0 1997 Oxford University Press

RNA editing status of
mitochondria

Catherine Carr illo and Linda Bonen*

Nucleic Acids Research, 1997, Vol. 25, No. 2403-409

nad?7 intron domains in wheat

Biology Department, University of Ottawa, 30 Marie Curie, Ottawa K1N 6N5, Canada

Received August 13, 1996; Revised and Accepted November 22, 1996

ABSTRACT

The most highly conserved structures of group Il
introns are the helical domains V and VI near the 3 '
splice site. Within this region of each of the four introns

in the wheat mitochondrial  nad7 gene encoding NADH
dehydrogenase subunit 7, there are A-C mispairs. To
determine whether C-to-U type RNA editing restores
conventional A-U pairing, we sequenced RT-PCR
products from partially-spliced  nad7 template RNA and
gel-fractionated, excised intron RNA. We examined
transcripts from germinating wheat embryos and
seedlings because these two stages of development
show pronounced differences in steady state levels of
nad7 intronic RNAs. We observed editing at only two
of the six predicted sites, and they were located at
homologous positions within domain V of the third and
fourth introns. A third site was found to be edited
within the unmodelled domain VI loop of the fourth
intron. Similar patterns of RNA editing were seen in
wheat embryos and seedlings. These observations,
and the presence of other non-conventional base pairs
particularly within domain V of plant mitochondrial
introns, indicate weaker helical core structure than in
ribozymic group Il introns. Moreover, the incomplete-
ness or absence of editing in wheat nad7 excised
intron RNA suggests that, although editing may
contribute to splicing efficiency, it is not essential for
splicing.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. X75036

of domain V and sequences within domain I, and splicing
proceeds through two transesterification steps, the first being
initiated by the 2hydroxyl group of a bulging adenosine within
domain VI. A conformational change between the two steps
involves tertiary interactions between sequences in domains VI
and Il ). Group Il intron excision is mechanistically similar to
nuclear pre-mRNA splicing and it has been suggested that these
two classes of introns may share a common evolutionary origin.

Domain V is the most diagnostic structure of group Il introns
and it is essential for splicifg vitro andin vivo. It is highly
conserved in both sequence and length, with a 14 bp helix
interrupted by a 2 nucleotide (nt) bulge and closed by a purine
tetraloop (reviewed i%,6). The most conserved bases in this
structure, numbered from thedénd of the helix, are A2, G3 and
C4 which pair with U33, U32 and G31 respectively. The bases
A2, G3 and C4 have been shown by mutational analysis to be
crucial for splicing 9,10) and the terminal tetraloop, which is
usually GAAA, interacts with a motif within domainll1j. The
nucleotide sequence of domain V is conservative to such an extent
that the identification of group Il introns in data bank searches has
been possiblel@). Domain VI, although less well-conserved and
having a shorter helix, almost always possesses a bulging
adenosine which is located 7-8 nt from thesfice site and
involved in lariat formation.

In addition to intron excision, eithém cis or in trans the
maturation of plant mitochondrial mMRNAs also involves C-to-U
type RNA editing (reviewed i8,13,14). It occurs predominantly
within protein coding sequences where it typically changes the
amino acid specified to one that improves similarity with
homologous proteins from other organisms. RNA editing is an
early processing event and fully-spliced transcripts are usually
fully edited whereas unspliced ones may show partial editing

Virtually all plant mitochondrial introns identified to date have(15,16).
been classified as group Il and most are located within genesThere have been a few RNA editing positions identified within

encoding subunits of the NADH dehydrogenase complex (reviewgdoup |l intron sequences and it has been suggested that RNA
in 1,2). A subset of these have undergone DNA rearrangemergditing may be required to improve base pairing for proper
so that mMRNA maturation requires splicingrans(reviewed in  folding needed in splicing2(3). This model is conceptually
3,4). Designation as group Il is based on the presence appealing because intron editing would then serve an important
distinctive secondary—tertiary structural features and such introb®logical role, as it does in coding regions. Some, but not all, of
are usually depicted as six helical domains radiating from the RNA editing events observed within plant mitochondrial
central wheel (reviewed #6). Over 100 group Il introns have introns do improve base pairing within the core structure. The
been identified in organellar and bacterial genomes and a fesgnversion of A-C mispairs to A-U pairs has been observed at
although none in plant mitochondria, have been shown ®ingle sites within the domain I, IV or VI helices of several
self-splican vitro (reviewed ir6, 7). The catalytic core is comprised Oenotheraadintrons ((7-21) and domain | of the potatps10
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intron 22). Interestingly, editing at a site adjacent to the bulging A

