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RNA editing in organelles of angiosperm plants results in alteration of Cs to Us in transcripts. In most
editing sites analyzed in vitro or in vivo, sequences within approximately 30 nucleotides (nt) 5’ and 10 nt 3’ of
the edited C have been found to be required for selection of the correct C editing target and for editing
efficiency, but no consensus sequences have been identified. The effect of high-level expression of two different
minigenes carrying either the rpoB-2 or the ndhF-2 editing site on editing was determined for all 31 known
edited Cs in two transgenic tobacco lines. The editing efficiencies of both the corresponding rpoB and ndhF
editing sites in the endogenous genes’ transcripts and in several other genes’ transcripts were reduced in the
chloroplast transgenic plants. Conserved nucleotides could be identified in the sequences immediately 5’ of
each overexpressed editing site and in the sites in the additional genes that experienced a competition effect,
though the conserved nucleotides differ 5’ of rpoB-2 and 5’ of ndhF-2. Inspection of sequences surrounding
chloroplast and mitochondrial editing sites reveals that they can be grouped into clusters which carry
conserved nucleotides within 30 nt 5’ of the C target of editing. The data are consistent with a model in which
the same frans factor recognizes several chloroplast or mitochondrial editing sites, depending on the particular

sequence 5’ of the edited C.

Transcripts of vascular plant chloroplast and mitochondrial
genomes are modified by C-to-U RNA editing (3, 10, 17, 26,
29). Angiosperm chloroplasts typically contain 25 to 31 known
editing sites (28), while 441 sites have been detected in mito-
chondria of Arabidopsis, the only vascular plant with a mito-
chondrial genome that has been completely sequenced (11).
RNA editing in angiosperm chloroplasts usually results in al-
terations of the second codon position in coding regions,
changing predicted amino acids (28). Mitochondria exhibit
predominantly coding-region editing, but editing in noncoding
regions and silent third codon positions is also observed. In
both chloroplasts and mitochondria, there is a preference for a
5" pyrimidine and 3’ purine next to the C target of editing (2).

The requirements for chloroplast transcript editing have
been probed in chloroplasts by introducing transgenes carrying
sequences surrounding editing sites. Such experiments have
established that 16 to 40 nucleotides immediately 5’ and 6 to 20
nucleotides 3’ are critical for editing. The amount of surround-
ing sequence required varies somewhat depending on the par-
ticular editing site. While 21 nucleotides surrounding the psbL
editing site allowed efficient editing, 84 nucleotides surround-
ing two ndhB editing sites did not result in any transgene
transcript editing (4). Though mitochondrial transformation is
not yet possible, similar conclusions can be drawn by examining
naturally occurring mitochondrial genomes which have under-
gone chance recombination events that have placed extra,
truncated fragments of editing genes into coding regions. Anal-
ysis of several such accidental chimeric mitochondrial genes
has revealed that a relatively small region will still undergo
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editing even after moving into completely different surround-
ing sequences (16, 26, 30). Furthermore, when the transferred
sequences exhibit small changes relative to the intact, endog-
enous gene, the Cs in the chimeric transcripts are not edited
(13, 18). The mitochondrial in vivo data are consistent with
results from electroporation of wheat mitochondria with
RNAs carrying various lengths of sequences surrounding the
C259 coxlIlI editing site. For example, editing of C259 in elec-
troporated mitochondria required 16 nucleotides 5’ and 6 nu-
cleotides 3’ of the editing target site (9).

Several lines of evidence have led to the concept that site-
specific frans-acting factors exist for each individual editing
site. Foremost among these was the discovery that high-level
expression of a transgenic RNA containing a psbL editing site
resulted in decrease in editing of the C in the endogenous psbL
transcripts but not in decreased editing in four other sites that
were assayed (7). Furthermore, inspection of the sequences
immediately surrounding C targets of editing has not revealed
any obvious consensus. Because of the large number of editing
sites in mitochondria, and by analogy to trypanosome editing,
the existence of guide RNAs for specific editing site recogni-
tion has been hypothesized. However, efforts to detect guide
RNASs biochemically (unpublished data) and genetically (5)
have not been successful. Furthermore, data from a chloroplast
in vitro editing system implicate protein trans factors rather
than RNA factors (15). Taken together, this information sug-
gests that more than 400 proteins would be required for edit-
ing-site recognition in plant organelles, if each site is indepen-
dent. Because editing occurs in an albino mutant lacking
chloroplast ribosomes, the editing apparatus is thought to be
nucleus encoded (33).

