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P-class pentatricopeptide repeat proteins
are required for efficient 5' end formation
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It is well recognized that flowering plants maintain a
particularly broad spectrum of factors to support gene
expression in mitochondria. Many of these factors are
pentatricopeptide repeat (PPR) proteins that participate
in virtually all processes dealing with RNA. One of these
processes is the post-transcriptional generation of mature 5'
termini of RNA. Several PPR proteins are required for efficient
5' maturation of mitochondrial mRNA and rRNA. These so-
called RNA PROCESSING FACTORs (RPF) exclusively represent
P-class PPR proteins, mainly composed of canonical PPR
motifs without any extra domains. Applying the recent PPR-
nucleotide recognition code, binding sites of RPF are predicted
on the 5' leader sequences. The sequence-specific interaction
of an RPF with one or a few RNA substrates probably directly
or indirectly recruits an as-yet-unidentified endonuclease to
the processing site(s). The identification and characterization
of RPF is a major step toward the understanding of the role of
5'end maturation in flowering plant mitochondria.

Introduction

In mitochondria and chloroplasts, pentatricopeptide repeat
(PPR) proteins are the major contributors to the wealth of factors
dedicated to post-transcriptional processes.! With the help of the
overwhelming fundamental knowledge about the model plant
species Arabidopsis thaliana (Arabidopsis) and its well-developed
genomic and genetic tools, it was possible to assign a large num-
ber of PPR proteins to specific post-transcriptional processes.!
PPR proteins specify cytidines to be edited, are involved in splic-
ing, and also function as RNA PROCESSING FACTORs (RPF)
required for the formation of distinct 5' ends of mitochondrial
transcripts.

In this review, we will summarize the recent progress made
in the analysis of 5' processing of mitochondrial RNAs. In this
context, we will focus on the recently identified RPF. These PPR
proteins, exclusively P-class members,? specify the post-transcrip-
tional formation of distinct 5' termini of one or several mitochon-
drial transcripts. Despite the considerable progress made in the
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identification and characterization of the proteins involved in 5'
mRNA maturation, we can still only speculate about the biologi-
cal importance of post-transcriptional 5' end processing.

5" termini of most mitochondrial-encoded RNAs derive
from post-transcriptional processing. Mitochondrial transcripts
exhibit a surprising complexity often with multiple transcripts of
disparate lengths for a given gene.’” In recent years, it became
clear that often different 5' termini account for this transcript
complexity.®® Generally, there are two different ways how 5'
ends can be created. Transcription initiation directly generates
primary 5' ends. Theoretically, these termini contain 5" triphos-
phate groups, but these seem to be unstable so that also single
phosphates can be found at primary 5' termini. Nevertheless,
the presence of two or three phosphates assigns these 5' ends to
transcription initiation and discriminates them from post-tran-
scriptionally generated 5' ends also called secondary ends. These
termini never contain more than a single phosphate group. The
discrimination between both types of ends is still difficult and
often ambiguous since techniques to differentiate between both
types of ends depend on the presence or absence of the tri- or
diphosphate group.”” Therefore, new techniques that allow an
unambiguous discrimination between both types of 5' termini
would be highly appreciated.

Despite these difficulties, several comprehensive analyses
revealed that both transcription initiation as well as post-tran-
scriptional 5' processing contribute to the complex transcript pat-
tern.®® In many cases there are several promoters but also multiple
processing events that give rise to RNAs with many different 5'
ends (Fig. 1). These ends can be assigned to one or several major
RNAs, which can easily be detected by northern blot analysis,
or to low abundant transcripts that represent precursor RNAs or
by-products of the post-transcriptional 5' end formation process.
The 5" extremities of these extremely low abundant RNAs are
detectable only by PCR, as for instance, the -269 5' end of a nad4
transcript in Arabidopsis (Fig. 2).