adenosine in domain VI of the Oenotheadlintron 3 has been

found to be necessary for the self-splicing of a chimeric yeast ; 5 3 456 7 N 8
autocatalytic al5c intron containing the domain VI stem of this > > > ¢ > «
Oenothera intron2(l). In several other cases, RNA editing — 33 i Bl L] 097 L 169 i—
weakens helical stability by converting G-C to G-U péirsX3), 44 " 69 465 246 258
appears not to affect 24), or editing sites are located outside the ~ nad7a  nad7b nad7c nad7d nad7e
defined helical core structure and cannot be asses3ad)( It
should be noted that a number of RNA editing sites have also bedg
observed in thenat-r gene which is located within the non-core G A 6 u
part ofnadlintron 4 and they follow editing patterns seen in other GG\G\C N RN
plant mitochondrial coding sequencés,?25). No editing sites ; PR . UA,U o°
have previously been reported within the highly conserved gaggcgcs U %° gagccoyg U’
domalnv 3LU(:(JLAUGC f\IUUG( (‘,GU
In our characterization of the wheat mitochondnadl7 gene ¢ ¢

which contains four group Il introns, we had predicted that C-to-U &% RS
type editing would convert A-C mispairs observed within domain®  “c* §327¢¢ +9 Y e SACREC e
V/VI helices to Watson—Crick A-U base paif$), In this study, 2 4 £
we have used RT-PCR sequencing analysis to examine the RNA
editing status of these intronic RNAs in wheat embryos and Intron A Intron B
seedlings.

9 G A G A

GG‘ AA GG\ AA
MATERIALS AND METHODS Y A o
c e A UG.‘C‘
Isolation of wheat mitochondrial RNA UGﬁﬁﬁiifz"UGcf ‘% i;t:;jifucﬁ ‘
i G
Mitochondrial RNA was isolated from 24-h germinating wheat v, v j’G v
. - e . l' U .

embryos and 6-day etiolated wheat seedlifigadum aestivum RS - cU?G R

var. Frederick) as previously describ&d)( To remove residual
DNA, RNA preparations were repeatedly precipitated fawighh

+3 Cc« U

c’%ccaanc s
U v 467 AUCUGGC~y
aAcCccauc ©

#*

2 M LiCl and treated with RNase-free DNAse | prior to phenol
extraction, phenol-chloroform extraction and ethanol precipita- Intron C ‘ Intron D

tion (28).

cDNA synthesis and PCR amplification

Figure 1.Group Il introns in the wheat mitochondriald7gene. ) Structure

of the wheahad7gene with lengths of exons (black bars) and introns (lines)
shown in base pairs. Numbered arrows represent orientation and approximate
lgcations of primers used in RT-PCR experimentsNHgerestriction site (N)

Synthetic oligonucleotide primers were designed from the whe&f,on within exon E is created by RNA editing) Gecondary structural

mitochondrialnad7 gene sequenc@) and their positions and
orientations are shown in Figut&. Coordinates are according
to the EMBL database accession number X75036.

Primer 1. 5'-CTGGACAAGCTTTAGGGGAA-3(552-571)
Primer 2. 5'-ACGCGAATTCGCTTCCGAGGBA08-1427)
Primer 3. 5'-CTAGGATCCCCACTCATATT-8705-2724)
Primer 4. 5'-CCACCAGATCTTAAGGAAAG{3226-4245)
Primer 5. 5'-CCACCACTTCACTTTTGCAC-84390-4371)
Primer 6. 5'-CTGGTACCTACTGGTACTTC-31488-4469)
Primer 7. 5'-GCAGTCGACTGAGTTCTGAA(B8155-6174)
Primer 8. 5'-TAGGATCCTGATCGAGCAAG(8639-6620)

cDNAs were typically generated frdr pug wheat mitochondrial
RNA template, using AMV reverse transcriptase and 20

models of the domain V/VI sequences of the whad¥introns A-D (updated

from ref. 26). The predicted RNA editing sites within the six A-C mispairs are

shown by arrows and the RNA editing sites which were experimentally

observed are depicted by black arrows. Bulging adenosines within domain VI
are shown by asterisks.