We decided to reinvestigate the question of independence of
editing at different sites in chloroplasts. We have previously
reported the construction of chloroplast-transgenic plants car-



TABLE 1. Oligonucleotides used

Name Sequence (5'-3") Purpose’
FAtpA GAAAGGGGAGCGATGGAATACAC PCR, atpA-1 and -2, 5’
RAtpA TTGAATAGGTCGGCGGATAAGAAG PCR, atpA-1 and -2, 3’
AtpA-1(T) ATCGTGAACGACACACTTTAATCATTTATGATGAT PPE, atpA-1
AtpA-2(A) GAGACATTTGGCGATAAGCTTGCGCTTG PPE, atpA-2
FATPF GCCATCTGCCGGGAGTTTC PCR, atpF-1, 5’
RATPF CGCCCTTTGCTGTTCAAACTG PCR, atpF-1, 3’
AtpF-1(T) TTCGGGTTTAATACCGATATTTTAGCAACAAAT PPE, atpF-1
FndhA2 AGCAGATGGGACAAAACTACTT PCR, ndhA-2, 5’
RndhA2 CCAACGGGAGCAATACTT PCR, ndhA-2, 3’
NdhA-2(G) GGCTAGAACAAGGTGATCACCAAAAGGAAT PPE, ndhA-2
FndhAS ATTTGGTTTATTTTACATTG PCR, ndhA-5, 5’
RndhAS5 TTACAGTGAAAGAAGTTGG PCR, ndhA-5, 3’
NdhA-5(T) TATTTCTCTAGGTAATCTATTATTGACAACCTCGT PPE, ndhA-5
FndhB1 TTTTTGGCCTAATTCTTCTTCTGA PCR, ndhB-1 and -2, 5’
RndhB1 TTGCCCCACCCATGAGTAAATA PCR, ndhB-1 and -2, 3’
NdhB-1(G) GAAATATAACCAAGGTATATCTTTTTGATCAGAGG PPE, ndhB-1
NdhB-2(A) ATCCAGATAATAGGTAGGAGCATAAACTGAAACAT PPE, ndhB-2
FndhB2 TACGGTCTAATGAGGCTACTA PCR, ndhB-3, -4, -6, -7, -8, and -9, 5’
RndhB2 TCCCAATATCATGCTAAGAA PCR, ndhB-3, -4, -6, -7, -8, and -9, 3’
NdhB-3(G) CCCCGGATGAACCATATAGCCAAGAGA PPE, ndhB-3
NdhB-4(G) TTCTTGAAGCTCAATCTCTCCCCCGG PPE, ndhB-4
NdhB-6(T) TCATTACCGTAGGAATTGGGTTCAAGCTTT PPE, ndhB-6
NdhB-7(C) GGGTTCAAGCTTTCCCCAGCCCC PPE, ndhB-7
NdhB-§(C) GTTGCTTTTCTTTCTGTTACTTCGAAAGTAGCTGC PPE, ndhB-8
NdhB-9(G) TGAGAAATAAAAAGGAATATCGAAAATTCGAGTGG PPE, ndhB-9
FndhB3 TCTTTAGCCCTATGTCTCTTATCC PCR, ndhB-10, 5’
RndhB3 GGCTATCCTGAGCAATTGCA PCR, ndhB-10, 3’
NdhB-10(A) CTGAGCAATTGCAATAATTGGGTTCATTGATA PPE, ndhB-10
FndhD AATATTTTGAGCACGGGTTTTTA PCR, ndhD-1 and -2, 5’
RndhD TGTGCTTCTCCATGGGTATCTG PCR, ndhD-1 and -2, 3’
NdhD-1(G) TTGGAAAAACTACAATTATTGTTAACCAAGGAAAA PPE, ndhD-1
NdhD-2(G) ATGATGAAAAAAAGTAAAAGGTCCCGAGACG PPE, ndhD-2
FndhF ATGTTAATAGGAGCGGGACTTT PCR, ndhF-2, 5’
RndhF TGGGCGGATTTAGCAACT PCR, ndhF-2, 3’
NdhF-2(T) GATCGACCCACTTACTTCTATTATGT PPE, ndhF-2
FpetB GTCGGCAAGTATGATGGTCCTA PCR, petB-1, 5’