Even if there remained some doubts about the origin of one or
the other 5" end it seems clear that the 5' termini of most major
RNAs derive from post-transcriptional processing events and not
directly from transcription initiation. In Arabidopsis, these post-
transcriptionally generated 5' termini were found in distances up
to 645 nucleotides upstream of the translation initiation codon.®
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Figure 1. In plant mitochondria complex transcript pattern comprise multiple RNAs with identical 3'
ends (pinhead) but different 5' termini. The latter originate directly from transcription initiation at mul-
tiple promoters (given by bent arrows) and/or from several post-transcriptional processing events (indi-
cated by scissors). For many mitochondrial genes, low abundant RNAs (thin lines) are detectable. These
might represent processing intermediates or by-products, or might be primary precursor molecules
generated directly by transcription. The maturation process may result into one or several mature RNA
species (thick lines), which contain predominantly post-transcriptionally generated 5' termini.

in transcript maturation and RNA
turnover has not yet been addressed
but it seems that they act in concert
with PPR proteins in the post-tran-
scriptional generation of mRNA 3'
termini.'*® Similar to a mechanism

There is no general sequence or secondary structure con-
servation at mitochondrial transcript termini. A comparison of
the nucleotide sequences from positions -20 to +20 relative to
the 5" ends of all major mitochondrial transcripts failed to reveal
conserved sequence motifs apart from about 24 nucleotides that
are found more or less identical at the 5' extremities of 7ad6 and
atp9 mRNAs as well as of 26S rRNA.® Otherwise, sequence
conservation was found only at those few major ends that are
located within conserved promoter motifs. Similarly, there is also
only very little secondary structure conservation at the 5" ends.
Beside some small simple stem loops, a few tRNA-like structures
(t-elements) were found either directly upstream or downstream
of some 5' termini. Some of these t-elements, which evolved
from true tRNAs, were found to be processed either by the mito-
chondrial RNase P-like enzyme PRORP (5' end) or RNase Z
(3" end) in vitro, strongly suggesting that these enzymes are also
involved in cleavage at the 5" ends of t-elements in vivo. Likewise,
such t-elements are also found at 3' termini. Thus, depending
on the location of these tRNA-like structures relative to the co-
transcribed mRNA, processing of the t-elements contributes to
5" and/or 3' end formation of mitochondrial mRNAs in vivo,
which was confirmed for 3" end formation of the 72d6 mRNA by
PRORP.""2 Up to now, no evidence has been found for the pres-
ence of a 5' to 3" exonucleolytic activity in plant mitochondria,
suggesting that an involvement of such an activity in 5' process-
ing is rather unlikely.®

In contrast to the variability at the 5' ends, more or less no
variation has been observed at the 3' termini of plant mitochon-
drial transcripts. For almost all genes investigated, transcripts
have single 3' ends slightly scattering over a few nucleotides.® Less
heterogeneity of 3' termini was also observed when mitochon-
drial untranslated regions (UTR) from wheat were compared
with Arabidopsis.’® While there are eight 3' UTR conserved
between both species, only one such case is observed among
5" UTR. Interestingly, some of these identical 3' ends coincide
with breakpoints in homology between the 3' UTR sequences in
wheat and in Arabidopsis.
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found in chloroplasts,'®"” a P-class

PPR protein binds to the 3' terminal
region of a mitochondrial RNA (mtRNA), thereby protecting the
transcript from degradation by the mitochondrial PNPase and
concomitantly defining the 3" end of the mRNA. This mecha-
nism has very recently been described for MTSF1, a PPR protein
required for 3' end formation of the nad4 mRNA in mitochon-
dria of Arabidopsis.'®