tips (30). RT-PCR products were sequenced directly or after
being cloned into M13 vectors by standard proced@®s (

Sequencing of RT-PCR products and cloned cDNAs

Samples were sequenced by dideoxynucleotide chain-termination
using Sequenase version 2.0 (US Biochemicals). PCR products
ngere sequenced directly using a modification of the Sequenase

primer 8 (Fig.1A). Synthesis was performed according toprotocol in which 75 ng primer were annealed WiBD0 ng
standard procedures29) except that RNasin and sodium template in the presence of 0.5% Nonidet P-40. Samples were
pyrophosphate were omitted, and the extension was carried oupailed for 3 min, quick-cooled in a —80 ethanol bath, and then

50°C. The resulting cDNAs were then amplified usiagDNA

gradually warmed to room temperature. The labelling cocktail

polymerase with the appropriate primer pairs. Amplificatiorwas also modified to include four times more labelling mix,

conditions were 35 cycles of 98 for 40 s, 52C for 90 s and
72°C for 90 s.
The RT-PCR products were purified by electrophoresis

[0.5% NP-40, the supplier's Mn buffer and 1.5 times the
suggested amount of dATP. The primers used in sequencing
ireactions were the same intron primers as in the corresponding

TBE-agarose gels and isolation with Gene Clean Il (BIO 10BCR reactions, except in the case of the fully-splizad’
according to supplier’s instructions or by spin-recovery with fitlemRNA, where amad7exon c primer 5GCACAGCAAGCAA-
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AGGATTG-3 (3361-3380, coordinates according to EMBL A B C D E F
accession no. X75036) was used.

[

1 2 1 12 1

| b2

1 2 1

| b

Isolation and sequence analysis of excised intron RNA =

Approximately 1Qug wheat mitochondrial RNA, which had been i i
repeatedly LiCl precipitated, were electrophoresed on a 1.2%
agarose gel containing 6.6% formaldehyde in 20 mM MOPS —* @@ * - « 8 .
buffer and RNA fractions of interest were isolated using the . .
RNAid kit (BIO 101). The purified RNA was treated with DNase
| as above. -

cDNA for the intron C region was synthesized using primer 5
and PCR was then performed with primers 4 and 5 as described
above except with an annealing temperature W€ 4Po assess the
contribution of residual contaminating DNA template in the PCR'F:zi’%UA"?S%I’;‘tZZhﬁ;%b'ZOZ%”31@;0;r‘;vgeagsm(ifcgolgﬂ:‘;“ﬁfﬁcgpéz Usé?iglated
reaction, we included a setredl1aprimers, designated in réfl seedlings (A-F, lanes 2). Arrows ind%ate the‘positions of the 26% and 18S
as A2 (5 AAGGCTACTCCTAGTAGAAG-:S) and A3 (5TCG- ribosomal RNAs, and bars denote the positions of RNA size markers (from
GGTCGACCAGGTCAGGC-3, with coordinates 198-179 and Gibco BRL ) of 9.49, 7.46, 4.40, 2.37, 1.35 and 0.24 kb respectively. RNA blots
86—105 respectively, according to EMBL accession numbewere hybridized with wheat mitochondrial probes 5y {8S rRNA, B-E)
X57968. RT-PCR products were gel-purified for direct sequenc?ad? introns A, B, C and D respectively, arfe) fad7 exon E. Asterisks
ing as described above. To assess the presence ofatfiitron ~ "/cate the positions of excised intron RNAS.
C-containing transcripts, primer 6 was included in RT-PCR
reactions with primers 4 and 5, so that any contaminating intr(;gN
C/nhad7dcontaining transcripts (or DNA) would generate a 263 b
product.

I m
!
|

A (Fig. 2A). In addition, the RNA profiles from these two
gtages show qualitative differences, most notably in the region of
excised intron D RNA species (FRE asterisk, lanes 1 versus 2).