RpetB CTATAAAGGCCCAGAAATACCT PCR, petB-1, 3’
PetB-1(A) CTATAAAGGCCCAGAAATACCTTGTTTACGTATCA PPE, petB-1
FpsbE ATTCGATACTGGGTCATTCATAGC PCR, psbE-1, 5’
RpsbE CTAAAACGATCTACTAAATTCATCGAG PCR, psbE-1, 3’
PsbE-1(G) CTAAAACGATCTACTAAATTCATCGAGTTGTTCCAAAG PPE, psbE-1
FpsbL TACCGTCTTTTTTTTGGGATC PCR, psbL-1, 5’
RpsbL ATTTTGTTCGTTCGGGTTTGA PCR, psbL-1, 3’
PsbL-1(G) AACATTTTGTTCGTTCGGGTTTGATTGTGT PPE, psbL-1
Frpl20 AGAGATTTTCGTCGTTTGTG PCR, rpl20-1, 5’
Rrpl20 ATTATTCTGGTGGATTCTTTC PCR, rpl20-1, 3’
Rpl20-1(G) TATGATTTCGTTCGAAATCATATAAAGACAATTCC PPE, rpl20-1
FrpoA GCTGTATTCATGCCTGTTCG PCR, rpoA-1, 5’
RrpoA AATGCCCAATATCCGTTTTAC PCR, rpoA-1, 3’
RpoA-1(G) GACATTTTGAGGCAATTATAGATCCTGGAAGG PPE, rpoA-1
FrpoB1 GATAAAGGAAAGAGATGCTGTGTA PCR, rpoB-1, -2, and -3, 5’
RrpoBl1 TGTTCTGGGGTATATCAAGGTTC PCR, rpoB-1, -2, and -3, 3’
RpoB-1(G) ATTTGATTGATCACAATTCTATATATTCCATTGAC PPE, rpoB-1
RpoB-2(C) GGCACCATAATATCAGATTGGGGAGGAAG PPE, rpoB-2
RpoB-3(G) CTCTAGAATTTCTCTTAGATTCAAACCCATAGCTG PPE, rpoB-3
FrpoB2 ACTCCAGGTTCCTCGGGGTAAA PCR, rpoB-6, 5’
RrpoB2 TTGCGGAGTAAATGGGCTTCTAA PCR, rpoB-6, 3’
RpoB-6(G) ATCTTCATATACCAAACGCTCGCTAATAAGTACTG PPE, rpoB-6
FrpoCl1 CATCAACAGCTCCGAATTGGA PCR, rpoCl-1, 5’
RrpoCl1 TATGGGCCTAGCAAAAGAAAAATC PCR, rpoCl-1, 3’
RpoC1-1(G) AGTGGCCCAAGCACTTATTTGTTGAGGAG PPE, rpoCl1-1
FrpoC2 AAAAATGGACCGCCCCTCAAA PCR, rpoC2-2, 5'
RrpoC2 GCGCCCCATTCGTTCTGCT PCR, rpoC2-2, 3'
RpoC2-2(G) GCTCGCAACAATCCAATAAGTTCTCCGGG PPE, rpoC2-2
Frps2 AAGAGATGATGGAGGCAGGAGTTC PCR, rps2-1, 5’
Rrps2 CTTTTCGGGAGACGGTTGAGT PCR, rps2-1, 3’
Rps2-1(G) CGGGCCCTTATTGCAGCCCACT PPE, rps2-1
Frps14 CAGAGGGAGAAGAAGAGGC PCR, rps14-1 and -2, 5'
Rrpsl4 GCTCCTGGCAACAAACAT PCR, rps14-1 and -2, 3’
Rps14-1(C) GGAACAGAAATATCATTCGATTCGTCGATCC PPE, rps14-1
Rps14-2(A) CGATGAAGGCGTGTAGGTGCACTATTCC PPE, rps14-2
Fatp9 GCGGGAGCTGCTATCGGTATT PCR, atp9, 5'
Ratp9 ATCAAAAAGGCCATCATTAGG PCR, atp9, 3’
Atp9(C) GCGGGAGCTGCTATCGGTATTGGAAAC PPE, atp9 27-C3
Fnad3 CCAGCAAGGAGGGGAAGAACC PCR, nad3, 5’
Rnad3 ACCGGAAGGATCGAAACCACATT PCR, nad3, 3’
Nad3(A) AAGGAAGACCGAGTGGGAGCAAAGAAACTA PPE, nad3 15-C2
Frpll6 TCAACCGAGGAACAAAACAAGAT PCR, rpll6, 5’
Rrpll6 ACGATGGAAGTGCCCGATTAT PCR, rpll6, 3’
Rpl16(C) CCTGCGGAAGTATCTACTCGTTACGGAATC PPE, rpll6 13-C1
PPrrn2 AATACGAAGCGCTTGGATACAGTTGTAGGGA PCR, transgene, 5’
Trpsl6a3.1 CTACCCCCCTTTTTGTATTTCCTTAATTTATTTCC PCR, transgene, 3’

“ PCR, oligonucleotides used to amplify fragments containing editing sites; PPE, oligonucleotides used in PPE.
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TABLE 2. RNA editing sites in tobacco chloroplasts

Site Position” Codon® Amino acid
change

atpA-1 791 cCc PtoL
atpA-2 795 ucC None (S to S)
atpF-1 92 cCa PtoL
ndhA-2 341 uCa StoL
ndhA-5 1073 uCc StoF
ndhB-1 149 uCa StoL
ndhB-2 467 cCa PtoL
ndhB-3 586 Cau HtoY
ndhB-4 611 uCa StoL
ndhB-6 737 cCa PtoL
ndhB-7 746 uCu StoF
ndhB-8 830 uCa StoL
ndhB-9 836 uCa StoL
ndhB-10 1481 cCa PtoL
ndhD-1 2 aCg TtoM
ndhD-2 383 uCa StoL
ndhF-2 290 uCa StoL
petB-1 611 cCa PtoL
psbE-1 214 Ccu PtoS
psbL-1 2 aCg TtoM
rpl20-1 308 uCa StoL
rpoA-1 830 uCa StoL
rpoB-1 338 uCu StoF
rpoB-2 473 uCa StoL
rpoB-3 551 uCa StoL
rpoB-6 2000 uCu StoF
rpoCl1-1 62 uCa StoL
rpoC2-2 3743 uCa StoL
rps2-1 248 uCa StoL
rpsl4-1 80 uCa StoL
rpsl4-2 149 cCa PtoL

“ Position (in nucleotides) is from the A of the initiator codon. Data are from
the work of Tsudzuki et al. (28).
® Edited nucleotides are in capitals.