Natural genetic variation affecting 5' termini of RNAs.
Studies of mitochondrial transcripts in different Arabidopsis
accessions revealed that RNA polymorphisms are a frequent phe-
nomenon.”?' In general, deviating transcript lengths are either
connected to differences in the mitochondrial DNA (mtDNA)
or they originate from variations in nuclear genes required for 5'
processing. So far three RNA polymorphisms have been linked
to mtDNA. In three accessions, the generation of larger cox2
mRNAs is connected to an accumulation of a specific mtDNA
recombination product, indicating that this transcript length
polymorphism is actually the result of a polymorphic mtDNA
configuration stoichiometry. Likewise, alternative mtDNA
arrangements located far upstream of the cox3 gene influence the
lengths of the corresponding mRNAs in Landsberg erecta (Ler).
In contrast, a polymorphism observed for ccnC mRNAs is linked
to a sequence stretch of about 60 base pairs located a few nucleo-
tides upstream of the distinct 5" ends of the 1200-nucleotide, long
cemC transcript in Columbia (Col-type), and of the 1100-nucle-
otide, short cemC mRNA in C24 (C24-type). These deviating
sequences define the C24- and the Col-type ccnC mtDNA con-
figurations, respectively, and it is reasonable to assume that they
contain crucial parts of the cis-elements required for 5" end for-
mation of the different cemC transcripts (see below).?

In the different Arabidopsis accessions, far more transcript
length polymorphisms are linked to nuclear-encoded genes and
these polymorphisms exhibit an amazing variability. The nad4
major transcript is found in two lengths differing at their 5' ends.
A long version was initially identified in Ler, while a short type
of this transcript was found in Col, but this polymorphism is
prevalent in many different accessions (Fig. 2).% A different
situation was found for the 7ad9 gene, for which either one or
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two transcripts are detected in the
different accessions. Similar to the
nad4 mRNA polymorphism, the
nad9 transcript variation is fre-
quently observed but the distribu-
tion of both polymorphisms among
different accessions does not exhibit
any correlation. Another form of a
DNA-associated mtRNA
polymorphism was observed for
the nad3-rpsI2 transcripts. In dif-
ferent accessions the sizes of these
dicistronic RNAs vary between 900
and 1000 nucleotides. Like other
transcript-length  polymorphisms,
the distinct sizes of the nad3-rpsi2
transcripts result from different 5'

nuclear

termini.”! Yet, another frequent poly-
morphism was found also among
ccmB transcripts. Here an additional
5" end is formed in many accessions."”

In contrast to the above mentioned
frequent mRNA polymorphisms, a
deviating 7ad2 mRNA pattern was
detected exclusively in Can-0. In
this accession, the “standard” nad2
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Figure 2. Natural genetic variation generating nad4 transcript length polymorphisms in Arabidopsis. (A)
CR-RT-PCR analysis was used to examine nad4 transcript termini in different Arabidopsis accessions. The
PCR products of different sizes are generated from RNA molecules with distinct 5' ends, whose positions
are given in respect to the translation initiation codon on the right hand side of the image. These ends
and the 3' terminus (+30 in respect to the translation termination codon) have been mapped previously
in other accessions.”?* (B) Schema depicting the different nad4 mRNA species. Thick lines indicate major
RNAs and thin lines represent low abundant transcript species. Grey boxes represent to nad4 exons a

to d. Positions of 5' and 3' ends are indicated. Acc X represents ecotypes Ms-0, Rld-2, Lip-0, Kn-0, Ri-0,
Lz-0 containing the short version of the mature nad4 mRNA (“short” thick line) and Acc Y represents eco-
types Nok-1, Te, Edi-0, Pa-2, and Gre-0 containing the long version of the major nad4 mRNA (“long” thick

transcript present in all other inves-

line). Schema not drawn to scale.

tigated ecotypes was found only in
minor amounts. Instead, additional
larger nad2 RNAs accumulate to comparatively high levels in
Can-0, whereas these transcript species are more or less absent
from the other accessions.?!

Besides the clear polymorphisms of major transcripts, acces-
sion-specific differences were observed in the abundance of
different RNA species or were found among minor abundant
RNAs."2! Such cases are well documented for 7p/5 and cox! tran-
script species, respectively. It seems that PPR proteins are also
involved in the generation of these minor RNA polymorphisms;
however, further studies are required to identify the nuclear genes
related to the distinct polymorphisms.

RESTORER of FERTILITY-like PPR proteins are required
for 5' end processing of mitochondrial RNAs in Arabidopsis.
From the studies described above the following features of 5' ends
of plant mitochondrial transcripts emerged: First, often a number
of transcripts with different 5' termini can be detected for a given
gene. Second, a remarkable variation of 5' termini is seen among
different Arabidopsis accessions. Third, these variations often
affect main transcript species. Fourth, these polymorphisms
are exclusively observed at post-transcriptionally generated 5'
termini.