) These developmentally-specific differences in the abundance and
RNA blot analysis apparent complexity ofiad7 intronic transcripts may reflect
ang'ferential RNA stabilities or RNA processing pathways, and
raise the possibility of a role for intron editing if such events are
inaportant for proper folding for splicing as has been prop@séd (

he wheanad7introns have weaker base pairing within the
main V/VI helical regions (FiglB) than do conventional

Northern hybridization experiments were performed using stand
proceduresA8). Approximately 41g wheat mitochondrial RNA
were electrophoresed on a denaturing formaldehyde gel in MOB@?
buffer as described above. Hybridization probes were radioactively-
labelled by strand-specific primer extension using M13 clone X ; .
; - ; oup Il introns (cf. Fig7A), based on their DNA sequence.

I%NAS' e>r<]ce.pt |r;_ the case&czlf_(lsr](t:rz_rllség_?_lr_l_?_r%_rrisggcct;l\{%ygwhe erg are a total (of Six %\—C)mispairs in domain V and (\J/I helices
the synthetic oligomers'- - . - ;

and 5CGTGTCAGCTTAGTTATC-3 (EMBL accession no. (Fig.1B, arrows), which could be converted to A-U pairs by RNA

X75036 coodinates 3494-3475 and 4977-4960 respectivel diting. Of particular note are two adjacent ones in intron C. It has
were radioactively-labelled with T4 polynucleotide kinase angce" estimated, based on NMR spectroscopy, thatan A-C mispair

within a hairpin is about +2 kcal/mol less stable than an A-U pair
[y-32P]ATP. (33 P P
) ] ) o To determine the RNA sequences of these intronic regions, we
intron helices (primer 8, Fig1A) to generate cDNA from wheat RNA template

The potential folding energies of domain V helices, constraineg{:gcitgfgriﬁg?g’i}zﬂgiﬁeg%’;g?eggif ?f?eﬁei?glclgsg cliJc?rirTgin
to th ti | 14 bp heli ith a 2 nt bul : it
o e conventiona p helix with a 2 nt bulgs, (ere Sequences of introns A, B and C, as shown in Fiprdhe

calculated using the programs available on the ‘efn server’ web pa\o(go - ; _ )
(http:/vww.ibc.wustl.ediizzuker/rna/energy/form1.cgi) which hazebrc\algg g;g%%‘gs\}\,'gr\g??g ?g'?”gr?gifg%%%t?}g&ergggs{sgy
were derived from algorithms described by Zutsal (32). (Fig.3A). In the case of the intron D amplification product of 485
bp, anNhd restriction site within exon E (FidA) which was
RESULTS created by RNA editing enabled the separation of products
i+ ; ; derived from edited cDNA molecules as opposed to ones from
E?rlggg status of the domain V/VI regions of wheanad? unedited precursor RNA or residual DNA (F8B) and this
population was examined further. Such experiments were carried
We had previously establishetby that the wheat mitochondrial out using RNA isolated from 24-h wheat embryos and 6-day
nad?7 gene contains four group Il introns (FIA) and has a seedlings.
mature mRNA of11.6 kb (Fig.2F) with 32 C-to-U edits in the  For introns A and B, no editing was seen within domain V or
coding sequence. Whaad7intron-specific probes were used in VI sequences either by direct RT-PCR sequencing or in any of 10
RNA blot analysis (Fig2B—E), we observed markedly higher M13 clones examined for each of these introns. To assess the
levels of precursor transcripts and excised intron RNAs 2ZFig. status of other transcripts containing introns A or B, RT-PCR
asterisks) in 24-h germinating wheat embryos than in 6-dgyroducts were generated using primers 2 and 6 (for intron A) or
etiolated seedlings, relative to constant levels of 18S ribosomaimers 3 and 6 (for intron B). Direct sequence analysis again
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Figure 4. RNA editing status afiad7intron C domain V. (A—D) Direct DNA
sequencing of RT-PCR products generated fradYintron C wheat embryo
template using primer 4 for sequencing. Black arrow indicates the observed
RNA editing site whereas open arrows indicate predicted but unedited sites
(Fig. 1B). Sequence of RT-PCR products fraR) partially-spliced RNA
template using primers 4 and 8 (Fig. 3A, laneB)uffractionated RNA using
primers 4 and 5 (Fig. 3C, lane 1) (gel-fractionated excised intron (Fig. 3C,
lane 2), D) wheat mitochondrial DNA (Fig. 3C, lane 3).