rying sequences surrounding either an rpoB editing site and or
an ndhF editing site (21, 22). Recently, we developed a sensi-
tive and reliable poisoned primer extension (PPE) assay for the
extent of plant organelle RNA editing (20). We examined the
extent of editing in the 31 known tobacco chloroplast editing
sites in two different tobacco lines that were homoplastomic for
either an introduced rpoB or ndhF transgene. Contrary to the
theory of independent editing, we discovered that high-level
expression of each gene reduced editing at certain other sites.
When we compared the sequences surrounding the introduced
sites with sequences around the sites where editing was im-
paired, we could detect conserved elements immediately 5" of
the C target of editing. Our data are consistent with the sharing
of editing trans factors in chloroplasts, and we propose that an
analogous mechanism occurs in mitochondria, where similar
putative cis elements can also be detected 5’ of edited Cs.

MATERIALS AND METHODS

Plant material. Tobacco plants (Nicotiana tabacum cv. Petit Havana) were
grown under sterile conditions on MS-agar medium (19) containing 30 g of
sucrose per liter. The transplastomic plants used in this study were described
previously (21, 22).

RNA extraction, cDNA synthesis, and PCR. Total RNA was extracted with an
RNeasy plant minikit (Qiagen) and treated with a DNA-free kit (Ambion).
DNA-free RNA (1.5 pg) was reverse transcribed for 1 h at 37°C with an Om-
niscript kit (Qiagen) using random hexamers. cDNA samples were amplified by
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a standard protocol (5 min at 94°C followed by 40 cycles of 94°C for 30 s, 50 to
55°C for 30 s, and 72°C for 1 min) in a PTC-200 thermal cycler (MJ Research).

Cloning. PCR and RT-PCR products were cloned in the pCR2.1-TOPO vector
(Invitrogen).

PPE. PPE of RT-PCR products and determination of editing efficiency were
conducted as previously described (20).

Primers. Primers used for PCR and PPE are listed in Table 1.

Sequences. Information about the location of edited Cs is available in the
works of Maier et al. (17) and Tsudzuki et al. (28).

RESULTS

Editing efficiency in wild-type tobacco leaf chloroplasts. To
date, 31 C-to-U editing sites have been found on the tobacco
chloroplast genome. These sites are distributed on transcripts
of 16 different genes. Table 2 lists all the editing sites using the
nomenclature proposed by Tsudzuki et al. (28), which allows
comparison between species.

The editing efficiency of all editing sites was determined on
transcripts isolated from leaves of 1-month-old tobacco plants
(cv. Petit Havana). We used PPE to quantify the editing extent
of each site. A minimum of two PPE assays were performed for
each site, and a minimum of two different RNA preparations
were assayed. No error bars are shown in Fig. 2 because the
variations between samples and assays were very small, usually
1 to 2% and in no case greater than 5%.

Like atpF-1 in Fig. 1, most sites are nearly fully edited in
young tobacco leaves (Fig. 2). Some are edited at 80 to 90%
(ndhF-2, psbL-1, rpoB-1, rpoB-2, and rpoC2-2), and five sites
are clearly partially edited (atpA-2, ndhA-2, ndhD-1, rpl20-1,
and rpoA-1). The lowest editing efficiency was found in atpA-2
and ndhD-1, which are edited at only 35 and 34%, respectively,
in leaves of these plants. Editing at the atpA-2 site is silent,
resulting in no change in the encoded amino acid. Low editing
efficiencies of silent sites have also been observed in plant
mitochondria (31). The low editing extent of ndhD transcripts
means that the majority of ndhD transcripts are likely to be
nontranslatable, as editing of the ndhD-1 site creates an AUG
start codon.

Editing efficiency in transplastomic tobacco lines. Trans-
plastomic plants carrying sequences surrounding rpoB-2 or
ndhF-2 as an additional copy in the plastid genome with an
intact endogenous gene were previously generated (21, 22) and
selected on antibiotic medium until homoplastomic. rpoB-2
tobacco carries a 92-nucleotide sequence from maize homol-
ogous to tobacco rpoB-2 (from —31 to +60); ndhF-2 tobacco
carries a 35-nucleotide (from —27 to +7) sequence surround-
ing ndhF-2.

We previously reported that the minigenes in these lines are
expressed at extremely high levels in comparison with the en-
dogenous gene and that the editing efficiencies of the endog-
enous rpoB-2 and ndhF-2 sites were reduced (21, 22). When
we analyzed 31 C-to-U editing sites, 23 showed no variation in
editing extent in transplastomic lines compared to the wild-
type tobacco, such as atpF-1 in Fig. 1. All the other sites
exhibited an editing defect in one or the other of the two
transplastomic lines, such as psbL-1 in Fig. 3.

