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Background: Pentatricopeptide repeat (PPR) proteins act at specific RNA-editing sites in plant mitochondria.
Results: Two related PPR proteins with only five repeat units differentially influence RNA editing in pollen and leaves.
Conclusion: Two PPR proteins target the same two sites in RNA editing.
Significance: This is the first report on overlapping specificities of PPR proteins in RNA editing.

The facilitators for specific cytosine-to-uridine RNA-editing
events in plantmitochondria and plastids are pentatricopeptide
repeat (PPR)-containing proteinswith specific additionalC-ter-
minal domains. Here we report the related PPR proteins mito-
chondrial editing factor 8 (MEF8) and MEF8S with only five
such repeats each to be both involved inRNAediting at the same
two sites in mitochondria of Arabidopsis thaliana. Mutants of
MEF8 show diminished editing in leaves but not in pollen,
whereas mutants of the related protein MEF8S show reduced
RNA editing in pollen but not in leaves. OverexpressedMEF8 or
MEF8S both increase editing at the two target sites in a mef8
mutant. Double mutants of MEF8 and MEF8S are not viable
although both identified target sites are in mRNAs for nones-
sential proteins. This suggests that MEF8 andMEF8S may have
other essential functions beyond these two editing sites in com-
plex I mRNAs.

RNA editing in mitochondria of flowering plants changes
400–500 selected cytosines to uridines mostly in coding
regions of mRNAs and some tRNAs (1–3). Specific sequence
contexts in the pre-mRNA act as cis-elements that distinguish
an editing site from a cytosine remaining unedited (4–7). In
Arabidopsis thaliana, these RNA sequences are presumably
recognized by nuclear-encoded specificity factors such asmito-
chondrial editing factor 1 (MEF1),2MEF9,MEF11,MEF14, and
MEF18–MEF22, which are required for correct editing of spe-
cific sites (8–13).
The generally one-to-one relationship between specific cis-

elements in the mitochondrial RNA molecules and individual
trans-factors, the MEF proteins, is most parsimoniously
explained by the MEF proteins acting directly as RNA-binding
proteins. This speculation is supported by the finding that some
MEF proteins are required for editing at several sites that are
preceded by similar cis-elements. Direct investigations of an
analogous plastid RNA-editing factor, the CRR4 protein, have

shown that this protein indeed binds to the specific RNA
sequences at its cognate RNA-editing site (14). Related proteins
involved in RNA processing such as PPR5 and PPR10 (15, 16)
and others of unknown function (17) also bind to specific RNA
sequences or at least contact polyribonucleotides.
The proteins required for specific RNA-editing events in

plastids and in mitochondria, including for example CRR4, the
MEFs, REME1 (18), and OGR1 in rice (19), are all pentatrico-
peptide repeat proteins (PPR proteins). Those identified to date
are characterized by containing three types of repeats that vary
between 31 amino acids in short, 35 in medium, and 37 in long
repeat elements and contain an additional extension (E)
domain. The single exception so far is a PPR protein with only
medium-type repeats andnoC-terminal extension; the absence
of this protein enhances editing at several sites (20). A number
of the mitochondria- and plastid-targeted RNA-editing PPR
proteins are extended beyond the E domain by an additional
approximately 100 amino acids long DYW region with the
name-giving amino acid triplet DYW at the C terminus
whereas others end with the E domain (18, 21–29). Direct
investigations have shown that in some editing proteins, the
DYW domain is essential but can be deleted in others (23, 30,
31). The presence of conserved features of cytidine deaminases
in most DYW domains prompted speculations that these may
contribute the as-yet-unidentified enzymatic activity (32), but
an experimental investigation so far found only an RNA-de-
grading activity (33).
If the RNA-editing factors in the E subclass of the approxi-

mately 450 PPR proteins encoded in the nuclear genome of
Arabidopsis (17, 34–37) indeed interact directly with specific
RNA motifs at their cognate RNA-editing sites, one would
expect that the loss of a given RNA-editing PPR protein would
lead to the loss of editing at these target sites. This is in fact
observed for many of these proteins, suggesting that there are
usually no back-up factors that can substitute these specific
functions (e.g. 8–13, 24, 25). In instances of partial residual
editing in an apparent knockout of a givenMEF protein (9, 12),
another at least partially substituting editing factor must be
postulated, but none has been identified.
We here report the identification of two novel PPR proteins

of the DYW class with fewer PPRs than previously identified
factors. These related MEF8 and MEF8S proteins are involved
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in RNA editing at the same two specific sites in plant
mitochondria.

