which they
secondary and tertiary interactions within the intron RNA. Oufarry. Forin vitro splicing experiments, plasmid prlls-s was
data led us to conclude that, in general, splicing efficiency igenerated by inserting a 759 bp PCR fragment from plasmid prils
determined by identical nucleotide mutatiamsivoandin vitro. ~ into vector pT3T#cRV (18). prlls-s carries the wild-type

In addition, we observeih vivo-specific phenotypes, which Version of intron ri1, flanked by 46 bp of theexon, and 99 bp
concern, besides splicing efficiencies, mainly splicing mechanis®f the 3 exon from thetscA gene. Subclones of all mutated
and post-splicing metabolism. Our experiments led to th@erivatives from plasmid prils were constructed by PCR cloning,
discovery of intron nucleotides and tertiary interactions which @ similar manner to plasmid prils-s. After cloning, all PCR

control intron stability and the fate of exon RNA in chloroplastsfragments were completely sequenced using the dideoxy chain-
termination method25). Plasmid ptscAEE was constructed, in

order to generatim vitro a mosaidscA transcript carrying the

MATERIALS AND METHODS IBS1 sequence db.obliquus Therefore, exon—exon molecules
_ obtained fromin vitro splicing of prils-skbd transcripts were
Strains eluted from a 4% polyacrylamide—8 M urea gel (see below) and

i . N . ) used as a template for reverse transcription, followed by PCR
Wild-type C.reinhardtiistrain CC410, and the photosynthetically gmpiification using oligonucleotides 654 and 655. The resulting

defective mutant H13 (kindly provided by Professor Bennouny51 pp PCR product was cloned into vector pTEE@RV and
Paris, France), have been described previodsl?3g). completely sequenced.

Oligonucleotides used in this work Chloroplast transformation

Relative positions of oligonucleotides complementary to eitheChloroplast transformation was performed with a home-made
the Scenedesmus obliquuSUrRNA gene, or th€.reinhardtii  particle gun26) using the procedure developed by Boyrebal
tscAgene, are given according to either the DNA sequence fro(@7). After transformation, the cells were incubatedd8 h in

the EMBL data library (accession no. C17375), or the sequendan light, replated on minimal medium, and placed in bright light
information published by Choquet al (22) (Tablel). for 4 weeks.

Table 1.DNA sequence of oligonucleotides used in this work

No. Sequence Positior? Probe
418 AAC AGG GTG CGA CCT GCA AA 1598-1617 S. 0: IBS1 and 5end of group Il intron
419 AGT TGG ATA GGT AGG CCC TC 2192-2211 S. a: 3 end of group Il intron
558 AAC AGG (A;C;T)TG CGA CCT GCA AA 1598-1617 S. 0: IBS1 and 5end of group Il intron, substitution of G1
560/635/636 (C/T/G)GT TGG ATA GGT AGG CCC TC 2192-2211 S. a: 3 end of group Il intron, substitution of TEOBX
561 AGT TAG TAG AAC CGT GCATGC G 2160-2176/2208-2211. a: 3 end of group Il intron, deletion of domain VI
570 AGT TGG ATA GGT AGG CCC TCT CAG GCT 2139-2120/2172-221%. a: 3 end of group Il intron, deletion of domain V
TTC CCC CCA GTA GCA AGC ATG GAA ACT
CTT GAA
641 TTT GCC CTG TC(A,C,G) TTT ACC CAC TAG 1989-2012 S. o.:group Il intron, substitution of A39&/)
642 CTA GTG GGT AAA (C,G,T)GA CAG GGC AAA  1989-2012 S. o.:group Il intron, substitution of A39&/)
654 TAC CCATTT ATT TGA AGG GC 1492-1511 C .r.: 5 exon oftscAgene
655 ATT AAA ATC GGC ATT ACT TG 1617-1636 C.r.: 3 exon oftscAgene

2References for nucleotide sequences are given in the Materials and Methods. Abbre8iaticgisenedesmus obliqus. r., Chlamydomonas reinhardtii
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Analysis of C.reinhardtii transformants