The 5' end polymorphisms of mitochondrial transcripts are per
se a very interesting phenomenon, but they also paved the way for
the further analyses of 5' processing events. The transcript poly-
morphisms are based on natural genetic variation, which provides
the basis for the map-based identification of nuclear-encoded
genes required for 5' processing. This experimental approach
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led to the identification of genes encoding RNA PROCESSING
FACTORI (RPFI) and RNA PROCESSING FACTOR2 (RPF2)
in Arabidopsis.*?

RPFI (Atlgl2700) was identified on the upper arm of chro-
mosome 1, where it is located within a gene cluster encoding
several P-class PPR proteins.?? This gene encodes a PPR protein
with high similarity to RESTORERSs of FERTILITY (RF) iden-
tified in cytoplasmic male sterility (CMS)/RF systems in several
plant species.””? CMS is a maternally inherited deficiency to
produce or release fertile pollen.3¢ This trait, which is caused
by chimeric, CMS type-specific mitochondrial genes, is used
for the generation of F, hybrid seed from various crop species.
In the presence of an RF gene, male fertility is reconstituted in
the F, plants by reducing the steady-state level of the deleterious
CMS-associated mitochondrial protein either by decreasing the
stability of the corresponding RNA or by reducing translation.
In Arabidopsis, up to 26 RF-like PRR genes have been identi-
fied predominantly in two clusters on chromosome 1.73? In this
model species, CMS has recently been observed in offspring of a
crossing between the distantly related accessions Shahdara (Sha)
and Monte-Rosso (Mr-0). Male sterility seems to be caused by
the interaction of a novel open reading frame (orf117) present in
Sha with two nuclear genome regions on chromosomes 1 and 3 in
Mr-0. Since the nuclear genes in these regions have not yet been
identified it remains unclear whether the CMS in this autoga-
mous model plant species is associated with one of the nuclear
genes encoding an RF-like PPR protein.?’
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Figure 3. Binding site predictions of RNA PROCESSING FACTORs 1, 2, 3, and 5. Following the recently suggested amino acid code for the interaction of
PPRs with distinct nucleotide identities, binding sites were predicted on different RNA substrates. Amino acid identities of positions 6 and 1' (position
1 of the following repeat) are given in the single letter code. Perfect matches (:), poor matches (.), and mismatches (x) are indicated. All potential bind-
ing sites were identified on 5' leader sequences. The distances between the 3' terminal nucleotides of the putative target sites and the 5' ends of the
mature RNA are given in nucleotides (nt). An RNA editing site identified in the 5' UTR of the nad4 mRNA is indicated (U above a vertical arrow).

RPF1 is required for the efficient generation of the -228 5' end
of the nad4 mRNA (Table 1). In Ler and many other accessions,
the RPFI gene has lost its function by the presence of a prema-
ture translation stop codon, which leads to the accumulation of
a 5' extended larger nad4 mRNA with a 5' end at position -390
(Fig. 2).

RPF2 (Atlg62670) was mapped to the lower arm of chromo-
some 1, where it is located in the second cluster containing most of
the genes encoding RF-like PPR proteins in Arabidopsis.** RPF2
is required for the generation of a 72d9 mRNA with a 5" end at
position -202, which is absent from C24 (Table 1). Likewise, this
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nad9 transcript species does not accumulate in the 7pf2-1 mutant,
in which the RPF2 gene is knocked out. Further studies of the
rpf2-1 line showed RPF2 to be also involved in 5' maturation of
cox3 RNAs. Unlike RPF1, where the absence of 5' processing at
position -228 of the nad4 transcript is strictly correlated with the
presence of a premature translation stop codon in all accessions
investigated, the RPF2 gene function is inactivated in different
ways in the different ecotypes, either by distinct recombination
events or by nucleotide substitutions.?