EXPERIMENTAL PROCEDURES

Plant Material and Preparation of Nucleic Acids—A. thali-
ana seeds of wild type Columbia (Col) and the various mutants
were grown as described (38). DNA or RNA from the leaves of
the A. thaliana plants were prepared by published procedures
(39). For pollen analysis, pollen was collected from flower buds
just prior to their opening by manually opening them inside an
Eppendorf tube. Pollen shaken out attached electrostatically to
the wall of the tube. Usually pollen from seven flowers was
collected. For RNA preparations, lysis buffer from commercial
RNA kits (GE Healthcare) was added, and pollen was frozen
and thawed twice.
Identification of the mef8 Mutants—Mutant mef8-1 was

identified in a screen of a population of ethyl methanesulfonate
(EMS) mutagenized plants by its reduced editing at site nad5-
676 (40–42). In parallel to the mapping of the gene mutated in
this EMS plant, a screen of T-DNA insertion mutants for
altered RNA editing identified site nad5-676 as a target of the
locus At2g25580 (9). This mutant was accordingly named
mef8-2.
Analysis of RNA-editing Sites—Specific cDNA fragments

were generated by RT-PCR amplification following established
protocols (39). The cDNA sequences were compared for
C-to-T differences resulting from RNA editing. Most
sequences were obtained commercially from 4base lab (Reut-
lingen, Germany), LGC Genomics (Berlin, Germany), or from
Macrogen (Seoul, Korea). Evaluation of sequence data was
done by measuring peak heights. Percentages of editing were

obtained as the relationship of the peak height of the T signal to
the sum of the T andC signals at the respective editing site (12).
Stable Transformation of Plants—Plants of the T-DNA

mutant linemef8-2were transformed by floral dip (43) with the
MEF8 orMEF8S wild type Col reading frame under control of
the 35S promoter in vector pMDC123 (44). Transgenic plants
were selected by spraying with Basta�. For the analysis of RNA-
editing levels, the respective cDNA fragments were sequenced,
and relative peak heights were compared (12, 38).

RESULTS

Identification of MEF8 as a Factor of RNA Editing at Site
nad5-676—With the recently developed multiplexed SNaP-
shot approach, 369 annotated editing siteswere probed in 2,000
individuals of a population of EMS mutant plants to directly
find mutants impaired in RNA editing at one or more of the
investigated sites in plant mitochondria (40–42). This screen
for deficiencies in RNAediting at specific sites identified a plant
with reduced editing at sitenad5-676. The homozygousmutant
plant shows editing at this site to be diminished to approxi-
mately 70% in comparison with the wild type Columbia plants
in which this site is altered to 100% from the genomically
encoded C to an U (Fig. 1). The genomic locus responsible for
this reduction was mapped by crosses between the mutant
plants and wild type plants of ecotype Ler to the site annotated
At2g25580. This gene, now named MEF8, encodes the editing
specificity factor MEF8.
To corroborate the connection between the EMSmutant line

(now named mef8-1) and the editing defect, we next analyzed
an independent mutation in MEF8, T-DNA insertion line
SALK_106391 (now named mef8-2), for editing at the target

FIGURE 1. Two independent mutants of the gene for MEF8 show reduced RNA-editing levels at the same site in the mitochondrial nad5 mRNA. The
mef8-1 EMS-induced A. thaliana mutant plant was identified in a cDNA SNaPshot analysis by its lower C-to-U-editing level at the mitochondrial nad5-676
RNA-editing site. Direct sequence analysis shows that the editing level is reduced from 100% in Col wild type plants to approximately 70%. In a second mutant
plant with a T-DNA insertion, mef8-2 (Salk_106391), a stronger reduction to approximately 40% is seen. In contrast, another site in the same mRNA, site
nad5-713, is correctly edited to completion in wild type and in mutant plants. Color traces are C, blue; T, red; G, black; A, green. The lower part shows the predicted
structure of the MEF8 protein. The different types of repeats, the E, E�, and DYW elements, the predicted mitochondrial import sequence, and the unstructured
region (light blue) are color-coded. The location of the EMS point mutation and the resulting change of a glycine-to-an arginine codon in mef8-1 and the
location of the T-DNA insertion in mef8-2 are indicated.

