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RNA PROCESSING FACTOR2 Is Required for 5 End
Processing of nad9 and cox3 mRNAs in Mitochondria of
Arabidopsis thaliana
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In mitochondria of higher plants, the majority of 5’ termini of mature mRNAs are generated posttranscriptionally. To gain
insight into this process, we analyzed a natural 5’ end polymorphism in the species Arabidopsis thaliana. This genetic
approach identified the nuclear gene At1962670, encoding a pentatricopeptide repeat protein. The functional importance of
this mitochondrial restorer of fertility-like protein, designated RNA PROCESSING FACTOR2 (RPF2), is confirmed by the
analysis of a respective T-DNA knockout mutant and its functional restoration by in vivo complementation. RPF2 fulfills two
functions: it is required for the generation of a distinct 5’ terminus of transcripts of subunit 9 of the NADH DEHYDRO-
GENASE complex (nad9) and it determines the efficiency of 5 end formation of the mRNAs for subunit 3 of the
CYTOCHROME C OXIDASE (cox3), the latter also being influenced by mitochondrial DNA sequences. Accordingly,
recombinant RPF2 protein directly binds to a nad9 mRNA fragment in vitro. Two-dimensional gel electrophoresis and
immunodetection analyses reveal that altered 5’ processing does not influence accumulation of the nad9 and cox3
polypeptides. In accessions C24, Oystese-1, and Yosemite-0, different inactive RPF2 alleles exist, demonstrating the
variability of this gene in Arabidopsis. The identification of RPF2 is a major step toward the characterization of 5° mRNA

processing in mitochondria of higher plants.

INTRODUCTION

Plant mitochondrial genomes encode ~60 genes (Kubo and
Newton, 2008). This essential genetic information is expressed
via a multistep process in which posttranscriptional events
contribute to the complexity of the plant mitochondrial gene
expression system. Alterations of the structure and primary
sequence of transcripts are necessary for the formation of
translatable mitochondrial mRNAs. Posttranscriptional pro-
cesses include C-to-U RNA editing, splicing of cis and trans
introns, and the formation of mature 5’ and 3’ ends (Gagliardi and
Binder, 2007; Bonen, 2008; Takenaka et al., 2008).

The consequences of splicing and RNA editing are quite
evident as they directly affect the sequence of the encoded
protein, while the biological impact of posttranscriptional pro-
cessing of mMRNA extremities is less clear. Functional studies of
mRNA 3’ maturation indicated the importance of this process.
Two 3’ to 5’ exoribonucleases, the mitochondrial polynucleotide
phosphorylase (PNPase) and the RNase R homolog 1, have
crucial functions in the removal of extra sequences at the 3’
termini of mitochondrial RNA. The knockout or knockdown of
these proteins has severe consequences for plant fitness, dem-
onstrating the importance of mitochondrial mRNA 3’ processing

1 Address correspondence to stefan.binder@uni-ulm.de.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: Stefan Binder
(stefan.binder@uni-ulm.de).

WOnline version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.109.066944

(Perrin et al., 2004b). Trimming of MRNA 3’ ends is linked to
mRNA stability, which is influenced also by polyadenylation. As
in bacteria and chloroplasts, 3’ poly(A) tails enhance degradation
of mRNAs in plant mitochondria.

In contrast to mRNA 3’ maturation, virtually nothing is known
about the posttranscriptional generation of 5’ termini in plant
mitochondria. A systematic analysis of major extremities of
mitochondrial mMRNAs in Arabidopsis thaliana showed that
most 5’ termini of mature mMRNAs are generated posttranscrip-
tionally. Only a few mature 5’ transcript ends directly originate
from transcription initiation (Forner et al., 2007). The prevalence
of processed 5’ ends indicates that their generation is an
important process, which might play an unidentified regulatory
role in plant mitochondrial gene expression.

The inspection of mitochondrial mRNA extremities in Arabi-
dopsis also revealed the frequent occurrence of multiple, abun-
dant 5’ ends per gene. These can be processed ends or termini
generated by transcription initiation as observed in other spe-
cies. Thus, high variability of 5’ ends is a common feature of plant
mitochondrial mRNAs. In addition, variation in 5’ mitochondrial
transcript ends is seen between different Arabidopsis acces-
sions. Comparative mapping of mRNA extremities in the three
accessions Columbia (Col), C24, and Landsberg erecta (Ler)
identified several 5’ end polymorphisms, while no difference was
found in the 3’ ends of mitochondrial transcripts (Forner et al.,
2008). This further demonstrates the variation and flexibility of 5’
ends of plant mitochondrial MRNAs, opposing the clearly defined
nature of 3’ ends. The 5’ variation in different Arabidopsis
accessions can be associated with differences in the mitochon-
drial DNA or with distinct factors encoded in the nucleus (Forner
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etal., 2005, 2008). The 5’ transcript end polymorphisms can now
be used to identify the proteins that are required for posttran-
scriptional generation of 5’ termini of mitochondrial transcripts.

To date, only a few proteins implicated in posttranscriptional
RNA metabolism have been identified and/or characterized in
plant mitochondria. These include the two above-mentioned
exoribonucleases (Perrin et al., 2004a, 2004b), two DEAD-box
proteins (Matthes et al., 2007), and a small number of penta-
tricopeptide repeat (PPR) proteins. These PPR proteins almost
exclusively represent restorers of male fertility (encoded by RF
genes) in cytoplasmic male sterility (CMS) systems in different
plant species (Andrés et al., 2007; Schmitz-Linneweber and
Small, 2008). The RF proteins have particular roles in translation,
RNA stabilization, and RNA cleavage of the CMS-specific mito-
chondrial transcripts, while their intrinsic normal functions are
almost exclusively unknown. Apart from the RF genes, two other
PPR proteins, ORGANELLAR TRANSCRIPT PROCESSING
DEFECT43, involved in trans-splicing of the intron 1 of the
mRNA for subunit 1 of the NADH DEHYDROGENASE (nad1) in
mitochondria of Arabidopsis (de Longevialle et al., 2007), and
MITOCHONDRIAL RNA EDITING FACTORT1, have been charac-
terized (Zehrmann et al., 2009). However, no protein involved in
5’ end processing of plant mitochondrial mMRNA has yet been
described.