Isolation of nucleic acids fror@.reinhardtii was performed as
described previously9). For northern hybridization analysis,
total RNA isolated from differen€.reinhardtii transformants
was separated electrophoretically, blotted onto nylon membranes,
and hybridized with a radioactively labeled DNA probe, accord-
ing to standard procedure®3(29). For each construct, at least
two independent transformants were analyzed. The intron rl1
probe was arEcaRI-Hindlll restriction fragment (635 bp)
derived from plasmid plG597.1. Bglll-Nsil restriction frag-
ment (920 bp) from plasmid plG637.1 was usedssrespecific
probe, and plasmid pZmc100 as a chloroplast rRNA-specific
probe (7,30). The amounts of RNA applied to the gels were
calibrated using the chloroplast rRNA-specific probe as an
internal control. Control RNA and spliced intron RNA were
guantified using Biolmager (Fuji) scanning. PCR amplification Figure 1.Schematic representation of the secondary structure $fabiquus

; . group Il intron rl1. Intron sequences are shown as a solid liredb3 exon
of total DNA and RNA from th€.reinhardtiitransformants was sequences are represented by white boxes. Roman numerals (I-VI) denote the

carried out as described previously) six structural domains of group Il introns. Domain | is subdivided into
sub-domains (A-D). EBS1-IBS1, EBS2—-IB$2q ', y-y' ande—¢' indicate
Lo three-dimensional base pairings. The nucleotides G1, A388&d U608Y'),
Run-on transcription as well as the domains V and VI, which were either substituted or deleted by
. o PCR-mediated mutagenesis, are indicated.
Permeabilized cells for run-on transcription assays were prepared
using a freeze—thaw proceduf&l), Thein vivo labeling was
performed as described by Sakansital (32). The labeled total RESULTS
RNA was directly used in filter hybridizations with dot blots

carrying 10ug of various denatured plasmid DNAs.

Splicing of intron rl1 mutants

We have shown previously that rl1 is able to spticgtro as well
In vitro RNA analyses as inC.reinhardtii (17). Using site-directed mutagenesis, complete

deletions of domains V and VI from intron rl1 were performed
Uniformly 35S-labeled run off-transcripts were generatethiwtro  (Fig. 1). In addition, we generated every possible substitution of
transcription of plasmid prils-s, and its derivatives with mutatethe firstintron nucleotide G1, and each possible single and double
intron rl1, linearized bXbd digestion. The reaction was performed mutation of positions A398 and U608, which form the conserved
in a final volume of 2Qul containing 1ug plasmid DNA, 40 mM  tertiaryy-y' interaction (Figl). All mutated intron domains and
Tris—HCI (pH 8.0), 6 mM MgGl 2 mM spermidine, 10 mM nucleotides have been shown previously to be functional during
dithiothreitol, 25 U RNase inhibitor (Boehringer, Mannheim,in vitro splicing of yeast group Il introns3), Therefore, the
Germany), 50pM ATP, CTP, GTP and UTP, 2Ci [a-3°S]JUTP  corresponding changes in rl1 were chosen for a funciiomiso
(Amersham, Braunschweig, Germany; 400 Ci/mmol) and 40 @nalysis. The wild-type intron and its mutated derivatives were
T3-RNA Polymerase (Boehringer). Transcription was carried ouitegrated into theC.reinhardtii chloroplasttscA gene and
for 1 h at 30C to prevent self-splicing during transcription. Thetransformed intcC.reinhardtii chloroplasts.
full-length transcripts were purified on a denaturing polyacryl- In vivosplicing of chimeridscAril RNAs was tested by RNA
amide gel and eluted from the gel by incubatiorifid h at4C  gel blot analysis. Figur8A shows northern hybridizations of
in 500 mM NH, acetate, 10 mM MggJ0.1 mM EDTAand 0.1% various intron mutants with the intron-specific probe. For
SDS. Forin vitro splicing experiments, the eluted RNA wascomparison, all filters were rehybridized with a probe specific for
ethanol precipitated, resuspended in reaction buffer containicbloroplast rRNA (Fig2B). In addition, we show the corresponding
0.5 M NH,Cl, 40 mM Tris (pH 7.5), 60 mM Mggland 2 mM  hybridization with atscA probe (Fig.2C). The C.reinhardtii
spermidine, and incubated for 30 min at@5Reaction products wild-type strain, the recipient H13 and the transformant Trlls
were analyzed on denaturing 4% polyacrylamide—8 M urea gelsvhich contains the wild-type intron ri1) were used as controls.
Relative splicing efficiencies were estimated by performing athe hybridization of transformant Trl1s shows the spliced intron
least two incubations of each mutant and wild-type precursaf [600 nt, whereas the heterologous intron is visible in neither
RNA. The level of splicing products was quantified afterthe C.reinhardtii wild-type strain nor the strain H13.
electrophoresis and Biolmager (Fuji) scanning. Relative splicing All intron mutations result in substantial alterations in splicing
efficiencies were determined as described by Jacquier and Micladtivity in vivo. Transformant ZDV, which lacks domain V,
(33). In order to isolate intron lariat8) vitro transcription of accumulates only the unspliced precursor transcripl@®0 nt
prlls-s and its derivatives was performed as described above. TRég. 2A). Similarly, no splicing products were detected in
transcripts were precipitated and resuspended in the descritiehsformant ZDVI, which lacks domain VI. In contrast, none
splicing buffer and incubated for 60 min at°@5 The intron of the G1 ory-y' nucleotide substitutions completely blocks
lariats were eluted from denaturing polyacrylamide gels. Faplicingin vivo (see Fig2A for examples). In each mutant, the
reverse splicing, the lariats together with gel-purifiedsitro  intron-specific probe detected the unspliced precursor RNA, and
transcripts of ptscAERbd were incubated for 1 h at 56 in  the intron—3 exon splicing intermediate, as well as variable
splicing buffer. amounts of the excised intron. The lariat structure was verified by
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! (rI1) containing either the wild-type intron, or its derivatives carrying a deletion
03- of domain V ADV) or domain VI ADVI), or a substitution of the first intron