Since both RPFI and RPF2 encode RF-like PPR proteins, it
was speculated that this group of proteins plays a particular role
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in 5' processing of mitochondrial transcripts.
Therefore, several mutants with T-DNA
insertions in different RF-like PPR genes
were screened for alterations of mitochondrial
mRNAs. This identified RPF3, encoded by
At1g62930, which is required for the accu-
mulation of the cernC mRNA in accession
Col (Table 1).** Interestingly, the function
of RPF3 is restricted to Col-type cemC tran-
scripts, whereas this protein seems to have
little effect on the generation of cernC mRNAs
derived from the C24-type ccmC mtDNA
configuration (see above). In contrast to RPF1
and RPF2, whose inactivation has no conse-
quences for the steady-state levels of the Nad4,
Nad9, and Cox3 polypeptides, the knockout
of the RPF3 gene leads to a substantial reduc-
tion of the CemC polypeptide. Nevertheless,
the knockout plants did not reveal any mac-
roscopic phenotype and the activities of
respiratory Complexes I, III, and IV are also
indistinguishable from wild-type. Thus, it
was speculated that the CemC protein is dis-
pensable for the function of flowering plant
mitochondria.

Apart from RPF1 to 3 other RF-like PPR
proteins are involved in 5' processing of
mtRNA. Although still under investigation
in our laboratory, linkage analyses demon-
strate that RPF4 and RPF6 encode RF-like

A — gene | !

5 3
Pre RNA
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?
5’ leader (RPF) Q 3
Mature RNA
B (—\‘
- 1
G5

(’?£) RNA PROCESSING FACTOR (P-class PPRP) 3 PUTATIVE ENDONUCLEASE

Figure 4. Schema depicting a model for the endonucleolytic generation of a mature 5' end
of a mitochondrial transcript. A promoter (bent arrow) and the 3' end (pinhead) are indicated.
(A) Potentially two different proteins are involved in this process. An RNA PROCESSING FAC-
TOR (RPF) interacts sequence-specifically with the target RNA. This interaction might stabilize
a secondary structure (here indicated by a stem loop structure) that directs a potential, yet
unidentified, endonuclease to the cleavage site. The endonucleolytic cut releases a 5' leader
molecule and a 5' mature mRNA. Transcript species in this pathway are given as bold lines.
Whether the recruitment process requires a direct contact between an RPF and the putative
endonucleolytic protein is unclear. Possibly these proteins collaborate indirectly via the RNA
substrate. (B) The secondary structure might also be spontaneously formed in the absence of
the RPF, which might allow an inefficient generation of low amounts of mature mRNA (tran-
scripts given as dashed lines). Such background levels of 5' matured mRNA are frequently
observed in plant lines lacking the different RPFs.

PPR proteins confirming the important role of
this group of proteins in the mitochondrial 5'
maturation process (Table 1). RPF4 is involved in the generation
of additional cemB transcripts in Ler and many other accessions
(K Stoll, C Jonietz, A Hélzle, and S Binder, unpublished results),
while RPF6 is required for the 5' end formation of cemnC RNAs
transcribed from the C24-type cemC mtDNA configuration (K
Stoll, C Jonietz, C Stutzer, and S Binder, unpublished results).®

Taken together, these studies demonstrate the important role
of RF-like PPR proteins in 5' processing of mcRNA. A compara-
tive analysis of the genes encoding RF-like PPR proteins from
angiosperms showed that this group of PPR genes undergoes an
extraordinary rapid evolution with high rates of non-synonymous
to synonymous substitutions.’”? The enhanced diversity of RPF2
alleles found in Arabidopsis accessions suggests that RF-like pro-
teins show an extreme variability also within a species, which
explains the frequent appearance of 5' end polymorphisms.

But what is the function of the real RF proteins? Up to now, the
exact molecular function of most of these proteins is unknown.
Well described is the role of RF1A from the rice Boro II CMS/
fertility restoration system. Analogous to RF-like RPF, this pro-
tein is involved in an endonucleolytic cleavage reaction. Only the
presence of RF1A allows an endonucleolytic cut within the dicis-
tronic, CMS-specific B-nad6-orf79 transcript, which releases a
stable 07/79 mRNA. In contrast to the dicistronic mRNA, the
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orf79 transcript is translated with very low efficiency, which
results into fertility restoration.?"