A B

Figure 3. RT-PCR amplification products derived from wheat embg/
RNA template. £) RT-PCR products from partially-splicead?7 template Pre-mRNA mRNA
generated using primers 2 gnd 6 (Ia_ne 1), primers 3 and 6 (lane 2) and p_rime G A U © 9 G A U € )
4 and 8 (lane 3)B) Restriction profile of RT-PCR product generated using = — — — — A = : A
primers 7 and 8, after digestion wiihd, which converts the 485 bp product — A i S A
into 399 bp + 86 bp ones derived from RNA-edited templ@eRT—PCR = e O — e 4K
products generated from excised intron C RNA template using primers 4 an T :—' e ——— }- Exon E
5 to give a product of 165 bp. The PCR reaction included a second set of prime p S| ¢ Iniron — = .
(A2 and A3 frormad1a ref. 31) which yielded a product of 118 bp, to assess it A D e - g Boa D
residual DNA contamination. The templates were unfractionated mitochondria - = \ u - - A
RNA (lane 1), gel-purified excised intron C RNA (lane 2), wheat mitochondrial ".- i‘
DNA (lane 3) and a negative control with no DNA template (lane 4). 34 = M
(D) RT-PCR products generated from gel-fractionated RNA template using A U
primers 4 and 6 (263 bp product), as well as primers 4 and 5 (165 bp product =3 _/g - — _/-"*
The templates were gel-purified RNA from the high MW precursor fraction -3 G 4 :
(lane 1), gel-purified RNA from the excised intron C fraction (lane 2), wheat —_— © L e ¢
mitochondrial DNA (lane 3) and a negative control with no template (lane 4). — u p=- 9 C
Size markers (M) wer@X174 DNA restricted wittHadlll. The positions of = u u
primers are shown in Figure 1A. e \:‘:' haas ‘l'_

U A

revealed no_ intron editing. In the case of intron C, the R_NAFigure 5. RNA editing status of thead7 intron D/exon E junction region.
sequence differed from the DNA sequence at only one positiory,B) Direct DNA sequencing ofA) RT—PCR products (primers 7 and 8)
namely C22 was changed to U22 (FiBsand4A, black arrow),  restricted witiNhd (Fig. 3B, lane 1) and3) RT-PCR products representing

so that an A-C mispair was converted to an A-U pair. At this Siterpaturenad?mRNA (primers 1 and 8). Sequencing primers were primer 7 for
) and an internal primer mapping nad?7 exon C for (B). Black arrows

editing was seen in _8|ght out of 10 clones exam'ned for whe dicate observed C-to-U edits, whereas open arrow indicates exon site which
embryo RNA, and six out of 10 clones for seedling RNA. Inis ynedited in precursor transcripts. Editing sites within the upstream (A) intron
contrast, at the positions of the other two A-C mismatcheslfBigs D or (B) exon D are also shown with black arrows.

and4A, open arrows), none of the 20 clones showed editing. In

the case of intron D, editing was seen at the position homologous

to the edited one in domain V of intron C, and also at a site withiFhis contrasts with onead7esite, which showed no editing in

the unmodelled loop of domain VI, namely 42 nt upstream of tHatron D-containing transcripts (see below).

3 splice site (FighA, black arrow). In wheat embryo RNA, these Because the partially-spliced transcripts showed incomplete
two intron D sites showed editing in 11/12 and 10/12 clonesditing at the positions of two A-C mispairs and none at the other
examined, compared to 8/10 and 7/10 clones respectively whienir predicted sites, we considered the possibility that editing is
seedling RNA was used as template. Thus, the degree of editagate-limiting step for splicing, and that once editing occurs, the
is similar in the two developmental stages, but slightly higher ioorrect structure enables rapid splicing. If so, the population of
embryos than in seedlings. With respect to editing witaliy  excised intron RNAs would be expected to be fully edited at those
coding sequences contained within the RT-PCR products sites. To address this issue, we used gel-fractionated and purified
partially-spliced templates (all of which lacked at least intron DExcised intron RNA as template in RT-PCR sequencing experi-
eight sites were examined in 15-20 cDNA clones and all showetkents. We selected RNA from 24-h embryos because steady state
complete or nearly-complete editing (ranging from 70 to 100%Jevels are much higher than in seedlings (Rjp.and we