nucleotide G1 (G1A, G1C, G1U), and were used in self-splicing experiments
(Materials and Methods). Samples were incubated for 0 (0) and 30 min (1) at
45°C and separated on a 4% polyacrylamide—8 M urea gel. Splicing products
Figure 2. (A) In vivo splicing phenotypes o€.reinhardtii transformants are: IM, intron-3 exon splicing intermediate; L, intron lariat; P, unspliced
carrying rl1 mutants. Total RNA, from each strain as indicated, was hybridized precursor RNA; IVS, linear intron; E-E, ligated exori&, % exon. The lower
with an intron ri1-specific probe. The icons on the right identify the splicing part of the autoradiogram was overexposed to show even lower molecular
products from top to bottom as: unspliced precursor transcript, intrere3 weight RNAs.
splicing intermediate and intron lariat. Arrows indicate the splicing inter-

mediate and intron lariat of transformant TG1A, and the intron larigt®fT. . , L _
(B) Calibration of total RNA in each lane by hybridization with a chioroplast IN nearly allly__y mutants, due to a reduction in eff_lc]ency at the
rRNA probe. C) Detection of exon RNA irC.reinhardtii transformants ~ second splicing step. Only double mutants containing a restored

carrying mutant derivatives of intron rl1 usintseAspecific probe. Theicons  yy' base pair yG—y'C, yC—y'G and yU-y'A instead of the
on the right identify the splicing products, from top to bottom as: unspliced Wild-type combination/A—y’U) lack the accumulation of inter-

precursor transcript, intron=&xon splicing intermediate and ligated exons. diat | | d sh lici ffici . bl
The autoradiograph was overexposed to detect even traces of exon—exdhi€diate molecules and show splicing efiiciencies comparable

products in the mutants. WT,reinhardtii wild-type strain; H13, recipient ~ With the wild-type intron. Thus, the-y' tertiary interaction is an
strain; T, transformants carrying a chimésizArl1 gene; rils, wild-type intron  important determinant for the splicing reaction in chloroplasts,

rl1; ADV, deletion of intron domain \ADVI, deletion of domain VI; G1A, ~  and only Watson—Crick base pairings enable an efficient splicing
G1C and G1U, substitutions of the first intron nucleotide G1; A398C, reactionin vivo.