An influence of both mtDNA sequence and nuclear-encoded
genes on mitochondrial transcripts has also been observed in
Silene vulgaris. In this species, sequences as well as arrangements
of mtDNA exhibit extreme intraspecific variations.*” As exem-
plarily demonstrated by the analysis of the azpl gene, variability
of both mtDNA sequences and nuclear-encoded genes influences
the corresponding transcript pattern.*’

P-class PPR proteins are involved in efficient 5' end for-
mation of plant mitochondrial transcripts. Beside the RF-like
RPF, PPR proteins not classified as RF-like proteins have a strong
impact on 5' termini of mitochondrial transcripts as well. Very
recently, RPF5 (At4g28010) was found to be required for 5'
maturation of three different RNA species sharing conserved
sequences at the processing sites (Table 1).#! While the knockout
of RPF5 has a moderate effect on processing of azp9 mRNAs, it
provokes severe defects in processing of the 7ad6 mRNA and
the 26S rRNA. Thus, this protein is involved in processing of
mRNAs and rRNA indicating that there is no fundamental dif-
ference between 5' processing of both types of RNA in plant
mitochondria.

Despite the important role of RPF5 in 7ad6 mRNA process-
ing and the severe reduction of corresponding mature mRNA,
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Table 1. RNA processing factors in arabidopsis

Protein AGI Number RF-like Target 5'end affected”
number  of PPRs RNA
RPF1 At1g12700 14 yes nad4 -228 in Col
RPF2  At1962670 15 yes nad9 -202 in Col
cox3 -380in Col
RPF3  At1g62930 15 yes ccmC  -484/-482 in Col
RPF4* yes ccmB -231 and -200
in Ler
RPF5  At4g28010 17 no nadé -179 in Col
atp9 -84 in Col
26S +1 in Col
RPF6* yes cemC  -391/-390in C24
RPF8* no nad2 -122 in Col

(*) Analysis in progress. (¥) Positions given with respect to the translation
initiation codon or to 5" end of the mature 26S rRNA.

the steady-state level of the Nad6 polypeptide is unaltered in the
rpf5-1 mutant. Interestingly, also the strongly reduced processing
of the 26S rRNA seems to have no effect on the accumulation
of mitochondrial-encoded proteins, although the majority of the
26S rRNA in the mutant contains the premature -60 5' end. This
observation suggests that ribosomes containing the aberrant 5'
elongated large rRNA are functional.*!

The RPF5 gene was identified by the analysis of several
Arabidopsis lines with T-DNAs in genes encoding regular
P-class PPR proteins. Altered transcript patterns as they were
found in the 7pf5-1 mutant have never been observed in any
of the Arabidopsis accessions, strongly suggesting that “natural
mutants” of this gene do not exist or are extremely rare. A rare
polymorphism is also observed for the nad2 mRNA, which is
found to deviate from its normal size only in a single accession.
Our preliminary analyses indicate that the corresponding RPF,
which we designate RPF7, is encoded by a “normal” P-class PPR
gene and not by an RF-like gene (Table 1B, Stoll and S Binder,
unpublished results).

Taken together, these studies show that all of the factors
involved in 5' processing belong to the P-class PPR proteins. High
variability of 5" ends in different Arabidopsis accessions seems to
be restricted to those 5' termini that require an RF-like PPR pro-
tein for processing. The presently observed overrepresentation of
the RF-like proteins among the RPF might just be related to the
experimental approach that has been used for their identifica-
tion. This approach is based on natural genetic variation, which
is extraordinarily high among the fast-evolving RF-like genes and
this feature led to a preferential identification of such genes. Most
likely, a systematic analysis of knockout mutants affecting regu-
lar P-class PPR proteins will identify more non-RF-like process-
ing factors.