Here, we report the identification of a nuclear gene, RNA
PROCESSING FACTOR2 (RPF2), required for the formation of 5
ends 202 bp upstream of the nad9 reading frame in Arabidopsis
mitochondria. The RPF2 locus is identified by map-based clon-
ing, analysis of a respective T-DNA insertion mutant, and in vivo
complementation studies. RPF2 encodes a PPR protein that is
similar to the PPR proteins encoded by the restorer of fertility
genes (Budar and Pelletier, 2001; Bentolila et al., 2002; Brown
etal., 2003; Desloire et al., 2003; Koizuka et al., 2003; Wang et al.,
2006). Phenotyping of mitochondrial transcript extremities in
several PPR knockout mutants reveals that RPF2 is also involved
in the formation of distinct cox3 5’ transcript ends. In C24, cox3
5" end formation is influenced both by RPF2 and a cis-element in
the mitochondrial DNA.

RESULTS

The nad9 5’ Transcript End Polymorphism in Different
Arabidopsis Accessions

In Arabidopsis, the mitochondrial nad9 gene is transcribed into
mRNAs of 0.85 and 0.9 kb in the accessions Col and Ler with
distinct 5’ ends. In these accessions, circularized RNA (CR)-RT-
PCR analysis identified two major 5’ ends at positions —202 and
—243 with respect to the translation start codon (NATG, n = —1)
(Forner et al., 2007). In C24, the latter end is present at levels
comparable to Col and Ler, while the —202 5’ ends are hardly
detectable (Figure 1A) (Forner et al., 2008). A reexamination of
the nad9 mRNAs by primer extension confirmed the presence of
the —243 end in these three accessions. In Col and Ler, a group
of additional 5’ termini were found around position —202, in
agreement with the CR-RT-PCR product pattern, which showed
at least two products from this cluster of ends (Figure 1B). This
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Figure 1. nad9 5’ Ends in Different Arabidopsis Accessions.

(A) CR-RT-PCR analysis (at least three biological and technical repli-
cates) of nad9 mRNAs. PCR products of 260, 220, and 150 bp contain 5’
termini at positions —243, —202, and —133 relative to the ATG (A = +1).
(B) Primer extension analysis of nad9 mRNAs. Extension products of 290
nucleotides confirm the presence of the nad9 —243 5’ end in all
accessions investigated. The cDNA strands of ~250 nucleotides (nt)
correspond to nad9 5’ ends around position —202 in Col und Ler. These
results are consistent with the CR-RT-PCR analysis. Accession-specific
products of 330 nucleotides (Col) and 210 nucleotides in C24 were not
detected in respective CR-RT-PCR experiments.

analysis confirmed the absence of substantial amounts of the 5’
ends at —202 in C24. However, a second CR-RT-PCR approach
amplified a faint cDNA product, indicating that minute amounts
of —202 ends still exist in C24 (see Supplemental Figure 1 online).
Also, in C24, a unique nad9 5’ transcript terminus was found
133 bp upstream of the ATG (Figure 1A).

The investigation of the nad9 —243 and —202 termini by primer
extension analysis of terminator exonuclease-treated mtRNA
confirmed these ends to be derived from posttranscriptional
processing (see Supplemental Figure 2A online). This exonucle-
ase specifically digests mMRNAs containing 5° monophosphate
groups typically generated by posttranscriptional processing. By
contrast, primary mRNAs with 5’ ends directly generated by
transcription initiation contain 5’ tri- or diphosphate groups and
are not degraded by this enzyme. Apart from our experimental
data, a recent analysis of transcription initiation sites in Arabi-
dopsis mitochondria identified four nad9 promoters more than
1 kb upstream of the —202 5’ ends (Kihn et al., 2009).

Delimiting the Genomic Region Containing the RPF2 Locus

Reciprocal crosses between Col and C24 have previously shown
that the nad9 5’ end polymorphism is attributed to a nuclear



locus, which we now designate RPF2 (Forner et al., 2008). In
order to map this locus, an F2 mapping population was estab-
lished from Col/C24 F1 hybrids. Phenotyping of nad9 transcript
ends in 200 F2 plants revealed the C24 nad9 5’ end phenotype
(i.e., the almost complete absence of the —202 ends) in 48 F2
individuals (see Supplemental Figure 3 online; Table 1). These
plants correspond to 24% of the population, consistent witha 1:3
ratio of the C24 nad9 5’ end phenotype versus the nad9 mRNA
5’ end phenotype of Col. Therefore, a single genetic locus is
responsible for this nad9 5’ end polymorphism, with the almost
complete absence of the nad9 —202 mRNA end being a reces-
sive trait. In addition, this analysis revealed that the nearly
complete lack of the nad9 —202 5’ termini in C24 is independent
from the occurrence of the nad9 —133 end (see Supplemental
Figure 3 online; see below), demonstrating that another genetic
locus is responsible for the generation of this terminus in C24.

Using insertion/deletion markers distributed over the nuclear
genome (see Supplemental Table 1 online), 47 plants with the
C24 nad9 5' end phenotype were genotyped (see Supplemental
Figure 2 online). For all markers located on chromosomes 2, 3, 4,
and 5, an approximately equal distribution of the Col and C24
genotypes was found. By contrast, the C24 genotype of marker
CER 479928 on chromosome 1 is strongly linked to the recessive
C24 nad9 5' end phenotype. Therefore, further markers on the
lower arm of chromosome 1 were tested to delimit the genetic
interval containing the RPF2 locus (see Supplemental Figure 4
online). This mapping approach defined a genetic interval con-
taining the RPF2 locus between 22.3 to 24.0 Mbp on the lower
arm of chromosome 1. This region encodes 442 protein-coding
genes, from At1g60470 to At1g64620 (Arabidopsis Genome
Initiative, 2000).