substitution of thg-nucleotide A398 to C; U608C, substitution of fhaucleotide . .
UB08 to CyGy'C, YGy'G andyUy’A, substitutions of botly andy’ positions. In order to test whether or not the results obtained iinarivo

investigations correspond with the data fromvitro splicing

experiments, the wild-type intron and each intron mutant was

analyzed with respect to its self-splicing activity. In addition, we
primer extension experiments (data not shown). The differemtant to demonstrate that ri1 behaves similiarkjitro as the well
accumulations of transcripts and splicing products suggestudied yeast mitochondrial intron g(B). As shown in Figur8,
alterations in the vivosplicing efficiencies. An accumulation of the wild-type intron rl1 shows an efficient self-splicing reaction
the precursor RNA shows a reduction in efficiency of the firsunder high salt conditions, leading to the ligated exon—exon
splicing step, whereas a decreased rate at the second splicing stefecule and the intron lariat, as well as the linear intron RNA.
is characterized by an increased amount of the splicing intermediates expected, the deletion of domain V completely prevents
The change of G1 to A, C or U markedly affects both splicinqutocatalytic activityin vitro as it doesin viva In contrast,
stepsn viva. Splicing of the G1A mutant is almost blocked at theprecursor RNA lacking domain VI performs iarvitro splicing
first splicing step, whereas transformants TG1C and TG1U shosgaction, although only the unspliced precursor RNA accumirates
a weaker reduction at both steps, resulting in simultaneowsso (Fig. 2A). This mutation abolishes branching in both cases,
accumulation of precursor RNA, intermediate and spliced introfutin vitro it retains hydrolytic activity, leading to different linear

In contrast to G1 mutants, only very low amounts of thesplicing products of various lengths. The fréeeon has the

unspliced precursascArll transcript were detected in trans- expected size, indicating a corredbft an incorrect'wydrolysis
formants with mutations at they' interaction. Thus, thg-y'  reaction. As was shown previously with ylBomain VI is the
base pairing has no major effect on the first splicingistgivo.  major determinant of' 3plice site selectiom vitro (34,35). All
On the other hand, the splicing intermediate gives a clear sigrthtee G1 mutants and all 15 mutants withythg base pairing
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mutants with a restoregy’ base pairing, but with a pyrimidine

at they site and a purine at tigeposition (TyUy'A and TyCy'G),

yield lower amounts of intron RNA, when compawth other
y-y'mutants. However, they do accumulate significantly more
excised intron RNA (about three times more) thg@ylC and
Trlls, both containing the conserved sequence, which is a purine
at they and a pyrimidine at thg position.

Enhanced intron accumulationyry’ mutants may be caused

by mutated intron RNA having a higher stability. Alternatively,

it could be explained by an increased transcription raseAf|1
genes with mutated introns, leading to greater amounts of splicing
products. In order to distinguish between these two possibilities,
run-on transcription experiments were performed. Transformant
Figure 4.y-y' dependent accumulation of spliced intron ri1. Intron accumulation Tr11S (carrying the wild-type intron) and transformant TU608C
in mutants carrying alterations at positions 39@id 608Y') was determined  (with a U to C substitution at the site) were chosen for use in

by r)_orthern hybridiz_ations and RNA amounts Wgre quantified using Bi0|magel’run_0n transcription experimentS, since they had previous'y been
(Fuji) scanning. All intron RNAs were standardized using chloroplast rRNA, shown to accumulate the spliced intron RNA at different levels
which was quantified after hybridization and Biolmager scanning. All values _. . . .

are relative to the wild-type intron. The accumulation of the wild-type intron (Fi9: 2A). Radloact|vely_ |abe|eq_transcr|pt3 from both transformants
(yA398-y'U608) is indicated by a shaded bar. were used to probe immobilized chloroplast DNA fragments.
Positive and negative controls as well as the chintsci&ril
rJEne gave similar signals with both transformants analyzed (data
not shown), although transformant TU608C did accumulate the
excised intron RNA to a much higher level than transformant
r;r I1s (Fig. 2). Since the relative transcription activities were
ilar in both cases, we conclude that the intron mutation does

not significantly alter thescArl1 transcription rate, and therefore
accumulate to higher levels than those resulting from th ueedtlcf)f?jri?fre](r:((:r?tIinntl:]c::?%NRANAstggﬁiLtjigglﬁpﬁlTs a:ﬁempzsstt%r&i?%y
wild-type splicing reaction, due to a reduction in Sphcmgmetabolism of this intron RNA is affected by they’ tertiary

efficiency. interaction, with onl rines at tlyesite and pyrimidines at the
Thein vitro data were determined as given in Materials and!t€raction, wi y pur Ité and pyrimidi ;
goosition being able to support efficient intron degradation.