Apart from the RPF described in Arabidopsis, another P-class
PPR protein influencing mitochondrial 5' termini was identified
in maize. MPPR6, which is conserved in other species including
Arabidopsis, is required for correct 5" end formation of the 7ps3
mRNA and proper translation of this transcript. A knockout of

1516 RNA Biology

this gene interferes with a normal development of maize kernels
(further details see below).*?

Mitochondrial RPF bind upstream of the processing sites.
As mentioned above the recent elucidation of the combinatorial
amino acid code for RNA recognition by PPR motifs now allows
the prediction of binding sites for PPR proteins.®** These puta-
tive target sites of the above described RPF are summarized in
Figure 3. The lengths of the potential binding sites vary between
11 and 14 nucleotides. This comparatively small variation cor-
relates with the very similar number of canonical PPR motifs
found within RPF, which ranges between 14 and 17 (Table 1).
However, considering the small number of RPF identified these
characteristics must be regarded as preliminary and variation of
binding site features might increase with the identification and
analysis of additional RPF. In addition, the predictions now need
to be experimentally confirmed. This can be done either directly
by electrophoretic mobility shift assays or indirectly by detection
of RNA footprints, which represent small RNA that were pro-
tected from exonucleolytic degradation by the bound PPR pro-
teins. Such RNA footprints from chloroplasts have recently been
identified in deep-sequence data.”

All of the predicted binding sites are located in the leader
sequences upstream of the 5' end of the mature RNAs (Fig. 3).
The distances between the C-terminal motifs of the proteins and
the cleavage sites range between 29 and 84 nucleotides. The posi-
tioning of the binding sites 5' to the processing sites is similar to
the potential attachment sites of the RNA editing factors. The
latter bind with their last C-terminal motif in identical distances
of five nucleotides upstream of the edited cytidine.” Thus, the
editing factors seem to bind much closer to processing sites than
presumably PPR proteins involved in 5" end maturation do.

Particularly interesting binding predictions were obtained for
the three target RNAs of RPF5.44 While the recognition pat-
terns between RPF5 and 7446 as well as RPF5 and 26S rRNA are
found to be identical, a different interaction is predicted between
RPF5 and the a2p9 precursor RNA (Fig. 3). The distinct interac-
tion patterns correspond well with the differing importance of
this protein in 5" processing of the three RNAs. While RPF5 is
crucial for 5' end formation of the 7zd6 mRNA and 26S rRNA,
this protein has just a supporting role in 5' end formation of the
ap9 mRNA.

In contrast to the mitochondrial 5" mRNA processing, 5' end
formation of plastid-located mRNAs follows a completely dif-
ferent mechanism. Proteins like PPR10 from maize attach to the
RNA, thereby protecting the bound RNA molecule from degra-
dation by 5' exonucleolytic activity. As consequence, the bind-
ing sites of these proteins correspond to about 20 nucleotides at
the 5' terminus of the processed mRNA.'® The predicted binding
of the mitochondrial RPF upstream of the processing sites and
not directly to the 5' terminal sequences of the mRNA indicates
that 5' maturation in mitochondria follows a basically different
mechanism. The distant binding and the variability of the dis-
tances between the putative RPF binding and the cleavage sites
implies that folding of the RNA might be important for process-
ing (Fig. 4), which seems to be irrelevant for 5" end formation in
plastids. To the contrary, 3' processing of mitochondrial mRNAs
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is very similar to the formation of 3' termini in chloroplasts.
In both organelles, PPR proteins act as protein caps protecting
bound RNAs from degradation by 3' exonucleases.'®'®

Plant mitochondrial 5' end processing is achieved by endo-
nucleolytic cleavage. How the plant mitochondrial 5' ends are
generated is not yet finally clear. As mentioned in the previous sec-
tions, there is evidence for endonucleolytic processing of several
5" ends. This evidence was obtained indirectly by the analysis of
the cleavage products. An endonucleolytic cut generates two RNA
molecules. A 5" matured mRNA and a 5' leader molecule. Thus,
the detection of a 5" leader molecule with a 3" end that coincides
with the nucleotide just upstream of a 5' end of the mature nRNA
is a very strong indirect evidence for an endonucleolytic cleav-
age reaction. But unfortunately the 5' leaders are rather unstable,
which hampers the straight forward detection of such molecules.
Nevertheless, it was possible to detect such 5' leader molecules.