A T-DNA Insertion in At1g62670 Promotes the Absence of
the nad9 —202 5’ Ends

RPF2 is expected to encode a protein targeted to mitochondria
with a predicted function in nucleic acid metabolism. These
criteria reduced the number of candidate genes in the defined
interval to 23 genes encoding PPR proteins (Lurin et al., 2004).
Thirteen of these PPR genes are very similar to restorers of
fertility (RF) genes implicated in cytoplasmic male sterility sys-
tems in various plant species (Budar and Pelletier, 2001; Bentolila
etal., 2002; Brown et al., 2003; Desloire et al., 2003; Koizuka et al.,

Table 1. CR-RT-PCR Analysis of Col/C24 F2 Hybrid Plants

2C24 X Colg @Col X C24 3  Total
Number of plants
Without nad9 —202 25 23 48
With nad9 —202 75 77 152
Percentage 25% 23% 24%
without nad9 —202
Ratio without:with 1:3.0 1:3.4 1:3.2

nad9 —202
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2003; Wang et al., 2006). Since fertility restoration correlates with
altered expression of the CMS-related mitochondrial gene, it was
investigated whether one of these genes is linked to the nad9
5’ end polymorphism. To this end, homozygous T-DNA insertion
lines were established for nine candidate PPR genes and the
5’ termini of the nad9 mRNAs were inspected by CR-RT-PCR.
No nad9 5’ end difference was observed between wild-type Col
and the SALK lines carrying T-DNA insertions in At1g63070,
At1962680, At1g64580, At1g63080, At1g62590, At1g64100,
At1g63230, and At1g63130 (Figure 2; see Supplemental Figure
5 online). However, in line SALK 146198, which harbors a T-DNA
insertion in At1g62670, the nad9 —202 5’ ends were undetect-
able in a single round of CR-RT-PCR as in C24. An RT-PCR
analysis of this mutant with primers flanking the T-DNA insertion
demonstrated that the T-DNA causes a knockout of At1g62670
(Figure 2B). This correlates the inactivation of this gene with the
nearly complete absence of the nad9 —202 5’ ends. Like C24,
this knockout mutant contains minimal amounts of the 5’ ends
around —202 (see Supplemental Figure 1 online). In addition, this
CR-RT-PCR analysis revealed that the C24-specific nad9 —133
5’ end is not present in this T-DNA insertion line (Figure 2A),
further confirming the abundance of the —202 5’ ends to be
independent from the accumulation of nad9 transcripts with the
—133 end.

The Wild-Type Col Allele of At1g62670 Restores the
Formation of Abundant nad9 -202 5’ Ends in Its T-DNA
Insertion Line and in C24

The barely detectable levels of the nad9 -202 5’ ends in the
T-DNA knockout line of At1g62670 are a strong indication that
this gene is required for the formation of these termini. However,
we could not exclude that another T-DNA insertion in line SALK
146198 might cause this phenotype. Thus, the At1g62670 gene
from the Col wild type, including the regions ~1.6 kb upstream
and 1.3 kb downstream, was cloned into the pMDC123 vector
and transformed into SALK 146198 and C24 plants. The nad9
transcript ends were then investigated by CR-RT-PCR analysis
in several T1 plants. In all transformants (SALK 146198 and C24),
the presence of the At1g62670 wild-type allele from Col restores
the formation of the nad9 —202 5’ ends (Figure 3A). This result
was confirmed by RNA gel blot analysis of total RNA from the
different lines. In SALK 146198 and C24, the smaller nad9
transcript with the —202 5’ termini was only detected after
introduction of the At1g62670 gene from Col (Figure 3B). In
addition, both the CR-RT-PCR and the RNA gel blot analysis
consistently showed that the presence of this gene in C24 leads
to increased amounts of the nad9 mRNAs with the —202 5’ ends,
while the transcripts with the —243 5’ ends were reduced in
comparison to the C24 wild type. In C24, another mRNA of ~740
nucleotides is detected. This nad9 mRNA species contains the
—133 5’ end (Figure 1, panel C24). In summary, these data
unambiguously demonstrate that At19g62670 encodes RPF2
required for the formation of considerable quantities of nad9
mRNAs with 5’ ends around nucleotide —202. The T-DNA
insertion allele in SALK 146198 is accordingly designated rpf2-1.

To further explore the role of RPF2 in mRNA processing, we
investigated whether this protein can bind to nad9 RNAs. To this
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Figure 2. Phenotypes of nad9 5’ Termini in Different Arabidopsis Mutant Lines.

(A) Nad9 mRNA extremities were analyzed by CR-RT-PCR analysis as described in Methods. While the T-DNA insertions in At1g63070 (SALK 128068),
At1962680 (SALK 139736), At1g64580 (SALK 087235), At1g63080 (SALK 020638), and At1g63130 (SALK 020230) did not alter the 5’ end pattern of
nad9 transcripts in comparison to Col wild type, an insertion in At1g62670 (SALK 146198) abolished the detection of the nad9 5’ ends at —202 as seen in
the C24 wild type. In this mutant, the nad9 —133 5’ end is not detectable. CR-RT-PCR analysis of SALK 146198 was performed with three independent
biological samples in at least three technical replicates. Lines with CR-RT-PCR product patterns identical to the wild type were investigated with single

tests.

(B) RT-PCR analysis of SALK 146198 (S) mutant and Col wild type. An At1g62670 cDNA product of the expected size of 900 bp was amplified from wild-
type RNA, while no such fragment is detectable in the mutant (RT +). No product is obtained without reverse transcriptase (RT —), demonstrating that the

product derives from cDNA and not from DNA contaminations.

(C) The integrity and the use of equal amounts of the RNA and cDNA are indicated by the amplification of a 500-bp product from the ubiquitin 10 mMRNA.

end, electrophoretic mobility shift assays (EMSAs) were per-
formed with recombinant RPF2 and a synthetic nad9 tran-
script covering the —202 5’ ends from -296 to —-124 with
respect to the translation initiation codon (NATG, n = —1). This
experiment revealed that RPF2 indeed has the potential to
bind to this RNA, further confirming its importance in 5’ end
processing of nad9 transcripts (see Supplemental Figure 6
online).

A SALK 146198

Knockout of RPF2 Affects the 5' Ends of cox3 Transcripts

To investigate if the 5’ termini of other mitochondrial mMRNAs are
affected by the knockout of different Arabidopsis PPR genes with
similarity to RF genes, we analyzed the 5’ and 3’ ends of all
mitochondrial mRNAs in Col, Ler, C24, rpf2-1, and several
additional lines with T-DNA insertions in RF-like PPR genes
(Figure 4; see Supplemental Figure 5 online). In Col and Ler, a
CR-RT-PCR product of 230 bp indicated a single cox3 5’
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Figure 3. The At1g62670 Gene from Col Restores the Efficient Formation of the nad9 —202 5’ Ends in SALK Line 146198 and in C24.