Two RNA-editing Factors Target the Same Sites

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38065



site (Fig. 1). In this plant, editing at site nad5-676 is reduced to
approximately 40%, confirming the involvement of MEF8 in
RNA editing at this site. As a control the closest RNA-editing
site in the same mRNA, site nad5-713 was analyzed (Fig. 1).
This site is edited to apparent completion in both mutants as
well as in WT plants, excluding any secondary influence on
RNA editing by altered turnover or transcription rates and sug-
gests that MEF8 is specifically involved in editing at site
nad5-676.

The difference in residual editing in the twomutants (70 and
40%, respectively) suggests that the function of the mutant
mef8-1 protein is only partially inhibited. Inmutantmef8-2 pre-
sumably no functional MEF8 protein is made, which reduces
the remaining editing activity more strongly. If this scenario is
correct, another factormust be responsible for the 40% remain-
ing editing in mutantmef8-2.
A Second RNA-editing Site Is Targeted by MEF8—Sequence

comparison of the target site nad5-676 in several plant species
shows that this editing event ofA. thaliana is conserved in only
few species such as Brassica napus, whereas most other flower-
ing plants code for a U at this position already in the genome.
The amino acid phenylalanine at this position and the sur-
rounding amino acids in the NAD5 protein are highly con-
served, the only exception being Oenothera berteriana, where
editing at this C has not been observed and a leucine may be
encoded instead. Alternatively, the editing eventmay have been
missed in this plant.
An in silico search of the mitochondrial transcriptome

sequence of A. thaliana with the presumed cis-element of the
nad5-676 target site yields the upstream region of editing site
nad6-95 as the most similar sequence pattern (Fig. 2, upper
part). Investigation of RNA editing at this site indeed shows an
effect in leaves of themef8mutants, editing being reduced from
100% in wild type RNA to approximately 80% inmutantmef8-1
and to about 50% in mutantmef8-2 (Fig. 2, bottom part).
AGene Similar to theMEF8Gene in theArabidopsisGenome—

Theconclusionoutlinedabove that another factorhas tobeable to
compensate at least partially for the loss of MEF8 extends to the
two editing sites, because both target sites show residual editing

even in the T-DNA insertion line mef8-2. In this line the MEF8
protein is presumably disrupted and another factor must provide
the residual activity.Onepossible candidate for suchanalternative
factormight be a proteinwith characteristics similar toMEF8. An
in silico search in A. thaliana for genes encoding proteins similar
to MEF8 identified a genomic locus (At4g32450) that codes for a
protein inwhich overall approximately 25%of the amino acids are
identical, this conservation increasingup to80%similarity in some
repeats (Fig. 3). Three related proteins with structures similar to
the MEF8/MEF8S pair are encoded in the Arabidopsis genome,
the two proteins encoded at loci At2g34370 and At1g29710 form
another pair, and the one encoded at locus At2g15690 is more
distantly related (Fig. 3A).