Five sites are less edited in rpoB-2 plants than in wild-type
tobacco (Fig. 4A). In addition to a decrease in the editing level
of the endogenous rpoB-2 (89 to 43%), a large reduction was
also detected for psbL-1 (92 to 33%) and rps14-1 (92 to 54%).
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A atpF-1 editing site
CorT NextT
RT-PCR 5°'—»3" TAGCAACAAATCQ TRAATCTA
AtpF-1(T)33 b TAGCAACAAAT
Edited 35 b TAGCAACAAAT(
Unedited 38b  TAGCAACAAATCCRAT*
RT-PCR 3—5" ATCGTTGTTTA TATTTAGAT
B
0 g ¢ pH rpoB-2 ndhF-2
Unedited C — pa—
Edited T — -——— - - —

AtpF-1(T) — ‘mu-‘----ﬂ

FIG. 1. PPE assay of atpF-1. (A) PPE was performed on a site-
specific RT-PCR product from a radiolabeled oligonucleotide. (A) Se-
quence surrounding atpF-1 and the 3’ part of atpF-1(T), the oligonu-
cleotide used in this reaction. The primer extension is poisoned by
dideoxynucleoside triphosphate incorporation, in this case a ddTTP
(T*). When the site is edited, atpF-1(T) is extended only to the editing
site, producing an extended oligonucleotide of 35 bases (b). When the
site is not edited, the cDNA does not contain a T at the editing site, so
atpF-1(T) is extended to the next T, producing a primer of 38 bases.
(B) Separation on sequencing gel and phosphorimager exposure of the
primer extension products. Lanes: pH, PPE from leaf extracts of wild-
type tobacco; rpoB-2 and ndhF-2, PPE with transplastomic plants
overexpressing rpoB-2 or ndhF-2; 0, PPE without template (this indi-
cates the size of the radiolabeled oligonucleotide); g, PPE with a
cloned unedited (genomic) PCR product; ¢, PPE with a cloned edited
RT-PCR product.

A weaker effect was observed for rpoA-1 (67 to 59%) and
rpoB-1 (84 to 74%).

Overexpression of ndhF-2 minigenes leads to a decrease in
editing efficiency of three sites (Fig. 4B). The endogenous
ndhF-2 editing level was reduced from 91 to 67%, editing of
ndhB-3 decreased from 96 to 66%, and editing of ndhD-1
decreased from 34 to 9%. Thus, we observed a competition
effect at sites other than the endogenous site that carried
sequences identical to the transgene.

Identification of conserved sequences upstream of editing
sites. By analyzing the sequences surrounding the editing sites
for which we observed a competition effect, we found con-
served sequences that were absent in all other sites (Fig. 5).
The —27/+7 sequence surrounding ndhF-2 present in the
minigene is sufficient for the transgene transcripts to be edited
at the usual C and for a competition effect to exist with ndhB-3
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and ndhD-1. A block of eight nucleotides was found to be
identical in the upstream sequence of ndhF-2 and ndhB-3, and
six of these eight nucleotides were also present 5’ of ndhD-1.
This conserved block, CUUxUxUU, could be a cis-acting ele-
ment required for recognition by a factor operating at all three
sites.

Likewise, we were able to detect sequence similarities be-
tween rpoB-2 and the sequences surrounding the four editing
sites affected by overexpression of the —31/+60 rpoB-2 se-
quence (Fig. 5). Interestingly, one of the conserved nucleotides
is an A at —20 that we previously reported to be important in
editing of a minigene carrying —20/+6 rpoB-2 sequences.
Transcripts of a —20/+6 rpoB-2 minigene are edited at 20%
efficiency, but transcripts of a minigene in which the —20 A is
replaced with T are not edited (23). As in the ndhF-2 cluster,
the spacing of the conserved nucleotides varies between edit-
ing sites (Fig. 5). The five sequences all exhibit either an A or
U immediately preceding the C target of editing (Fig. 5). Pre-
viously, Chaudhuri et al. (8) reported that altering the psbL-1
A to Cresulted in loss of editing; perhaps either an A or U is
required at this position (Fig. 5).

Similarities in the upstream sequences of other editing sites
of tobacco chloroplast genome can also be detected. Clusters
of two or three sequences emerge from alignments (Fig. 6A).
For instance, a block of eight conserved residues, AAUUG
GAU, is located in the nearest 5" neighborhood of ndhD-2 and
rpoCl1-1; atpA-2 and ndhA-5 share a block of eight nucleotides
out of nine in the 5’ vicinity of the C. To determine whether
such editing-site sequence clusters might also exist in a mono-
cot, we examined the sequences surrounding the 27 editing
sites of the maize chloroplast genome. Clusters of two or three
sites sharing some putative elements can be formed (Fig. 6B).
A striking block of nine nucleotides, AAGUAGCUG, was
found in the upstream sequence of atpA-3, ndhB-8, and
rpl20-1.

If the conserved nucleotides upstream of C targets of editing
are important for editing-site recognition in one species, then
their presence should be nonessential in a species that has a
genomic T rather than a C at the site. We show two compar-
isons of sequences surrounding edited Cs in tobacco that are
not edited in Arabidopsis due to the presence of a genomic T.
In both rpoB-2 and psbL-1, a conserved nucleotide present in
a tobacco editing-site cluster is not conserved in the unedited
Arabidopsis transcript (Fig. 6C). However, when editing occurs
in both Arabidopsis and tobacco, the conserved nucleotides are
present in both species. The conserved nucleotide sequences
upstream of ndhF-2, ndhB-3, and ndhD-1 exist in both tobacco
(Fig. 5) and Arabidopsis (Fig. 6C), indicating that this is a
conserved editing-site cluster in these two dicots.