Nucleic Acids Research, 1997, Vol. 25, No. 2 407

Free Energy
(kcal/mol)
No Full Observed
123456 7891011121314 Loop  14713°1211°10°9| Bulge |8’ 7" 6' 5 4" 3° 2 1" | kgiing  [giting  Editing
¥ADl ill GAGCCGUAAGCGCG| 17 UGUGCUCGIUACGGUUC|-14.0
NADL i2l GAGCCACAUGCAGG|GAAA/CUUGCACGUGUGGUUC]|-17.3
napl i3 eaccucuavchlecolcuanceufcaceluaceacuc|-10.4]-15.1
NADl i4f GAGCCGUAUGAGGC|GAGA|GUCUCACGlUACGGUUC]|-17.1
NAD2 ill GAGCCACAUGCAGG|GAAA/CUUGCACGUGUGGUUC]|-17.3
nap2 i2| [clalecccyuaveceGulcacalcucecalcalyuace e ual] -15.3
NaD2 i3| iG/A G C C GUUICIUGA UG G|a A A A[c vavocuc alc clululc c e u Uiy *
NAD2 id GAGCCGUAGAUGGGCAACUAUCECCUGCGGUUC -12.0
nap4 il caGcccGuavucaluleeleean|culclucalceluaceeuuc|-1t.5
nand i2| [aAlJaccceuafuleauaclousuaalcoavcplueuacccuug| -9.3 | -9.8
vap4 i3] cacccluaclulcavaclecacalcuavelglacglcutlecuuc| -7.3
§ap5 i1l caGccccuclule alulc gl aan|ccluJucldlcelcacecuuc|-10.6
naps i2l 6aceccGeuauclalesclececaalccufcAceluacecuUuy|-11.1]-15.8
NAD5 i3 GAGCCGUGAAUGGCGACAUUECGCGCGGUUC 6.2 | -11.3
NAD5 i4) caAcccecaAavGaAGGG|lcAGA/cCCcUCAlcGglucceGguUUC]|-21.4
nap7 i1l eaceccefaveccceeleacalcccacealcafulalceeuuu|-13.6|-19.0] none
nap7 i2|l caccccoucluualulcelcucalccluluapluclcacscuuc| -9.4
NAD7 i3 GAGCGUAUGGGGAAACUK@CACGU;\CGUUU -0.6 | -11.6 | -3.4
NAD7 i4 AAGCCUAUGUGGGAAACUA@CACGGGUUU -1.7 | =7.0 | -7.0
cox2 ill caccvu[uululuececeejeanncuucealacglulalclacuuul| -4.4
cox2 i2|l caccacualclecaceculcanacocuc|caluacuGcuuu]|-12.6
rps3 cacccGuGlulcaveelcucalcuauvc|cluGglcaceauuc|-12.9
rpslo GAGCCGUAUGCGGG|GGAACUCGCACGlugecGeauUuuUC]|-17.2
rpl2 GAGCCGUA ficanclecacg/cucial CGIUACGGUUC *
orf454 | GAGCUGUAUGAGG C|aGAAACU{ GUCUCACGUACGGU U C| -13.3

Figure 6. Alignment of domain V sequences from 25 plant mitochondrial group Il introns. Sequences are fromadh@dBL accession nos X57965-X57968),
nad4(X57164) had5(M74157-M74159) andad7(X75036); Oenothensad2(M81725, M81726)ps3(X69140), rpl2 (X80170) and orf454 (X78036); cacatl|

(X63625); and potatgps10(X74826). Thearansspliced introns areiadlil, i3, i4;nad2i2; andnad5i2, i3. The 8 bp + 6 bp helices are represented by positions
1-14 and £14 (see Fig. 7A) and are separated by the dinucleotide bulge. Base pairs other than A-U, G-C or G-U within the helices are blocked and A-C misp
which could be corrected by RNA editing to A-U are in black blocks. Sites experimentally shown to be edited are also circled. The thermodynamic stabilities of dor
V, constrained to the 8 bp + 6 bp helices, were determined using the ‘efn server’ web page (http://www.ibc Mrusteecha/energy/form1.cgi) as described in

ref. 32. Values are based on predicted stabilities if there were no editing, the observed editing, or if all sites had been edited (full editing). Asterisks denote the
sequence$@d2i3 andrpl2) which have length aberrations within the helices and blocks are shown shaded or with broken lines. Free energy values were not calcule
for these sequences. If tbex2il sequence were folded into 6 bp + 8 bp helices (instead of 8 bp + 6 bp), the calculated free energy would be —10.6 kcal/mc