The MEF8 protein (and these related proteins) is unique in
comparison with the other so far identified PPR proteins
involved in RNA editing in that it contains an extremely
reduced repeat domain with only five repeats (Figs. 1 and 3).
Some of these repeats lack recognizable conservation of the
amino acidmoieties characteristic for PPRs and could therefore
only be delineated by alignment with consensus patterns
including evolutionary far distant species such as Naegleria
(45). Degeneration is also seen in the E�/E� region, including a
�10 residues deletion. The MEF8-like protein ends with the
EYW triplet instead of the highly conserved DYWmotif.
For its high similarity, we renamed this MEF8-like protein

MEF8S. To investigate the potentially similar function of the
MEF8S protein, we analyzed RNA editing at the MEF8 target
sites in a T-DNA insertion mutant of the MEF8S gene locus,
now named mef8s-1 (SALK_047005C; Fig. 4). Disruption of
MEF8S has no detectable effect on processing of these sites in
leaves, because, like in wild type plants, both sites are edited
apparently completely in the steady-state mRNA population.
Furthermore, 369 documented RNA-editing sites analyzed in
leaves of themef8s-1mutant by the SNaPshot procedure are all
edited as in wild type plants.
Complementation of the MEF8 T-DNA Insertion Mutant—

The connection between theMEF8 gene and the reduced RNA
editing at the nad5-676 and nad6-95 target sites was further
assayed by exploring the ability of the WT Col MEF8 and
MEF8S genes to complement the mef8-2 T-DNA insertion
mutant. Transfection of the MEF8 gene into mef8-2 mutant
protoplasts increased RNA editing significantly (data not
shown). Protoplast complementation with the MEF8S gene
also shows a slight increase of RNA editing at both sites that is
however statistically not significant (data not shown).
To investigate this observation further, we stably trans-

formed the mef8-2 T-DNA insertion mutant with either the
MEF8 or theMEF8S gene under control of the 35S promoter to
achieve (relatively) high levels of expression (Fig. 5). In the
transgenic plants, the low levels of RNA editing at the target
sites, nad5-676 and nad6-95, are significantly increased in
leaves by either theMEF8or theMEF8S gene. In both instances,
recovery is better byMEF8 than byMEF8S.
Double Knockout ofMEF8 andMEF8S Is Embryo-lethal—To

further investigate the complementing functions of MEF8 and
MEF8S in editing the two MEF8 target sites, we tried to estab-
lish a double knockout of MEF8 and MEF8S. We crossed the
two homozygous T-DNA insertion lines of MEF8 and MEF8S

FIGURE 2. A second site with a similar cis-sequence is also affected in the
mef8 mutants. The upper part shows an alignment of the nad5-676 target site
with the nad6-95 site with a similar cis-element in the region �25 to �5
relative to the edited C nucleotide (bold C at nucleotide 0). Nucleotides
derived from other editing events are given as bold U, nucleotides identical
between the two sequences are framed. The target editing site is labeled 0.
The lower part shows a cDNA sequence analysis of the second site nad6-95, at
which editing is reduced to approximately 80% in the mef8-1 and to 50% in
the mef8-2 mutant from the nearly 100% editing observed in wild type plants.
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and analyzed the offspring for the presence of themutant genes.
Surprisingly, we did not obtain any viable offspring in repeated
crossings. No seeds developed, and no embryo grew detectably.

This is unexpected because the single mutants mef8-2 and
mef8s-1 do not show any gross abnormalities in their growth
habits. To exclude any problems potentially particular to the
combination of the two homozygous mutant plants, we inves-
tigated the offspring of two different crosses (Fig. 6): For the
first, plants homozygous for mef8-2 and heterozygous for
mef8s-1were generated by crossing the homozygous mutant of
mef8-2 with a plant heterozygous at mef8s-1 and selection of
respective individuals by PCR for the presence of the two
T-DNA insertions. The second plant line was analogously
obtained and is homozygous formef8s-1 and heterozygous for
mef8-2. Both plant lines were selfed, and 160 randomly chosen
individuals, respectively, were screened for offspring homozy-
gous for both mutations. None was identified.
To see if (and if so at what stage) embryo development was

compromised, seed pods of both crosses were analyzed (Fig. 6).
Whereas controlwild type selfings showednearly full pods, eachof
the two crosses revealed approximately 25% aborted seed sites.
The phenotypic appearance is very similar to embryo-lethal
mutants as classified and described in detail (46, 47).