Methods and can be summarized as follows. Each substitution'o
G1 inhibits both self-splicing steps, to some extent with G1U
being the most reactive mutant. On the other hand, none of the )

y=y' mutants is severely affected in the first step of the splicing0ss of exon RNA in rl1 mutants

reaction. In contrast, the rate of the second splicing step is

markedly reduced in both single and double mutants ofie In order to detect spliced exon RNA vivo, the tscAspecific
base pair. Only double mutants forming@ Watson—Crick base probe was used in northern hybridizations against total RNA
pair suppress this phenotype (data not shown). Thus, our data is@ated from rl1 mutants. As can be seen in FigiCe the

in accordance wit vitro splicing data obtained with intron 15 hybridization probe detected the mattseA RNA of (430 nt
(15,33,36). In summary, all rl1 mutations analyzed in thisfrom the wild-type strain, as well as from transformant Tri1s. In
contribution alter the relative splicing efficienciesitro as well  the latter, splicing of intron rll is a prerequisite for the formation
as in vivo, and therefore the corresponding nucleotides aref the maturdscARNA. The recipient strain H13 did not show
involved in both the autocatalytic splicing reaction and theny signals in northern hybridizations, due to the deltsedl

Us08 (v)

self-splice to some extent, producing branched intron RNA a
ligated exons. As an example G1 mutants are shown in Fgure
similar experiments withy—y' mutants provide comparable
autoradiographs showing the same splicing products, includi
the accumulated lariat~8xon intermediate (data not shown).
The intron-3 exon intermediates, as well as the exon,

organellar splicing process. gene £2). Only the unspliced precursor transcripttdf00 nt
appeared in the non-splicing transformam®V and TADVI.
' base pairing is a determinant of intron RNA stabili All poin; mutants, carrying a sjubstitu'gion at either th(aT first intron
Yr;\\//ivo P g ty nucleotide G1 or at theandy’ sites, splice to some extémt/ivo,

as confirmed by hybridizations with the intron-specific probe
The northern hybridizations shown in Fig@reeveal a further (Fig. 2A). Thus, thetscAspecific probe detected the precursor
significant feature forin vivo-processing of ri1 mutants. In RNA as well as varying amounts of the splicing intermediate
transformants TA398C, TU608C, as well as in the double mutan{Big. 2C). Even in cases where only trace amounts of the
TyGy'G and WUY'A, spliced intron RNA accumulates to a muchunspliced precursor RNA is present, RT-PCR clearly detected the
higher degree than it does in transformant Trl1s (which carries thgcArll precursor (data not shown). Although all point mutants
wild-type intron). Figuret compares intron accumulation in all accumulate the excised intron RNA, no ligated exon—exon
single and double mutants of tae/' base pair with Trlls. Each molecules were detected in either transformants with G1
substitution at position A398 and U608, as well as neaydll  substitutions, or in transformants TA398C, TU608C ay@yTG
double mutations, cause an increased abundance of excised inffféig. 2C). In addition, no bands representing either the ffee 5
rI1 up to 18 times more compared with the wild type. Only doublexon (1140 nt) or the 3exon (290 nt) were detected in any of
mutant TyGy'C, which contains a A398G and a U608C substitutiorthe transformants carrying either the wild-type or mutated rl1
(forming a Watson—Crick base pair), accumulates spliced intrdntrons. Photoautotrophic growth of these transformants is
RNA closed to Trl1s levels (0.8 compared to wild-type). Doublguaranteed by the unsplicestArl1 precursor.
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Figure 5. y-y'-dependent occurrence of exon—exon molecules diminyo
splicing. Mutants with substitutions at positions 39Band 608 y') were
analyzed by northern hybridization (Fig. 2C) and RT-PCR (data not shown).
++, spliced exon—exon molecules were visible in northern hybridizations and
RT-PCR (e.g. Trlls); +, ligated exons were only detected in RT-PCR assays
(e.g. TA398C); —, exon—exon molecules were not detected (e.g. TU608C). The
exon—exon accumulation in transformant Trlls carrying the wild-type intron
(YA398-y'U608) is indicated by a shaded bar.
EE - - »