concentrated on intron C because the excised form is the maparder appeared to be unedited as judged by direct sequence
intron C RNA species in embryos (FRD, asterisk) and this analysis (FighA, open arrow) in contrast to the full editing seen
intron has three A-C mispairs within domain V, notably twan completely-splicedad7mRNA (Fig.5B, black arrow) and the
adjacent ones. RT-PCR amplification using intron-specifinearly-complete editing seen at the intronic site within the loop
primers 4 and 5 (Fid.A) generated an amplification product of of domain VI (Fig5A, black arrow). Moreover, none of 22 clones
165 bp (Fig3C). To assess the amount of residual contaminatingkamined from embryo or seedling RNAs showed editing at this
DNA, the PCR amplification step included an additional set gosition. In contrast, the other three exon sites showed >50%
primers which generated a 118 bp product framilatemplate  editing in these RNAs, which would include early unspliced
DNA (31). The levels of contaminating DNA were seen to berecursors, but all of which were known to haveNhed site
reduced, but not completely eliminated (R, lane 2). To generated by editing. These observations are consistent with
ensure that the excised intron C RNA fraction was not contaminatediting being a relatively ‘late’ RNA processing event at that exon
with other intron C-containing transcripts, cDNAs were synthesizesite, and suggest that the context of sequences around the exor
using primers 5 and 6, prior to PCR amplification with primer 4junction may be important for editing and/or splicing.

No products (263 bp in length) derived from intromad7d

containing transcripts were observed in the excised intron fractigflscyssion

(Fig. 3D, lane 2), in contrast to their presence in the gel-purified

precursor RNA fraction (Fidg3D, lane 1). Direct sequencing of We observed C-to-U type RNA editing at only three sites within
the nad7 excised intron C amplification product indicated thathe domain V/VI regions of the four whezd7 introns. One

only the same single site shows editing (#igy.black arrow) and occurs within the unmodelled domain VI loop in intron D, and the
that as for the partially-spliced template (B#) and unfractionated other two convert A-C mismatches to A-U pairs at identical
RNA template (Fig4B), it appears to be incomplete in the positions within the domain V helix of introns C and D. This is
population of RNA molecules. No editing was detected at thihe first report of RNA editing within domain V of any plant

other two positions (FiglC, open arrows). mitochondrial intron. Although these two events improve helicity
and so may be important for splicing, they do not generate the

Editing within the nad7terminal exon in precursor and structure that is invgriably present in tr_]is catalytic dqmain of