FIGURE 3. Two similar proteins, MEF8 and MEF8S, are encoded in the A. thaliana nuclear genome. A, a similarity tree with the MEF8 and MEF8S protein pair,
three other proteins with related features, and the mitochondrial MEF14, MEF1, and the plastid CRR22 PPR proteins. This comparison shows that the two
proteins encoded by At2g34370 and At1g29710 are closely related to each other and also similar to the MEF8/MEF8S pair. The PPR protein encoded by
At2g15690 likewise has few PPRs and higher primary sequence similarity to these than to other PPR proteins encoded in the Arabidopsis genome. Sequences
were aligned with the Clustal W program in the UniProt database. B, alignment of the schematic structure of the MEF8 and MEF8S PPR proteins encoded by
locus At2g25580 and At4g32450, respectively. The N-terminal amino acid sequences are predicted to contain mitochondrial target peptides (gray) followed by
amino acid stretches with no clear structure (light blue) before the first detectable PPRs. According to their sizes and conserved features, five PPR elements can
be discerned as indicated. Color coding is as described in the legend to Fig. 1. C, percentages of amino acid identity (gray bars) and similarity (black bars)
between the MEF8 and MEF8S proteins are given for each of the repeats, the N-terminal region up to the first repeat and the E, E�, and DYW elements. The high
degree of overall similarity suggests a common evolutionary origin of both genes and also a functional equivalence. D, amino acid alignment of the E, E�, and
DYW elements of the MEF8 and MEF8S proteins with the respective sequences from the three similar proteins and from the editing factors MEF1 (12), MEF14
(11), and CRR22 (55) compared in A shows the gaps in the E domain. The C-terminal DYW triplet is altered to EYW in MEF8S.

FIGURE 4. Editing at the MEF8 target sites is not affected in leaves of a
MEF8S mutant. The top part shows the mef8s-1 mutant with a T-DNA inser-
tion in the open reading frame coding for the N-terminal region predicted as
mitochondrial target sequence of the MEF8S protein. The sequence traces
below show that both MEF8 target sequences are fully edited in leaves of the
homozygous mef8s-1 mutant plants.
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Counterregulated Expression of the MEF8 and MEF8S Genes
in Different Tissues Results in Distinct RNA-editing Phenotypes
in Their Mutants—The Atgenexpress analysis of MEF8 and
MEF8S gene expression patterns shows the overall very low
level of transcription typical forMEF genes throughout the var-
ious tissues and growth conditions 48). The most striking dif-
ferences between the steady-state transcript levels in distinct
tissues between these two similar genes are seen in the floral
organs (Fig. 7A). Whereas the transcript levels of MEF8S are
elevated approximately 3-fold in stamen and pollen, the
amount of steady-state transcripts ofMEF8 is reduced to about
half of the level in other tissues. This observation suggests a
potentially stronger influence ofMEF8S during pollen develop-
ment than that ofMEF8.
To investigate this possibility, we compared the RNA-editing

levels at the two target sites in pollen obtained from nearly
mature but still closed flower buds from the three different
genotypes: wild type plants, plants homozygous formef8-2, and
plants homozygous for mef8s-1 (Fig. 7B). The average level of
editing in pollen from plants without a functional MEF8 gene,
i.e. those homozygous for mef8-2, was similar to that in wild
type plants and hardly affected. On the other hand, pollen from
plants homozygous for mef8s-1 without a functional MEF8S
gene showed reduced levels of editing at both target sites (Fig.
7B).
The comparison of editing in leaves and in pollen shows that

plants homozygous formef8-2 show the phenotype of reduced

editing only in leaves but not in pollen, whereas plants homozy-
gous formef8s-1 have reduced RNA editing in pollen but not in
leaves (Fig. 7B).

Pollen kernels were analyzed for viability by the Alexander
stain. All kernels from both mutants showed a percentage of
positive staining identical to the wild type, suggesting that the
altered mitochondrial RNA editing does not manifest in the
phenotypic appearance and in the viability of the pollen as such.