(A) A 4.75-kb construct carrying the At1g62670 from Col was transformed into At1g62670 knockout line SALK 146198 and into the C24 wild type
(+At1g62670). Nad9 mRNA of six individual transformants of each type was inspected by single CR-RT-PCRs. C1 (SALK 146198) and C2 (C24) are

untransformed control plants.

(B) RNA gel blot analysis of total RNA from Col, C24, and SALK 146198, as well as SALK 146198 and C24 complemented with the At1g62670 gene from
Col (+At1g62670). Loading of the gel was regulated by visualization of 26S rRNA.
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Figure 4. RPF2 and a C24-Specific Mitochondrial cis-Element Influence cox3 mRNA 5’ End Formation.

(A) The 5’ termini of the cox3 transcripts were determined by single CR-RT-PCRs in wild-type plants from accession Col, Ler, C24, and rpf2-1 (C2), as
well as five rpf2-1 and five C24 plants transformed with the RPF2 complementation construct (+RPF2 Col).
(B) RNA gel blot analysis of total RNA from Col, C24, and rpf2-1, as well as C24 and rpf2-1 containing the RPF2 gene from Col (+RPF2 Col) using a cox3

probe.

transcript end at position —380 relative to the ATG, while in C24,
larger products (300, 390, and 490 bp) showed the presence of
additional termini located upstream of the mature 5’ end at
—448 (Figure 4A). These results are consistent with previous
observations (Forner et al., 2005, 2008). The knockouts of the
other RF-like PPR genes investigated did not exhibit any altered
5’ termini of mitochondrial transcripts (see Supplemental Fig-
ure 5 online); however, we found that cox3 mRNA ends are
affected in the rpf2-1 mutant (Figure 4A). In addition to the
single major cox3 mRNA 5’ end seen in Col wild type (—380), an
additional CR-RT-PCR product was amplified from the rpf2-1
mutant. Sequence analysis of this product identified a cox3 5’
end at position —448 (Figure 4A; see Supplemental Figure 7
online). This observation suggested that RPF2 is also involved
in 5 end maturation of cox3 transcripts. To substantiate this
result, we also inspected cox3 transcripts in rpf2-1 and C24
plants containing the Col RPF2 gene, which restored the nad9
—202 5’ end formation. In complemented rpf2-1 plants, a single
major 5’ end of cox3 mRNA is detected by CR-RT-PCR analysis
as in Col wild type (Figure 4A). By contrast, the complemented
C24 plants still have additional cox3 5’ transcript ends due to a
specific cis-element in the mitochondrial DNA of this accession
(Forner et al., 2005, 2008). This result was confirmed by a RNA
gel blot analysis of complemented rpf2-1 and C24 plants
(Figure 4B). In both lines, a cox3 probe detected mature cox3
mRNAs of ~1.5 kb and two additional cox3 RNA species of
1.56 and 1.65 kb. An additional cox3 RNA species of 1.75 kb
was found in C24 consistent with previously mapped ends
(Forner et al., 2005). These cox3 RNA patterns changed sub-
stantially after the introduction of the RPF2 gene into both lines.
Inthe rpf2-1 knockout line, the efficient generation of the 1.5-kb
mature cox3 mRNA was fully restored by the presence of RPF2.
Likewise, the presence of the Col RPF2 gene in C24 plants
enhanced the formation of the mature cox3 mRNA; however, in

these plants, cox3 RNA species of 1.75 and 1.56 kb were still
detectable.

Taken together, these results confirm that in both Col and C24,
5’ end formation of cox3 transcripts is influenced by RPF2. In
C24, 5' end maturation of cox3 mRNAs is additionally affected by
a mitochondrially encoded cis-element (Forner et al., 2005).

Impaired 5’ Processing Does Not Interfere with
Protein Accumulation

The defective RPF2 gene results in the loss of one of the nad9
mRNA species and a substantial reduction of mature cox3 mRNA
(Figures 3 and 4). A potential impact of these deficiencies on
accumulation of the nad9 polypeptide was investigated by an
immunodetection analysis with an antiserum against the nad9
polypeptide from wheat (Triticum aestivum; Lamattina et al.,
1993). In mitochondrial lysates from cell suspension cultures
established from the Col wild-type and the rpf2-1 knockout lines,
respectively, proteins with an apparent molecular mass of ~21
kD were detected, which is consistent with the size expected for
the nad9 polypeptide (Figure 5). In both lines, the nad9 subunits
were present in identical amounts, demonstrating that the almost
complete lack of the nad9 mRNA with the —202 ends in the rpf2-1
mutant has no influence on accumulation of this protein. This
result was confirmed by two-dimensional blue native (BN)/SDS-
PAGE of mitochondrial protein of the above-mentioned lines and
a C24 wild-type culture. In addition, cox3 polypeptides were
found in identical amounts in all lines investigated, and the total
amount of protein complexes and their composition was indis-
tinguishable between these lines (see Supplemental Figure 8
online). These results demonstrate that the altered nad9 and
cox3 mRNA patterns in C24 and rpf2-1 do not interfere with
accumulation of the respective polypeptides.
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Figure 5. Immunodetection Analysis of Mitochondrial Protein from Col
Wild Type or rpf2-1.

(A) An antiserum against the nad9 polypeptide from wheat binds to a
protein with an apparent size of ~21 kD, consistent with the calculated
size of nad9 in Arabidopsis (22.7 kD). No difference was observed
between the amounts of the nad9 polypeptides in wild-type and rpf2-1
mutant plants.

(B) Loading of the gel was controlled by Coomassie blue staining.