Figure 5 summarizesin vivo accumulation of exon—exon
splicing products, in all transformants carrying a mutation at the 1234 5678 9100
y=Y' interaction. Each substitution at tjiesite U608 in single or
double mutants leads to a complete loss of the exon—exon RNA.
In _these transformants, |_Ig_ate1_~:bA exons Wer.e not detected, Figure 6. Reverse splicing activity of rl1 and its mutants. As a coritrelitro
neither by northern hybridizations, nor by either RT-PCR Ofgpjicing of the wild-type intron was performed, using precursor RNA derived
primer extension experiments (data not shown). Only thosef priis-skba. Lane 1 shows the unspliced precursor transcript (P), lane 2
mutants with a restoreg-y’ base pairing contained amounts of contains the reaction products obtainedibyvitro self-splicing (S). The
spliced exon RNA comparable with amounts generated by tran -"e‘\’/',‘gﬁz éﬁ%%tsg‘;':é";fj (é%rxlggmautsalggmyl{ggzri%bg?gg?(%)étﬁ;r
formant Trils .(WhICh carries the W|_Id-type intron). Substitutions OfWith an exon—exon transcript (lanes 3-6). In addition, each lariat as well as the
the y nucleotide A398 resulted in decreased amounts of th@xon—exon substrate was incubated separately (lanes 7-11). Al reactions were
mature tscA RNA, which were visible at least in RT—PCR incubated for 60 min at 3& and analyzed by gel electrophoresis followed by
experiments. n coniras, each paint mutant analyzed generalB4IOUDL T B0 N e et
exon—exon molecules dunng. vitro self-splicing (data not ieltron lariat; P, unsp‘I)iced precursor F’QNA; IVS, Iinepar in?ron or brokenyla'riat,
shown, compare G1 mutants in F#. Therefore, we conclude respectively; E E, exon—exon molecule. In lanes 1 and 2, we used labeled
that accumulation of ligated exon—exon molecules depends on thecursor (P) RNA, while in lanes 3-11, the exon—exon as well as the lariat
tertiaryy-y' base pairingn vivo, but notin vitro. intron were labeled (for details see Materials and Methods).

A loss of exon—exon molecul@s vivo may be caused by an
enhanced reverse splicing activity of mutated intron RNAS$) scussION
compared with the wild-type intron or by a hydrolytic re-opening
of spliced exons. In order to assay the reverse splicing activity @fe focused on group Il intron processing in chloroplasts, using
wild-type and mutated rlih vitro, wild-type and mutant lariats the in vivo system developed by Herdenberggral (17).
were isolated and incubated with wild-type spliced exon—exosite-directed intron mutations of consereéslacting sequences
substrate (Fig6). As a control, a precursor transcript carrying theyere examined with respect to their splicing actiiityivo and
wild-type intron was used fam vitro self-splicing, leading to the in vitro. The results of otin vivostudies demonstrated that intron
formation of ligated exons, linear and lariat intron as well as of theutations affect splicing efficiency, further post-splicing steps
intron-3 exon splicing intermediate. After incubation of thesuch as intron RNA degradation and the fate of exon RNA. To the
wild-type lariat together with spliced exon substrate, the intfon-$est of our knowledge, this is the first functional analysis of group
exon splicing intermediate is visible, suggesting that the secomdntron mutations in chloroplasts.
splicing step is easily reversible (F&). This intermediate is not
detected after separate incubations of the lariat or the exon—e
substrate. Similarly, mutants A398C ay@y'C produced the
intron—-3 exon intermediate to similar levels compared to th
wild-type lariat (Fig.6). These intron mutations do not cause &Studies with the mitochondrial intron gifsom yeast showed that
loss of exon—exon moleculesvivo (Figs2C and5). In contrast, domain V, the most highly conserved domain of group Il introns
mutant U608C, which does not accumulate spliced earomgo,  (2), is essential for any splicing reaction vivo andin vitro
formed only trace amounts of the intermediate molecule. The$&3,16,35,37). As expected, oun vitro andin vivo data with
data show that reverse splicing reactions of the excised intronutant TADV confirmed the importance of domain V for group I
RNA should not be responsible for the loss of exon RNAsntron splicing, since a deletion of this domain completely prevented
Instead, our data suggest that intron excision may proceedtocatalytic splicing as well as splicing @hlamydomonas
independently of exon ligatidn vivo. chloroplasts. Because of the strict conservation of the sequence