Comparison of 5’ sequences between chloroplasts and mi-
tochondria. We wondered whether an analogous situation
might exist in mitochondria, in which multiple sites share cis
elements and therefore possibly recognition factors. We con-
sidered whether mitochondrial sites might exhibit some of the
same putative 5’ elements and therefore possibly be recog-
nized by a nucleus-encoded factor targeted to both organelles.
We compared sequence data available in the tobacco and
closely related petunia genera and discovered that elements
similar to those found in the rpoB-2 site could be detected in
several mitochondrial genes (Fig. 7).
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FIG. 2. Editing extent of 31 sites in young green leaf chloroplasts of wild-type tobacco. The editing percentage was determined for PPE
products by quantifying the radioactivity associated with edited and unedited sites (ImageQuant software). The x axis represents the 31 editing sites

listed in Table 2.

If the same factor is dually targeted to both organelles, then
overexpression in chloroplasts would not be expected to affect
editing in mitochondria, unless some feedback mechanism
causes enhanced distribution of the factor to the transgenic
chloroplasts or alters synthesis of the factor. To investigate this
possibility, we assayed editing of three sites in mitochondrial
transcripts of atp9, rpl16, and nad3 in the chloroplast trans-
genic plants carrying the rpoB-2 minigene. These three sites
carry elements similar to those present in the rpoB-2 compe-
tition cluster (Fig. 7). Nevertheless, the extent of editing was
similar in the mitochondria from the wild type and the rpoB-2
transformants (Fig. 8).

DISCUSSION

When editing of a large number of edited Cs was discovered
in plant mitochondria, there was speculation as to whether
editing factors specific to each individual editing site exist or
whether several editing sites that exhibit limited sequence sim-
ilarity might be recognized by a single factor, such as a guide
RNA (12). Unfortunately, this possibility has not been testable
in plant mitochondria because of the absence of mitochondrial
transformation methods and the lack of a reliable extract ca-
pable of supporting editing in vitro. In chloroplasts, because
overexpression of a single editing site in transgenic plants was
observed to affect only the editing extent of the homologous
gene’s transcripts (7), it has become generally accepted that
there is a single factor for each chloroplast editing site. How-
ever, previous studies were incomplete in that they examined
editing of only a few endogenous genes’ transcripts in addition
to the transcripts of the chloroplast gene homologous to the
overexpressed transgene. Our finding that high-level expres-
sion of one editing site decreases editing at several other sites
favors the hypothesis of families of editing sites in plant or-

ganelles. Based on cross-competition, it is likely that one ed-
iting factor is responsible for recognition of several sites,
though our data do not exclude the possibility that particular
editing factors exist that operate only on a single site. Binding
of chloroplast proteins to 5’ untranslated regions also exhib-
ited cross-competition when assayed in gel shift experiments
(24). Thus, the action of RNA-binding proteins on multiple
sequences may not be unusual in plant organelle gene regula-
tion.

Sharing of frans factors may help explain how new editing
sites evolve. How an editing apparatus could arise that would
permit editing of many hundreds of plant mitochondrial edit-
ing sites has particularly been puzzling. If one factor is respon-
sible for multiple chloroplast and/or mitochondrial editing
sites, models for evolution of editing are more readily formu-
lated. If each of the nine putative editing-site clusters shown in
Fig. 5 and 6 is recognized by one factor per cluster, then we
need to invoke the existence of only nine chloroplast editing
factors rather than the 20 factors predicted by the one-factor-
per-site independent-editing model. The number of required
mitochondrial editing recognition factors could also be greatly
reduced by action of the same factor on multiple sites. In
addition to the gene cluster shown in Fig. 7, a number of other
groups of mitochondrial sequences with some conserved 5’
elements can be detected by sequence inspection (data not
shown).

The similarities between chloroplast and mitochondrial sites
suggests one scenario for the evolution of new editing sites. If
an editing site, recognized by a nucleus-encoded factor, has
arisen in the mitochondrion, a low level of mistargeting could
allow some of the protein to enter the chloroplast. If the
editing factor by chance recognizes a chloroplast sequence, a
T-to-C mutation could then be tolerated as a result of a low
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A Editing site psbL-1
adaravicacaccaaTCAAA 5'—3’RT-PCR
GTGGTTAGTTT psbL-1(G) 30 b
AGCTGTGGTTAGTTT Unedited 33 b
TWGATTICTGTGGTTAGTTT Edited 36 b
TCﬁw ﬂCTGTGGTTAGTTT 3'—5'RT-PCR

Next G G (if not edited)

B

0 g ¢ pH rpoB-2 ndhF-2

Edited T —— & “.
T -
Unedited C—— . '