Defective RPF2 Alleles in Different Arabidopsis Accessions

In C24, impaired nad9 and cox3 5’ end processing strongly
suggests that this accession contains a defective RPF2 allele. To
resolve the structure of the RPF2 gene in this and other acces-
sions deficient in nad9 and cox3 5’ end processing (Oy-1 and
Yo-0), the gene was amplified with primer pair At1g62670.H/
At1g62670.R (see Supplemental Table 2 online) annealing to
sequences at the 5’ and 3’ extremities of the RPF2 reading
frame. Ler and Col were included as controls. In Col, Ler, and
Yo-0, products of 2.0 kb were amplified from total DNA, as
expected from the genomic sequence from Col-0 (see Supple-
mental Figure 9 online) (Arabidopsis Genome Initiative, 2000). By
contrast, a 2.4-kb product was obtained in C24 while in Oy-1 two
fragments of 3.7 and 0.4 kb were generated. These results
suggest the presence of different types of RPF2 alleles defective
innad9 and cox3 5’ end processing. Two of these alleles seem to
have alternative structures, as indicated by the sizes of the PCR
products that differ from the expected size in Col (C24 and Oy-1),
while another one has a size identical with Col (Yo-0). Sequenc-
ing of the PCR products obtained from C24 and Oy-1 confirmed
the aberrant RPF2 gene structures and revealed that these
alleles are chimeras composed of RPF2 and At1g62930 se-
quences (see Supplemental Figures 10 and 11 online). In contrast
with these chimeric alleles, the RPF2 gene in Yo-0 contains 13
single nucleotide polymorphisms, which alter the amino acid
sequence of RPF2 in comparison to Col.

To obtain information about the function of the RPF2 alleles
from Oy-1 and Yo-0, these alleles were tested for the potential to
complement impaired nad9 and cox3 5’ end processing in the
rpf2-1 mutant. We found that both alleles of RPF2 were incapable
of restoring efficient processing in rpf2-1 (data not shown). On
the contrary, introduction of the Col RPF2 gene into these
accessions led to an enhanced generation of a nad9 mRNA
with —202 5’ ends as well as efficient and complete cox3 5’ end
processing. These results demonstrate that the RPF2 alleles of
Oy-1 and Yo-0 were nonfunctional with respect to their contri-
bution to 5’ end processing of nad9 and cox3 mRNAs (see
Supplemental Figure 12 online). In summary, these data indicate
that the RPF2 gene in Arabidopsis does not encode a vital protein
and that both changes in gene structure or alteration of amino

acid identities can lead to the loss of function in 5’ end process-
ing of nad9 and cox3 transcripts.

RPF2 Is a Mitochondrial Protein

As outlined above, RPF2 is a nuclear-encoded factor expected
to be imported into mitochondria. To investigate the subcellular
localization of RPF2, DNA fragments representing the full-length
RPF2 reading frame or 80 amino acids of its N terminus were
fused in frame upstream of the gene encoding the green fluo-
rescent protein (GFP; Davis and Vierstra, 1998). These con-
structs were transiently transformed into protoplasts prepared
from transgenic tobacco (Nicotiana tabacum) stably expressing
the isovaleryl-CoA dehydrogenase:red fluorescent fusion protein
(egqFP611) as a mitochondrial marker (Forner and Binder, 2007).
Inspection of transformed protoplasts by microscopy identified
the GFP fluorescence exclusively in mitochondria, as indicated
by the almost identical pattern of the green and the red fluores-
cence (Figure 6; see Supplemental Figure 13 online). This result
suggests that the native RPF2 protein is imported into mito-
chondria in vivo.

DISCUSSION

RPF2ls Involved in 5’ End Formation of the nad9 and
cox3 mRNAs

We recently found several nuclear encoded natural polymor-
phisms affecting the 5’ termini of mitochondrial transcripts in
distinct Arabidopsis accessions (Forner et al., 2008). Taking
advantage of this natural genetic variation, we now identified
At1g62670 as RPF2, a gene encoding a PPR protein. Several
lines of evidence unambiguously demonstrate the function of the
identified gene in 5’ end formation of mitochondrial nad9 and
cox3 mRNAs. First, the knockout of At1g62670 in Col results in
the absence of nad9 5’ ends around nucleotide —202 (Figures 2A
and 3B) and in the accumulation of additional cox3 5’ transcript
termini (Figure 4). Second, these phenotypes could be restored
in vivo by introducing the RPF2 wild-type allele from Col into the
rpf2-1 knockout line or into C24 (Figures 3 and 4). Third, C24,
Oy-1, and Yo-0 contain aberrant RPF2 alleles. Accordingly,
these accessions lack the nad9 mRNAs with —202 5’ ends and
accumulate additional cox3 RNAs with 5’ termini located further
upstream than in accessions with functional RPF2 alleles.

RPF2, an Efficiency Factor for the Maturation of cox3 mRNAs

As shown by our analysis, RPF2 has at least two functions. It is
required for the generation of substantial amounts of nad9 mRNA
with 5’ ends around —202, and it is involved in the formation of 5’
ends of the cox3 mRNAs. In the latter process, the inactivation of
RPF2 provokes the accumulation of additional abundant cox3
RNAs with 5’ ends at position —448 (1.56-kb RNA species) and
—540 (1.65-kb RNA species), upstream of the major cox3 5’ end
(—380; 1.5-kb mature mRNA) (Figure 4). The relative amounts of
these transcripts indicate that the occurrence of the larger cox3
mRNA species is accompanied by a decrease of the mature cox3
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Figure 6. RPF2 Is a Mitochondrial Protein.

A fusion protein consisting of the RPF2 mitochondrial targeting sequence (80 amino acids) and GFP was transiently expressed in transgenic tobacco
protoplasts. Fluorescence of GFP and chlorophyll and the red fluorescent protein from the sea anemone Entacmaea quadricolor (eqFP611) were
visualized through different filter sets. eqFP611 C-terminally fused to the N-terminal part of the mitochondrial isovaleryl-CoA dehydrogenase has
previously been established as a mitochondrial marker in transgenic tobacco (Forner and Binder, 2007). A merger (GFP + eqFP611) of both images
demonstrates the match of both patterns (yellow represents colocalization). Small differences were due to the rapid movement of mitochondria in the

protoplast. Bars = 10 pm.

mRNA. This indicates that the 5’ extended RNA molecules are
intermediates occurring during the generation of the mature cox3
mRNA, suggesting that the inactivation of RPF2 reduces the
efficiency of this process. Thus, RPF2 is probably an efficiency
factor for the generation of mature cox3 mRNA and is potentially
required for different steps of this process, as indicated by the
different 5’ extended cox3 precursor molecules. The accumula-
tion of the cox3 processing intermediates argues against a
function of this protein in modulating mRNA stability or a role of
RPF2 as cox3 transcription factor. Furthermore, no difference in
the efficiency in RNA editing of nad9 and cox3 mRNAs has been
observed between rpf2-1 and wild-type plants, indicating that an
involvement of RPF2 in RNA editing is highly unlikely.