HRtton ri1 mutants show similar effects on their splicing
ea(:tivity in vitro and in vivo
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and structure of domain V in all known group Il introns, themutations at the first intron nucleotide, leading to a further
function of this domain most probably can be conferred to atlecrease in the splicing rate.
self-splicing and non-autocatalytic group Il introns. In contrastto Our data, as well as recent reports for the yeast intrgn al5
intron domain V, domain VI is not essential for autocatalytid13-16), demonstrate a general agreement betweem tigo
splicing reactions of either yeastQwenedesmuggoup Il introns.  andin vivosplicing efficiencies of intron mutants. This confirms
Domain VI contains a bulged A nucleotide, which participates itthat in both cases splicing is catalyzed by the intron RNA itself,
the 2-5 posphodiester bonding with the first intron nucleotideand depends very much on similar secondary and tertiary intron
G1, forming the branched lariat structus® Therefore, deletion structures.
of domain VI inhibits branchinip vitro, although to some extent
it does still allow hydrolytic splicing of both yeast introfs,4.3)
and intron rl1. In contrast to the autocatalytic splicing experimentiitron excision occurs independently from exon—exon
deletion of domain VI completely blocks any splicing reaction ofigation during in vivo splicing
rI1 in chloroplasts. We suppose that intron ri1 probably does not
use a hydrolytic splicing pathwaly vivo, although it has been Mutations in either G1 gy’ nucleotides suppoir vivointron
shown recently that branching point mutants off@érform a  excision, whilst exon ligation is completely blocked (exon—exon
hydrolytic splicing reaction in the first splicing step in mitochondriamolecules were neither detected by northern hybridization nor by
suggesting a general ability of group Il introns for hydrolyticeither primer extension or RT-PCR). Only single mutants of
reactiondn vivo (44). A398 () and double mutants with restorgey’ interaction,

In group Il introns, the tertiary-y' base pairing is formed exhibit significant amounts of splicéstARNA. In contrast, in
between a nucleotide from the segment between domains Il apeth rl1 and al$(15,33), in vitro splicing of G1 ang-y' mutants
1, and the last intron nucleotide (A398 and U608 in rel2{;  leads to reduced splicing efficiencies, and production of the expected
see also Figl). This study is the first analysis to investigate theexon—exon RNAs. In addition, the intron lariat is also formed, since
significance of this interactiom vivo. All single and double intron excision and exon ligation occur simultaneously through
mutations of the—y' interaction show only slight effects on the transesterification.
first splicing step. But the second splicing step is severely A possible explanation for the lack of exon—exon molecules
influencedin vitro as well asin vivo. Up until now, they-y’  Might be a reverse reaction of excised intron RNAs by either
interaction has only been analyzed in self-splicing experimenttydrolysis or transesterification leading to a reduction of spliced
using the yeast intron at533) and thePodospora anserina €xondnvivo(3547). Reverse splicing experiments using various
double rl1 mutants, as well as in gl5esult in a dramatic ViVO, do_ not e>_<h_|p|t increased reverse spllcmg or spliced exon
reduction in efficiency of the second splicing stefy this work). ~ "€-opening act|V|t|es.compared tothe W|Id—type intron. Therefore,
In both introns, only those double mutants containing a restorédS More likely that, instead of exon re-opening, no ligated exons
Watson—Crick base pair between yrendy’ sites show splicing &€ formed in th_e_pr_esence of mutant introns. Since no com_parable
efficiencies comparable to the wild-type. Therefore, the formation @N€Notype s visiblén vitro, we suggest that the rl1 mutations
ay-y' base pair is critical for cleavage at tHeeSon—intron Mhibit the binding of one or more splicing factors. Although
junction,in vitro, as well as in chloroplasts. l:_)ran_chlng IS not affectec_i during the first 59"9'”9 Stepvo, the

The first intron nucleotide G1 is highly conserved in group (f!9ation of the exons during the second splicing step is prevented.
introns and nuclear pre-mRNA introns. It interacts with the herefore, aransacting factor is most probably required for

: correct second step splicing.
bulged A of domain VI to form the branched structuf® ( . . . - . .
Nevertheless, substitutions of G1 in the rl1 intron to A, C or U In vitro, severakis-acting elements stabilize the intermediate

> . Lo -~ ~“¢complex (which consists of the introri-€Xon lariat and the free
support excision of the intron larian vitro, as well as in