DISCUSSION

RNA-editing Proteins with a Degenerated PPR Protein
Skeleton—The twoPPRproteinsMEF8 andMEF8S are unusual
in comparison with the previously assigned editing factors of
mitochondria and plastids: both contain very short PPR
domainswith only five PPRs (Fig. 3). The assigned fivemedium,
long, and short elements in MEF8 and MEF8S furthermore
deviate from the characteristic amino acid signature with sev-
eral of the usually conserved residues substituted by unconven-
tional moieties (17, 45, 49, 50). The E domain shows a deletion
of 11 amino acids in MEF8 and of 13 residues in MEF8S in
comparison with the E domain consensus arrangement (Fig.
3D). The adjacent E� region and the following DYW domain
are somewhat better maintained and have retained most con-
served key elements.
Three further proteins with related features of few PPRs, a

shorter E domain and high primary sequence similarity are
present in theArabidopsis genome (Fig. 3). Similar to theMEF8
and MEF8S pair, the two proteins encoded by At2g34370 and
At1g29710 form another pairmore closely related to each other
than to other PPRproteins. The presence of shorter E andDYW
domains in the three MEF8/MEF8S related proteins suggests
that theymay also be involved in RNA editing, but this will have
to be investigated in detail.
MEF8 and MEF8S Proteins with Only Five PPRs Are Site-

specific—The restricted number of PPRs in the MEF8 and
MEF8S proteins raises the question of how this fits with the
current model idea that the PPRs recognize and bind to a spe-
cific RNA sequence on a one-on-one basis, i.e. one repeat ele-
ment attaching to one nucleotide. Precedence for such a con-
nection between �-helical 35-amino acid units and individual
nucleotides is found in several DNA-binding proteins, such as
the TAL regulators (51).

FIGURE 5. Complementation of the T-DNA mutant line mef8-2 by stable transformation with the Col MEF8 or the Col MEF8S gene. Sequence tracings of
the cDNA analysis from stable transformants of the T-DNA mutant line mef8-2 with the Col MEF8 gene or the Col MEF8S gene under control of the 35S promoter
show that both genes increase RNA-editing levels in leaves. The effect of MEF8S is greater at the nad6-95 editing site than at site nad5-676. The bars show data
from two independently derived transgenic plants, the S.D. is indicated.

FIGURE 6. The combination of homozygous disabled mef8 and mef8s
alleles is embryo-lethal. Self-pollinations of plants with either homozygous
mef8-2 and heterozygous mef8s-1 alleles (center panel) or of plants with
homozygous mef8s-1 and heterozygous mef8-2 loci (right panel) show
approximately 25% aborted seeds in the opened siliques (arrows). None of
the approximately 160 plants recovered and analyzed of each cross is
homozygous for both mutant genes. In wild type Col selfings, all seeds
develop normally (left panel). Disabled alleles of the genes indicated are
marked in red, intact alleles in black in the schematic below the photographs.
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With only a maximum of five such repeat units in the MEF8
andMEF8S proteins, even binding of all five repeats to specific
nucleotides would statistically not be sufficient to yield unique
interactions within the transcriptome of the 367-kb largemito-
chondrial genome of Arabidopsis (52). To achieve maximal
specificity, all of the repeats in the MEF8 and MEF8S proteins
should contact individual nucleotides in the target RNA. In
larger RNA-editing specificity factors, the repeats may not all
bind to nucleotides, but somemay fulfill a function as spacer in
the PPR proteins to allow gaps in the contacted nucleotide
sequences. When several RNA target sites are addressed by
individual PPRs, these RNAs often reveal some sort of consen-
sus pattern only if gaps are allowed (12, 23, 30, 53–56).
Other proteins with similarly rather short tracts have been

found to interact with RNA. The plant mitochondrial RNase P
(57) recognizes tRNA structures and processes these at specific
sites. The THA8 protein with only four copies of PPRs never-
theless binds to specific introns in the plastid and is essential for
splicing of these sequences (58).
Both target sites of MEF8 andMEF8S are rather U-rich (Fig.