The dual function of RPF2 in 5’ processing of nad9 and cox3
transcripts is reminiscent of the MMT (modifier of mitochondrial
transcripts) locus in Brassica. The MMT locus also influences
transcripts of two mitochondrial genes (ccmF and nad4); how-
ever, the changes of the transcript patterns of these genes might
be linked to different genes within this nuclear locus (Singh et al.,
1996).

Maturation of nad9 Transcripts

In contrast with the role of RPF2 in cox3 mRNA processing, the
function of this protein in nad9 mRNA formation is less obvious.
In C24 and rpf2-1 plants, the substantial reduction in the abun-
dance of the short nad9 mRNAs with the 5’ ends around —202 is
not accompanied by an apparent increase of the larger mRNA
with the —243 5’ end or any other nad9 precursor molecules
(Figure 3B; see Supplemental Figure 14 online). This observation
suggests that the larger nad9 RNA might not serve as an
intermediate or precursor for the formation of the short nad9

mRNA. On the other hand, the introduction of the intact RPF2
allele from Col into rpf2-1 knockout plants results in the gener-
ation of the nad9 —202 5’ ends, while the nad9 mRNA species
with the —243 end is reduced. This effect is particularly strong
when the Col RPF2 gene is brought into C24. In these comple-
mented plants, the short nad9 mRNA accumulates in relatively
high amounts, while the larger nad9 transcript almost completely
disappears (Figure 3B). This result is confirmed by the absence
of the 260-bp CR-RT-PCR product containing the —243 5’ end
(Figure 3A). These observations suggest that the larger nad9
mRNA can indeed serve as precursor for the generation of the
short nad9 transcript with —202 5’ termini. The particularly strong
accumulation of the short nad9 mRNA in the complemented C24
plants might be explained with specific features of the nuclear
background, but this phenomenon needs further investigation.

The apparent lack of accumulation of nad9 precursors in the
rpf2-1 knockout line and in C24 might be explained by very
moderate increases of precursor RNAs of different sizes origi-
nating from various upstream located promoters (Kihn et al.,
2009).

Taken together, our data suggest that RPF2 is a factor that
enhances 5’ processing of cox3 mRNAs and also of nad9 tran-
scripts.

Mode of 5' End Maturation of nad9 and cox3 mRNAs

The exact molecular function of RPF2 in 5’ processing of nad9
and cox3 transcripts is presently unclear. We could not detect a
5’ leader molecule with a 3’ end located directly upstream of the
—202 5" mRNA termini that would be indicative of endonucleo-
lytic processing. Nevertheless, a 5’ to 3’ exonucleolytic gener-
ation of the different 5’ ends seems to be rather unlikely, since no
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such enzymatic activity has ever been reported in plant mito-
chondria (Gagliardi and Binder, 2007). Moreover, such an exo-
nucleolytic formation of the nad9 —202 5’ ends would mean that
RPF2 has to protect the —202 end from degradation, similar to
what has been observed for the plastidal PPR10, which bindsina
sequence-specific manner to different RNAs, protecting them
from 5’ as well as 3’ exonucleolytic degradation (Pfalz et al.,
2009). However, such a potential function of RPF2 in mRNA
protection would be consistent with a function as stability factor,
which is unlikely, as indicated by the increase of cox3 precursor
RNAs in the rpf2-1 mutant, as mentioned above.

Considering all aspects, RPF2 is most likely a factor that
enhances the endonucleolytic generation of the nad9 —202 and
cox3 —380 5’ ends. A direct function as endonuclease is very
unlikely, since the cox3 —380 5’ terminus and the nad9 —202 5’
ends are generated in the absence of RPF2. An endonucleolytic
activity has been assigned to several DYW domain PPR proteins
(Okuda et al., 2009), one of which (At2g02980) is targeted to
mitochondria (Nakamura and Sugita, 2008). RPF2 does not
contain a DYW domain required for endonucleolytic cleavage,
supporting that RPF2 might interact with such PPR proteins or
other endonucleases. In this scenario, RPF2 might interact with
mitochondrial RNaseP and RNaseZ, enzymes normally involved
in endonucleolytic tRNA processing. However, the latter has
recently been found to cleave also some mitochondrial tRNA-like
structures, so-called t-elements, which retained some features
of real tRNAs but lost their original function (Canino et al., 2009).
In plant mitochondria, such t-elements are present at 5’ or 3’
ends of several MRNAs, indicating that both RNaseP an RNaseZ
are also involved in posttranscriptional generation of mRNA
extremities. It seems conceivable that RPF2 might direct these
endonucleases to higher-order structures that determine pro-
cessing sites otherwise not or barely cleaved by these endonu-
cleolytic enzymes. This model, which favors definition of the
cleavage sites by secondary structure, is also compatible with
the observation that the primary sequence at the nad9 —202 and
cox3 —380 5’ ends is not conserved. The involvement of sec-
ondary structures is also implicated by the C24-specific mito-
chondrial DNA influencing the cox3 5’ end maturation process
(Forner et al., 2005). Here, sequences located at least 200 bp
upstream of —380 provoke the generation of alternative cox3 5’
termini. Such an effect across a long distance is best explained
by the formation of alternative secondary structures, which
interfere with 5’ processing of cox3 mRNAs. Further studies
will be necessary to resolve potential processing complexes and
to unambiguously define cis-elements.