fully-spliced RNA ribozymic group Il introns. Moreover, incomplete editing of

excised intron RNA indicates that such editing events are not
The RT-PCR product used in the analysis of intron D (see abowssential for splicing. In addition, four other A-C mispairs within
contained four exomad7e editing sites 6). One of these, these helices show no editing, so Watson—Crick base pairing at
located three nucleotides downstream from the intron—exdhose positions must not be required for proper folding for splicing.
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A seedlings{5). Although it is not known what confers editing site
A e e selection in plant mitochondria, it is possible that the editing
170 \Ne A observed within the domain V helix, designated as base-pair
. SR\ position no. 11 (cf. Fig7A) in introns C and D, involves an
v internal guide RNA. In this regard, editing has also been observed
within the acceptor stem of phenylalanine transfer RNA where it
* G* improves base pairing and has been shown to be important for
— tRNA processingn vitro (36,37).
B @ ;fgf,ﬁfﬁ:f: In addition to non-canonical A-C mispairs, ted7 domain
Flowering A-C Mispair V/VI helices also show several U-U mismatches (Hg). and
Plants such pyrimidine—pyrimidine mispairs are expected to further
destabilize helical structur&g). To assess the extent to which
plant mitochondrial domain V sequences deviate from the
conventional group |l structure, we aligned sequences from the 25
different known introns (Fig6) and scored sites which did not
show the anticipated Watson—Crick (or G-U) base pairing (cf.
Fig. 7A). Sequences from several different plants have been used
because not all 25 introns have been sequenced in any one plant
When sequence data from other plants were included in the
C analysis, similar results were obtained because the majority of
nucleotide substitutions neither improve nor weaken base pairing
Marchantia (data not shown). Several length variations are seen among the
polymorpha domain V sequences of these introns: three have longer than
normal loops, the helix opl2 is shorter by 2 bp, amdd2intron
3 has an insert of 3 nt. The latter two were consequently omitted
from further analysis. Figuré also tabulates the calculated
| thermodynamic stabilities of the domain V helices when
0 12345678 90N121BM constrained to the classical 14 bp helix. It is evident that only some
Position number of the domain V helices with the least favorable free energies are
candidates for editing; others have pyrimidine—pyrimidine mispairs.
Figure 7. Non-canonical base-pairing within domain V helical positions 1-14 In Flgure?' the pr_oﬂles of mispairing Wlt_hm the 1_4 p_OSItIOﬂS
i plant mitochondrial intronsAj Conventional domain V helical structure ~ Of the domain V helix are shown for the mitochondrial introns of
(according to ref. 5) showing invariant and highly conserved positions (Y,flowering plants and those of the 25 mitochondrial group II
D ernaoy o e o hesha n oo, (B-0) ot o iapanenns of he bryophytdyarchania pohymorphd39). where
within domain%/ helices off) 23 flowering plant’?nitochondrial introns (CE RNA editing has not been observed nor pre_dlcted to be required.
Fig. 6, with the omission ofad2i3 andrpl2) and C) 25 group Il introns from |t should be noted that only one of these introns, nanzelg
Marchantia polymorphamitochondria (39). Hatched bars represent A-C intron 3, is located at homologous sites in flowering plants and
mispairs, shaded bars indicate purine—purine mispairs, and black bars shoijarchantia polymorphalt is clear that flowering plant mitochon-
pyrimidine—pyrmidine mispairs. drial introns have more mispairs within domain V helices than
those of eitheMarchantia polymorphar ribozymic group I
In the case of intron C, the single editing event shifts thiatrons, the latter having no such mispairs. Approximately
calculated free energy of domain V from —0.6 to —3.4 kcal/mof@ne-third of the plant domain V mispairs are A-C editing
which is still markedly less stable than those of ribozymic intronsandidates (hatched, FitB) and the vast majority of the rest are
which have values of —13.0 to —17.9 kcal/mol. Editing at the othgyrimidine—pyrmidine mismatches. Relaxed base pairing is
two A-C mismatches (FigB, open arrows) would have resulted particularly evident at position no. 9, adjacent to the dinucleotide
in a free energy of —11.6 kcal/mol. Interestingly, this intron whickulge. On the other hand, positions nos 3 and 4, which are known
has such weak domain V structure in wheat mitochondria, i® be essential for self-splicirig vitro (9,10), invariably show
absent from thead7gene of tobacco although the other three areonventional pairing. It is notable that at position no. 11, the sole
present §4). For intron D, the edited helix is considerably moresite at which editing was observed in wheatl7 domain V
stable (free energy of —7.0 kcal/mol) than the unedited forrsequences, only A-C mispairs which could be corrected by
(-1.7 kcal/mol). The domain V sequences of introns A and Editing, have been observed.
which showed no editing, have somewhat more stable helicesPlant mitochondrial group Il introns therefore appear to have
with free energies of —13.6 and —9.4 kcal/mol respectively.  a ‘degenerate’ structure, particularly within the domain V helix,
We observed similar patterns of intron editing in 24-h wheawvhen compared to autocatalytic introns. This raises the possibility
embryos and 6-day seedlings, with the degree of editing beitfgat they are more dependent on accessory factors, such as
slightly higher in embryos. Thus, there appears to be no obviopsoteins and/or small RNAs to achieve splicing. Such proposals
correlation between editing status and the markedly differehave been made for Euglena chloroplast group Il introns, which
profiles ofnad7intron-containing transcripts seen between thesare AT rich and lack certain conventional featuég$0j. These
two stages of development. Differences in the completenessisgues are also pertinent to the debate over the evolutionary
RNA editing have been reported for maiagl3transcripts, with  relationship between nuclear spliceosomal introns and group I
an increased level seen in 7-day seedlings compared to 3-diayons; the latter possess complete splicing information within
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the intron RNA, whereas the former require complex small8
RNA/protein machinerin trans In this regard, it is notable that

some plant mitochondrial group Il introns are encoded in piece]sg,
which must reassociate at the RNA level for spligingans It g
will be of interest to learn if such constraints play a role in the
evolution of group Il intron structure in plant mitochondria. 21
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