2), and at least some of the repeats contacting the RNA should
be specific for U-nucleotides. A detailed analysis of the interac-
tion of these unique five PPRs in MEF8 and MEF8S proteins
with their RNA targets may provide experimental access to the
mode and parameters of protein-RNA recognition by the RNA-
editing PPR proteins.
MEF8 and MEF8S Proteins Target the Same Editing Sites—

The initial identification of the EMS mutant mef8-1 with low-
ered but not abolished editing can be interpreted as partial inac-
tivation of theMEF8 protein by the single amino acid exchange

in the E� domain (Fig. 1). The stronger reduced mitochondrial
editing in the T-DNA insertion mutant mef8-2, which inter-
rupts the MEF8 protein within the N-terminal region (Fig. 1),
suggests that the single amino acid exchange in mef8-1 does
indeed disturb MEF8 function but does not abolish it com-
pletely. The T-DNA insertion in the MEF8 reading frame in
mef8-2, on the other hand, should prohibit expression of a func-
tional MEF8 protein. Therefore, the observed residual editing
in this mutant requires another factor to compensate for the
destroyed MEF8 protein and to fulfill its role at least partially.
The similar PPR protein MEF8S is a candidate for this second
factor.
One crucial condition is thatMEF8S targets the same editing

sites as MEF8. This is confirmed by several lines of evidence.
Stable transformation of mef8-2 mutant plants with either
MEF8 orMEF8S increases the rate of editing at both target sites
significantly (Fig. 5). The positive effect of the transformation
with MEF8S indicates that this protein is indeed involved in
editing of these sites. This result furthermore suggests that the
low level of expression ofMEF8S in leaves limits compensation
of the loss of MEF8 in untransformed mef8-2 mutant plants
(Fig. 7).
The tissue-specific RNA-editing phenotype in the MEF8S

knock-out mutant plant further confirms that MEF8 and
MEF8S target the same editing sites. RNA editing at the MEF8
target sites is reduced in pollen from the mef8s-1 mutant (Fig.
7B). The MEF8 level of expression in leaves in this mutant is
sufficient to accommodate the loss ofMEF8S, but the reduced
level ofMEF8 expression in pollen is not enough to compensate
for the absence ofMEF8S. These coinciding patterns of expres-

FIGURE 7. RNA-editing levels at the MEF8 and MEF8S target sites in pollen and in leaves of the respective knock-out mutants correspond with the
expression levels of the remaining MEF8S and MEF8 genes. A, Atgenexpress data (48) show that MEF8S expression levels (measured as quantities of
steady-state RNA signals) increase in stamen tissues and in pollen, whereas transcript levels of MEF8 are lower in these cells than in any other plant tissue. B,
pollen kernels were collected from still closed flower buds, and the cDNA obtained from the young pollen was analyzed for editing at the two target sites. Pollen
from the homozygous mutant plant mef8-2 with intact MEF8S alleles (center sequencing panels; gray bars in histograms on the right) is hardly affected, and
editing levels are similar to those in pollen from wild type Col plants (left sequencing panel). In leaves, editing at both target sites is reduced (black bars in
histograms on the right; Figs. 1 and 2). Editing in pollen from the homozygous mutant plant mef8s-1 (right sequencing panels; gray bars in histograms on the
right) is severely reduced whereas editing in leaves is unaffected. In pollen, the intact MEF8 alleles cannot compensate the loss of MEF8S, possibly because of
the low expression of MEF8 in these tissues.
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sion and RNA-editing levels (Fig. 7) confirm that both proteins
are involved in editing the same two sites and that the expres-
sion levels of the mef8 and mef8s genes limit the efficiency of
RNA editing at these two sites.
These results confirm that the two proteins MEF8 and

MEF8S can substitute for each other at least partially in RNA
editing. EitherMEF8 orMEF8S can presumably bind to the two
target sequences and connect to other proteins in the hypothet-
ical editosome, possibly a multiple organellar RNA-editing fac-
tor protein (59). Unfortunately, the substitution effect cannot
be tested directly in a doublemutant ofmef8 andmef8s because
we find that this is not viable.
MEF8 and MEF8S Must Have Additional, Essential Func-