RPF2Is a Variable Restorer of Fertility-Like PPR Protein

In recent years, a number of PPR proteins have been identified as
RF genes in CMS systems from various species (Bentolila et al.,
2002; Brown et al., 2003; Desloire et al., 2003; Koizuka et al.,
2003; Hanson and Bentolila, 2004; Wang et al., 2006; Chase,
2007). CMS is a maternally inherited deficiency to produce or
release viable pollen (Budar and Pelletier, 2001; Chase, 2007).
This trait, which is linked to chimeric, CMS-specific mitochon-
drial genes, can be used to generate F1 hybrids in many crops.
Here, crosses between male sterile lines with fertile lines con-

taining nuclear-encoded RF genes produce hybrid seeds. The
presence of the RF genes restores male fertility in the F1 plants,
most often by altering the expression of the CMS-specific
mitochondrial genes at the posttranscriptional level. Most pro-
teins encoded by the RF genes are highly similar to each other
and to a group of PPR proteins from the autogamous plant
species Arabidopsis, where CMS has not been found (Desloire
et al., 2003; Schmitz-Linneweber and Small, 2008). RPF2, com-
prising 15 PPR repeats, groups with RF-like PPR proteins that
form a small cluster of ~20 genes within the huge family of 442
PPR genes identified in Arabidopsis (Lurin et al., 2004; O’'Toole
et al., 2008). Among the restorers of fertility, RPF2 is very similar
to RF1B (32% identical amino acids) and RF1A (31%) from rice
(Oryza sativa) as well as to RF592 (35%) from petunia (Petunia X
hybrida; Bentolila et al., 2002; Wang et al., 2006). While the
molecular function of RF592 in restoration of Petunia CMS is
unclear, the two RF proteins from rice exhibit distinct fertility
restoration functions in the Boro || CMS system. RF1A promotes
the endonucleolytic cleavage of the discistronic B-atp6/orf79
transcript, which is consistent with the role of RPF2 in the nad9
and cox3 mRNA processing. Cleavage by RF1A generates two
different mRNAs with the B-atp6 and the orf79 reading frame,
respectively. This cleavage restores pollen fertility since the orf79
mRNA is inefficiently translated. RF1B enhances the degradation
of the discistronic B-atp6/orf79 mRNA by an as yet unknown
mechanism. The concerted action of RF1A and RF1B substan-
tially reduces levels of the toxic orf79 protein, which allows the
formation of fertile pollen (Wang et al., 2006; Kazama et al., 2008).

Interestingly, Arabidopsis RPF2 is a relatively variable gene
with three distinct alleles being inactive in nad9 and cox3 5’ end
processing in different accessions. It presently cannot be ex-
cluded that these alleles retained or even gained other yet
unknown functions; however, their divergent structures suggest
that another function common to these different alleles is rather
unlikely. The diversity between these alleles seems only possible
since the loss of the short nad9 mRNA and the impaired cox3 5’
end processing have no influence on protein accumulation and,
thus, no detrimental effects on plant survival (Figure 5; see
Supplemental Figure 4 online).

The sequences of the RPF2 loci from C24 and Oy-1 originate
from different RF-like PPR genes (like At1g62930, At1g63130, or
At1g62910), suggesting that chimeric gene structures frequently
arise from recombinations between these highly similar genes. In
line with this assumption, the RPF2 alleles from C24 and Oy-1
probably do not originate from a single recombination event, but
are likely the outcome of independent recombinations, as indi-
cated by the different parts of At1g62930, which are linked to the
N-terminal portion of At1g62670 (see Supplemental Figures 6
and 7 online). This generation of new PPR genes is related to the
Death-and-Birth model, which suggests either nonconservative
or conservative transposition followed by rapid loss of a gene.
This leads to a so-called nomadic character of PPR genes with
highly variable positions in otherwise colinear segments of
closely related genomes (Geddy and Brown, 2007).

In summary, our analysis reveals basic information about the
intrinsic function of the RF-like PPR genes in Arabidopsis and
allows insights into the evolution of such genes in this model
species.



METHODS

Plants and Plant Cultivation

Arabidopsis thaliana and Nicotiana tabacum petit Havana plants and
Arabidopsis cell suspension cultures were established and cultivated as
described previously (Forner et al., 2007, 2008).

Analysis of RNA

Phenotypes (i.e., the 5’ ends of mitochondrial mMRNAs) were determined
by CR-RT-PCR analysis as described (Kuhn and Binder, 2002; Forner
et al., 2007, 2008). Briefly, total RNA (up to 5 .g) was self-ligated by RNA
ligase (10 units) in a bulk reaction (total volume 100 pL). After desalting on
Microcon YM-10 microconcentrators, ligated RNA was used as template
for first-strand cDNA synthesis using 200 units of M-MLV reverse tran-
scriptase under conditions recommended by the manufacturer. One-
tenth of the cDNA was used as template for a PCR across the ligated 3’
and 5’ ends of a given RNA species. PCR products were then separated
by agarose gel electrophoresis, visualized by ethidium bromide staining,
and recovered from the gel using the GFX Gel Band purification kit
according to instructions given by the manufacturer (GE Healthcare). RNA
extremities were determined by sequence analyses of the PCR products.
To determine nad9 5’ends, cDNA synthesis was initiated with oligonu-
cleotide Atnad9-1 followed by PCR with the primer pair Atnad9-3/
Atnad9-7. For the 5’ end mapping of cox3 mRNAs, cDNA synthesis
was initiated from oligonucleotide Atcox3-3'PS followed by PCR with
primers Atcox3-Mega3’ and Atcox3-Mega5'. Total RNA and mtRNA were
isolated using an RNeasy plant mini kit (Qiagen). To discriminate between
primary ends derived from transcription initiation (carrying 5’ triphosphate
groups) and secondary ends generated by posttranscriptional process-
ing (having 5’ monophosphate groups), 8 g of mitochondrial RNA was
digested with 1 unit of Terminator phosphate-dependant exonuclease
according to the instructions given by the manufacturer (Epicentre
Biotechnologies). Both exonuclease-treated and untreated RNAs were
subsequently analyzed by primer extension analysis according to stan-
dard protocols (Sambrook and Russel, 2000). Oligonucleotides used in
the primer extension experiments were nad9-2 and atp9-2. All primer
sequences are given in Supplemental Table 2 online. RNA gel blot
hybridization was performed with Duralon UV membranes according to
instructions given by the manufacturer (Stratagene). Hybridization probes
were generated by PCR with primer pairs cox3-5" Primersonde/cox3-3’
Primersonde (cox3) and Atnad9-NS.H/Atnad9-NS.R (nad9).

Investigation of Nuclear and Mitochondrial DNAs

Crude and fine mapping of the genomic region containing RPF2 was done
using insertion/deletion and single nucleotide polymorphism markers
(Jander et al., 2002; Schmid et al., 2003). PCRs were performed with
genomic DNA isolated with the DNeasy plant mini kit (Qiagen) from 14- to
18-d-old plants. A complete list of all markers used is given in Supple-
mental Table 1 online.