PsbL-1(G) — -

——

FIG. 3. Alteration of editing in transplastomic tobacco, determined
by PPE assay of psbL-1. (A). Sequence surrounding psbL-1 and the 3’
part of psbL-1(G), the oligonucleotide used in this PPE. PPE is per-
formed on a ¢cDNA amplified with primers flanking psbL-1 from ra-
diolabeled psbL-1(G). The primer extension is poisoned in this case by
ddGTP (G*) incorporation. When the site is not edited, psbL-1(G) is
extended only to the editing site, producing an extended oligonucleo-
tide of 33 bases (b). When the site is edited, the complementary strand
of the cDNA contains an A at the editing site, so psbL-1(G) is ex-
tended to the next G, producing a primer of 36 bases. (B). Separation
on sequencing gel and phosphorimager exposure of the primer exten-
sion products. Lanes: pH, PPE with leaf extracts of wild-type tobacco;
rpoB-2 and ndhF-2, PPE with transplastomic plants overexpressing
rpoB-2 or ndhF-2; 0, PPE without template (this indicates the size of
the radiolabeled oligonucleotide); g, PPE with a cloned unedited
(genomic) PCR product; ¢, PPE with a cloned edited RT-PCR prod-
uct.

level of editing by the dually targeted factor. Selection pressure
to optimize editing efficiency could then result in further alter-
ation of the cis-acting chloroplast elements or in the nucleus-
encoded factor. Similarly, a chloroplast editing factor might
“leak” into the mitochondrion and result in recognition of new
editing sites. Likewise, within the same organelle, once an
editing factor recognizes one site, either DNA mutations at
other sites near potential C targets of editing could allow
recognition of new sites, or chance similarities could result in
editing at multiple sites.

Though we observed that excess rpoB-2 causes a significant
reduction in psbL-1 editing, when Chaudhuri et al. (7) over-
expressed psbL-1 in transgenic tobacco, using the same mini-
gene regulatory sequences, they did not detect any effect on
editing of rpoB-2. There are several possible reasons for this
discrepancy. First, Chaudhuri et al. did not provide data as-
sessing the degree of homoplasmicity of the transgenic plants
they examined. If their plants contained a mixture of trans-
formed and untransformed chloroplasts, reduction in rpoB-2
editing may not have been detectable because the wild-type
chloroplasts present would have normal, high levels of rpoB-2
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FIG. 4. Competition effect. Overexpression of the rpoB-2 (A) or
ndhF-2 (B) minigene induced a decrease in editing level in endoge-
nous rpoB-2, rps14-1, psbL-1, rpoB-1, and rpoA-1 (A) and in endog-
enous ndhF-2, ndhB-3, and ndhD-1 (B).

editing. Second, the method Chaudhuri et al. used to examine
rpoB-2 editing was bulk sequencing of amplified cDNAs, a
technique less accurate than the PPE method we employed.
Third, it is possible that a frans factor that recognizes both

NtndhF-2 ACCCACUUACUUCUAUUAUGU. . CAAUAUU
NindhB-3  GCAAGCU. . ATUCUGGUUCAUGGUU
NtndhD-1 ~ AAGUGUAU. '

. 8
ZmrpoB-2 AUCAG. . . AUUGGGGA £33
NirpoB-2  AUCAG. . .AUUGGGGAGGA.AGAUCAGRAUU  |F] &
NipsbL-1 AUCCGA..AUUAUA...GA.GCUACGACACA |3 §
Nirpsl4-1  AUCAUUCGAUUCGUC. .GA.UCCUCARAGAA IS
NirpoA-1  AUCG. .. .AUUUUUAUUGACCAAUCAGAAUU a s
NupoB-1 ~ AUgA. .. .AUUCCCUGGGA.ACUUCURUAGU |G <

FIG. 5. Putative cis-acting elements conserved in the upstream se-
quence of the editing sites showing a competition effect. Sites in bold
are those introduced into the tobacco chloroplast genome. Gaps were
added in the alignments to show similarity. Bold letters represent
conserved nucleotides. Blocks of conserved nucleotides are shaded.
Large capital Cs show C targets of editing. Nt, N. tabacum; Zm, Zea
mays.
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NtndhD-2
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NtndhA-5
NtatpA-2

JCUABUAUDGACAA . ccUCGUCCCAACUU
UC . AUBUAUGAUGAUCCCUC . CAAACAAG

NtatpA-1
NtpetB-1
NtatpF-1

Nitrps2-1
NtrpoB-3

NtndhB-2
NtndhA-2

Nitrpl20-1
NtndhB-1

UAAARUACUUGCACANAUAGCUAUAUCAAAUAGGAAU
ICUBCUUCUGAUGAUCCAUBCAACCUCUGAU

Ntrps14-2
NtndhB-6

B
ZmrpoB-2
Zmrps14-1

ZmatpA-3
ZmndhB-8
Zmrpl20-1

Zmycf3-2
ZmndhF-1

CGARRUUTUCUUGUCBUTCE . CGARUGCUAAG
ACUUGGGUUCAAG | cyuneecCaGCCccuuuu

ZmrpoB-5
ZmndhB-6

C

AtndhF-2 GAUCCACUUACUUCUAUVAUGU . . CAAUAUUA
AmndhB-3 GGGGCAAGCUCHICUAUUCUGGUUCAUGGUUU
AtndhD-1 CCUGGUGUAUCUUgUCUHUACCA . CGAAUGAU