tions—The observation that homozygous plants mutated in
both MEF8 and MEF8S genes are not viable remains as yet
unexplained (Fig. 6). The embryo-lethal double knockout sug-
gests that the two proteins can substitute for each other at one
ormore functions that are essential for survival of the plant. It is
unlikely that the two MEF8 and MEF8S RNA-editing target
sites inmRNAs for complex I subunits, nad5-676 and nad6-95,
are these crucial functions because plants without functional
complex I are viable.
Therefore, additional RNA-editing sites that are essential for

survival of the embryo are likely to be targeted. These have not
yet been identified, and further investigations will be required
to answer this question. Mutations in some PPR proteins and
the concomitant loss of their respective RNA-editing events in
plastids or mitochondria result in severe phenotypes. The loss
of a large number of editing sites has been found to be likewise
embryo-lethal as homozygous T-DNA mutants of the mito-
chondrial editing cofactor multiple organellar RNA-editing
factor 1 are not viable (59). Both crosses from self-pollinated
plants, those homozygous for mef8-2 and heterozygous for
mef8s-1 and those homozygous for mef8s-1 and heterozygous
formef8-2, exhibit an embryo-defective phenotype in approxi-
mately 25% of the seed pods in immature siliques (Fig. 6).
Similar embryo-lethal phenotypes have been observed with
knock-outmutants of mitochondrial or chloroplast aminoacyl-
tRNA-synthetases (46, 47). Accordingly, MEF8 and MEF8S
seem to be required for proper development of the embryo.
Alternatively, it is possible thatMEF8 andMEF8S have addi-

tional other essential functions beyond their involvement in
RNA editing. Yet another explanation may be that either the
NAD5 or the NAD6 proteins derived from mRNAs not edited
at the nad5-676 and nad6-95 target sites of MEF8 and MEF8S
result in mutant proteins that interfere with essential mito-
chondrial functions. It will be interesting to clarify the potential
additional function of MEF8 and MEF8S and to determine
whether indeed the specific RNA-binding preferences of the
two proteins have begun to drift apart since their presumed
separation.
Are the Genes for MEF8 and MEF8S Derived by Dupli-

cation?—Current models for the evolution of the PPR proteins
involve an ancestral gene of the medium-long-short class to
which E and DYW domains had been added (32, 34, 36). These
original medium-long-short-E-DYW arrangements are the
only editing factors in the moss Physcomitrella patens (49, 50,
53, 60). Subsequently, this ancestral genewas amplified, and the

resulting large family of genes allowed establishment of the
many RNA-editing sites observed in flowering plants and even
more so in Lycopodium (61).
The MEF8 and MEF8S protein-coding genes most likely

arose by such a gene duplication. This duplication has presum-
ably taken place rather recently in evolution because both pro-
teins are still recognizably similar and still target the same RNA
sequence although possibly with slightly differing preferences.
Furthermore, in other plant genomes, two genes coding for
proteins similar to MEF8 andMEF8S are detected only in Ara-
bidopsis lyrata, whereas in more distant plant species only sin-
gle similar genes are retrieved.
These potential orthologs in vine, poplar, and rice match the

consensus structure of MEF8 and MEF8S, with only five PPRs
in the central part. These proteins show a similar degeneration
of the C-terminal part of the E domain with an analogous dele-
tion after the conserved N-terminal region.
Prediction programs suggest 64 amino acids for MEF8 and

110 residues for MEF8S as organellar target sequences with
predicted mitochondrial locations. These rather long prese-
quences leave uniqueN-terminal regions in both proteins up to
the first PPRs for which little structural features are discerned.
Their potential function in binding to RNA target sequences
and in recruiting other editing factors needs to be determined
experimentally.
In summary, our findings show that the two similar RNA-

editing factors MEF8 and MEF8S can (partially) substitute for
each other. This proves previous indirect surmises about addi-
tional editing factors acting in instances of partial editing
mutants. In presumed knock-out mutants of MEF1, for exam-
ple, two sites have completely lost editing whereas the third
target is still edited to 20% (12). Substitution of the activity by
another factor has been proposed, but none had been identified
previously. The two PPR proteins MEF8 and MEF8S with only
few PPRs and their presumed continuous contact to their RNA
target sequencesmay allowdirect advances toward deciphering
the PPR-RNA code in plant organelles.
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