The RPF2 gene was amplified with oligonucleotide pair At1g62670.H/
At1g62670.R from ~200 ng total DNA from 14-d-old seedlings of the
different accessions. The cox3 upstream DNA fragments were amplified
with primers Atcox3-2 and Atcox3-23 for the Col/C24 configurations and
primers Le-cox3-Hindlll.H and Le-cox3-HindlIl.R for the Ler configura-
tion. These PCRs were performed with total DNA isolated as described
above using Go-Tag DNA polymerase according to the instructions given
by the manufacturer (Promega).

In Vivo Complementation

Complementation constructs were established in pMDC123 using standard
procedures (Curtis and Grossniklaus, 2003). The RPF2 gene (At1g62670),
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including the 1.6-kb upstream and 1.3-kb downstream sequence, was
amplified with primers At1962670-Kompl.H and At1g62670-Kompl.R, di-
gested with Ascl and Pacl, and cloned into the respective sites in pMDC123.
Since we did not sequence the cloned PCR fragments, we transformed a
mixture of 20 different clones per construct to avoid potential effects of
PCR errors. Plant transformation was done by floral dip (Clough and Bent,
1998). Selection of transformed plants was done with Basta (120 mg/L;
Bayer CropScience). Selected plants were analyzed as described above.

Miscellaneous Methods

Two-dimensional analysis of 1 mg of total mitochondrial protein obtained
from Percoll purified organelles was done by BN/SDS-PAGE as de-
scribed previously (Wittig et al., 2006; Matthes et al., 2007). Immunode-
tection assays were performed with protein extracted from mitochondria
isolated and purified as described before (Matthes et al., 2007). The
antiserum raised against nad9 from wheat (Triticum aestivum) was used
at a 1/10,000 dilution.

EMSAs used gel-purified RNA directly transcribed from PCR products
(amplified with primers Atnad9-EMSA.H + Atnad9-EMSA.R; see Supple-
mental Table 2 online) using a T7 RNA polymerase. The synthetic nad9
transcript corresponds to sequences in the 5'-untranslated region rang-
ing from position —296 to —124 with respect to the translation initiation
codon (NATG, n = —1), which includes the —202 and —243 5’ ends. The
binding reactions were essentially performed as described previously
with slight modifications (Williams-Carrier et al., 2008). Two different
buffer systems were used. Reactions performed with buffer B1 contained
20 mM Tris-HCI, pH 8.0, 20 mM NaCl, 0.2 mM EDTA, 4 mM DTT, 0.4
rg/pL BSA, 5% (v/v) glycerol, 20 units Ribolock (Fermentas), 150 pM
RNA, and 1 pg of purified RPF2 or control lysate (see below) in a total
volume of 10 L. Assays performed in buffer B2 contained 50 mM Na
phosphate, pH 8.0, 12.5 mg/mL heparin, 20 mM NaCl, 0.2 mM EDTA, 4
mM DTT, 0.4 pg/mL BSA, 20 units Ribolock (Fermentas), 150 pM RNA,
and 150 to 300 ng of purified protein or control protein extract.

To generate recombinant protein, the RPF2 reading frame was amplified
without the putative mitochondrial targeting sequence (24 amino acids),
with primers At1g62670UEx.H2 and At1g62670UEx.R. The PCR product
was cloned into the BamHI/Sacl sites in the expression vector pET32a
(Novagen). Expression and affinity purification using S-protein agarose was
performed according to the instructions of the manufacturer (Novagen),
except that bacteria (Escherichia coli) were first grown at 37°C to an ODggg of
0.4 and then kept for 20 min at 20°C and, after induction with L-arabinose
(0.2% [w/v]) and isopropyl B-D-1-thiogalactopyranoside (1.0 mM), grown
for another 2 h at 20°C. A control lysate was generated under identical
experimental conditions, except that an empty pET32a vector was used.

An RPF2 fragment corresponding to the first 80 amino acids was
amplified with oligonucleotides At1g62670-Kompl.H3 and At1g62670-
Kompl.R5 and cloned into the Smal site of the psmGFP4 vector. The
RPF2 full-length reading frame was amplified with primers At1g62670-
Kompl.H3 and At1g62670-Kompl.R3 and analogously cloned into the
psmGFP4 vector. Protoplast transformation and fluorescence micros-
copy were done as described previously (Matthes et al., 2007).

DNA sequencing was commercially performed (4baselab). All other
basic methods of molecular biology and plant analysis were done
following standard protocols (Weigel and Glazebrook, 2002). In silico
sequence analyses were done at the National Center for Biotechnology
Information server, applying various BLAST tools (McGinnis and Madden,
2004), and amino acid sequence alignments were done with ClustalW2
(Larkin et al., 2007).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
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numbers: RPF2, At1g62670; RPF2 allele in Oy-1, FN665655; RPF2 allele
in Yo-0, FN665658; and RPF2 allele in C24, FM211647.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Detection of the —202 5’ End of nad9 mRNA
in C24 and rpf2-1.

Supplemental Figure 2. The nad9 —243 and —202 Transcript Ends
Are Generated by Posttranscriptional Processing.

Supplemental Figure 3. Phenotyping of nad9 mRNA Extremities in
an F2 Mapping Population.

Supplemental Figure 4. Rough Mapping of the RPF2 Locus in
Chromosome 1.

Supplemental Figure 5. CR-RT-PCR Analyses of Mitochondrial
mRNA Extremities in PPR T-DNA Insertion Mutants.

Supplemental Figure 6. RPF2 Binds to a nad9 Transcript.
Supplemental Figure 7. Mapping of the cox3 —448 5’ Terminus.

Supplemental Figure 8. Accumulation of nad9 and cox3 Polypep-
tides Is Not Affected in the rpf2-1 Mutant.

Supplemental Figure 9. PCR Analysis of RPF2 Alleles in Different
Accessions.

Supplemental Figure 10. RPF2 Alleles in Accessions Col, C24, Oy-1,
and Yo-0.

Supplemental Figure 11. Alignment of Amino Acid Sequence De-
duced from the RPF2 Alleles (62670) from Accessions Col, Yo-0,
Oy-1, and C24 and from the At1g62930 Gene (62930) from Col.

Supplemental Figure 12. Complementation Studies with RPF2
Alleles from Oy-1 and Yo-0.

Supplemental Figure 13. RPF2 Is a Mitochondrial Protein.
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Supplemental Table 2. Oligonucleotide Sequences.
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