Chiamvd hl last ified by pri iensi 5 exon), and retain the splice sites inside the catalytic center
amydomonasnioroplasts, as was Vertlied by primer extension o ;a\yeq in3). In vivo, it may be supposed thatrans-acting
analyses (data not shown). Therefore, the identity of t

" - X A . . ctor is required for binding and stabilizing the catalytically
5-terminal intron nuclleot|de IS not essential for branchmgactive intron structure. This putative factor recognizes at least the
although all G1 mutations result in @ marked decrease in th@iions and identities of the first (G1) and last intron nucleotide
efficiency pf spllc_mg, at both spllcm_g steps. Sl_mllar result_s havi ", as well as the three-dimensional structure built up by-ifie
been obtained with G1 mutants of intromyalshich also splice  interaction. In this way, the intermediate complex is stabilized and
in vitro and in yeast mitochondria, with reduced rates at botfhe 3 splice site is fixed near thedxon. Thus, exon ligation and
reaction stepsl,36). The efficiency of the first splicing step is simultaneous excision of the intron RNA through transesterification
decreased in G1 mutants, since guanine seems to be the optiggbssible. A mutation in one of these nucleotides results in either
substrate for transesterificaticstf. After branchingn vitro, G1 3 weakened interaction with the putatiransfactor (A398y’),
from alSy interacts by a non-Watson—Crick base pairing with ther in a complete loss of binding (G1 and U@, This leads to
penultimate intron nucleotide and thus contributes to the coaither a destabilization of the intermediate complex, or to
formational change proceeding the second splicing reactigormation of an inactive conformation. In this case, the intron can
(36,46). Whereas the penultimate nucleotide is an adenosine i@ excised by hydrolytic cleavage. This assumption is supported
most group Il introns, including af5in rl1 a cytosine (C607) is by the detection in yeast mitochondria of aya# hydrolysis
located at this position2(20). In alSy, the substitution of the reaction {4). Since no transesterification occurs, tharfsl 3 exons
penultimate A to a C leads to a significant reduction of the secoaek released separately. The non-ligated exons are undetiectable
splicing step efficiency 36). It is possible that in rl1 the vivo. They are rapidly degraded, since they lack the typical end
non-optimal interaction of G1 and C607 is further weakened bstructures necessary to stabilize them in chloroplasts ().
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Since rl1 does not contain an open reading frame, all In most cases, all of thies-acting elements mentioned above
transacting factors involved in the splicing reaction must beshow similar effects on the relative splicing efficiency of rl1 both
encoded inC.reinhardtii So far, only a few mitochondrial in vitro andin vivoas well as an intron al§15,34,35). However,
splicing factors have been described for group Il intronfurther comparisons between autocatalytic splicing iandivo
(reviewed in52). In contrast, no chloroplastins-acting factor  processing of rl1 and other group Il introns have revealed significant
able to bind group Il introns is yet known. However, severatlifferences, mainly in phenotypes including post-splicing
mutants which affect chloroplast group Il intron splicing havemechanisms. Since protein—RNA interactions determine splicing
been reported; including two nuclear mutations in maize, whicim vivo, intron-, species- and organelle-specific differences in
result in splicing deficiencies in chloroplastsl), Although the  binding between the intron RNA atrdns-factors are likely. The
plastome ofC.reinhardtii does not contain continuous group Il co-evolution of introns and splicing factors has led to specific
introns, there are two split intron8)( These introns are spliced changes in intron sequences, structural elements and specific
in trans by forming the typical group Il intron structure processing reactions. These changes have resulted in a complete
intermolecularly. At least 14 different nuclear products aréoss of autocatalytic activity, as is the case for most group I
required fotranssplicing of these intron§'(23,54,55). Some of  introns (3,62). Still, a high similarity between group Il introns is
these transsplicing factors are probably also involved  guaranteed, since the catalysis is driven by the RNA itself, and
cis-splicing of the heterologous intron rl1. alteration of the intron RNA is therefore limited. This conservation
enables a horizontal transfer of relatively ancient introns, which
do not require specific splicing factors for processing. This is
proven by the successful transfer of rl1 between mitochondria

nd chloroplasts of different green algae as well as into

scherichia coli(63).

Intron RNA stability depends on they-y' interaction in vivo
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