Nirps14-1
Atrps14-1

CAUUCGAUUCGUCGAUCCUCAAAGAA

NtrpoB-2

AtrpoB-2  AUCAGAUUGGGGAGGCAGGUUAGAAUU

AUCCGAAUUAUAGAGCUACGACACAAUCAA
AGUUCAAUUAUAGAGCUAUGACACAAUCAA

NtpsbL-1
AtpsbL-1

FIG. 6. Chloroplast editing sites in tobacco (Nt) (A) and in maize
(Zm) (B) sharing short sequences in their upstream regions. (C) Sim-
ilarities and differences in sequences upstream of edited Cs in tobacco
and the corresponding C or T in Arabidopsis thaliana (At). Gaps were
introduced in the alignments to show similar sequences. Bold letters
represent conserved nucleotides, and blocks of conserved nucleotides
are shaded. Large capital Cs show C targets of editing.

psbL-1 and rpoB-2 has higher affinity for the rpoB-2 site, so
that rpoB-2 is preferentially edited with respect to psbL-1
despite the presence of excess psbL-1 editing sites in transgenic
chloroplasts.
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NtndhF-2 CUUACUUCUAUUAUGU. ......... Caau
Phatp6 171-C1 GAAACUYaUAUUUCUCAUUCACAAAUCCAU

ZmrpoB-2
Nsnad3 15-C2
Phnad1 300-C2

AUCAG. . .AUUGGGGAGGAAGGU . . CGGA

AUCU. . . .AUUUAGU. .GAUCAGUCCGCU

AUCA. . . .AUUAAUGG. GACUUGGCCGGA

Ntatp9 27-C3 28-Cl AUCGGU . .AUTG. . . . . gaaaccuCCuua

Phrpl16 13-C1 AUCUACUCQUUACG. . .GAAUCU. . CAGG

PhcoxII-2 154-C2 AGg. . ... %;A}UU\CCAGAAJ AUGAUC . CAGA
¥

FIG. 7. Mitochondrial editing sites with upstream regions exhibit-
ing similarity to either rpoB-2 or ndhF-2. These editing sites are known
to be edited in tobacco (N. tabacum [Nt]) or in a related species
(Nicotiana sylvestris [Ns]) or genus (Petunia hybrida [Ph]). Mitochon-
drial editing sites are named x-C1, where x represents the codon
position and 1 is the location of the C within the codon. Underlined
sites are those tested for a competition effect. The asterisk in coxII-2
shows the first editing site, 148-C2, of exon 2, which must be edited to
U in order to form the conserved nucleotide. Site names in bold are
those introduced in tobacco chloroplast genome (Zm, Zea mays). Gaps
were introduced in the alignments to illustrate similarities. Bold letters
represent conserved nucleotides, and blocks of conserved nucleotides
are shaded. Large capital Cs show C targets of editing.

The competition effect that we observed at sites other than
rpoB-2 and ndhF-2 allowed us to detect putative cis-acting
editing motifs. Without the functional information that now
allows us to group different editing sites into units, it was not
previously possible to detect conserved nucleotides with any
confidence. Detecting the common elements we describe (Fig.
5) also would have been difficult because of the lack of con-
servation of spacing from the editing site to the conserved
nucleotides. As a result, experiments to test the importance of
particular nucleotides have required guesswork, with no sound
basis for selecting particular nucleotides to be altered for in
vivo or in vitro assays. The conserved sequences in clustered
sites we report here are obvious targets for future mutational
analysis. Nevertheless, the conserved 5’ nucleotides are not the
only ones essential to editing. At some sites, nucleotides 3" of
the edited C have been found to be necessary. For example, in
tobacco psbL, a minigene with sequence from —63 to +10 was
70% edited but a —62/+ 1 minigene transcript was not edited at
all in vivo (7).

A high percentage of AU was observed among the con-
served nucleotides found upstream of target Cs. In tobacco
mRNAs, A and U represent 73% of the conserved residues in
the region 5 of edited Cs. The AT content of the tobacco
genome is 62%, so the presence of 73% AU is significantly
different from the average. Motifs in mRNA recognized by a
variety of RNA binding proteins are often AU rich (6, 32). The
mammalian C-to-U editing enzyme Apobec-1 has been shown
to bind with high affinity to an AU-rich consensus sequence
(1). Furthermore, AU-rich sequences are known to be impor-
tant in chloroplast RNA cleavage and stability (25) and in
chloroplast translation (14).

We were able to detect sequences 5 of several mitochon-
drial genes that are highly similar to the conserved sequences
in the rpoB-2 competition cluster (Fig. 5 and 7). Though we
detected no reduction in mitochondrial editing due to overex-
pression of an editable transcript in the chloroplast, the ques-
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FIG. 8. Editing in mitochondrial sites is not altered in tobacco overexpressing rpoB-2 despite sequence similarities in their upstream sequences.
A PPE assay was performed on atp9 27-C3, rpl16 13-C1, and nad3 15-C2. Lanes: pH PPE with leaf extracts of wild-type tobacco; rpoB-2, PPE with
transplastomic plants overexpressing rpoB-2; 0, PPE without template showing the radiolabeled oligonucleotide (O); g, PPE with a cloned unedited

(C) PCR product; ¢, PPE with a cloned edited (T) RT-PCR product.
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