Up to now nothing is known about the enzyme that performs
the endonucleolytic cleavage. It is highly unlikely that the RPF
themselves exhibit endonucleolytic activity, although a recombi-
nant DYW-type PPR protein showed such an activity in vitro.
Rather, one or more endonucleases are involved in the scission
reaction. In contrast to plastids, where a whole bunch of endo-
nucleases has been described,”” only two such enzymes have been
identified in mitochondria. These proteins, PRORP and RNase
Z, are predominantly involved in tRNA processing.''* When
tRNAs or t-elements are co-transcribed with mRNAs, these
enzymes contribute also to the post-transcriptional generation of
5" or 3' ends of mitochondrial mRNAs. Considering the require-
ment of tRNA secondary structure for processing by the tRNA
processing enzymes one might speculate that other secondary
structures, potentially stabilized by RPF, might be recognized
by these endonucleolytic enzymes suggesting important roles of
PRORP and RNase Z also in mRNA as well as RNA processing
(Fig. 4A). But up to now, this model is rather speculative and
requires experimental support. In addition, it is also possible that
other yet unidentified endonucleases are involved in the cleavage
reaction. Nevertheless, a mechanism involving secondary struc-
tures could also explain the residual generation of mature 5' ends
observed in the absence of an RPF in the corresponding knock-
out mutants (Fig. 4B). This “background” processing might be
the result of a spontaneous formation of higher order structures,
which allows a cleavage by the processing enzyme alone. Such a
scenario might indicate that the cooperation of a potential endo-
nuclease with an RPF does not necessarily require a direct con-
tact between these proteins. Instead, the collaboration might be
mediated by a distinct secondary structure of the RNA substrate
that undergoes cleavage. This scenario is also supported by the
fact that all RPF are P-class PPR proteins that lack additional
domains required for protein-protein interactions. However, a
direct interaction of RPF with a putative endonuclease cannot be
completely ruled out.

Influence of 5' end processing on RNA stability or protein
accumulation. Up to now the analyses of the different PPR
proteins required for processing did not reveal a homogenous
picture about the influence of 5" end maturation on the stabil-
ity of RNAs. In the ecotype Ler, where RPFI is inactivated, a
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defined nad4 precursor molecule accumulates to amounts very
similar or even identical to the level of the mature mRNA in
Col demonstrating more or less identical stabilities of both tran-
script species.”? To the contrary, in the 7pf5—1 mutant a defined
5" extended 26S rRNA precursor RNA accumulates only to less
than 50% in comparison to the mature 26S rRNA in wild type.
This is accompanied by the detection of a 3' truncated 26S rRNA
degradation product, which contains the immature -60 5" end.
These observations demonstrate that the 5" immature rRNA spe-
cies is less stable than the completely processed mature rRNA
suggesting that in the case of 26S rRNA 5' maturation and deg-
radation or even 3' processing might be somehow interconnected.
How the stability of an RNA species is increased by 5' processing
is unknown at present.

For all other processing events that have been studied in detail
a relationship between 5' maturation and RNA stability is less
obvious since no distinct precursor molecules accumulate in the
absence of processing. Thus a targeted approach to detect and ana-
lyze RNA degradation products is required to elucidate a detailed
picture of a potential link between 5' processing and the stability
of an RNA.

Likewise, the impact of 5' processing on the accumulation
of mitochondrial-encoded proteins does not follow a consistent
blueprint. This might be linked to transcript-specific features that
could have different consequences for translation. But a consis-
tent schema might be also blurred by other factors. First, in both
natural and T-DNA mutants, there are still background amounts
of 5" matured mRNAs that can be translated. Second, often
larger precursor RNAs accumulate in the absence of the RPF and
it is unclear whether such 5' extended RNAs can be also correctly
translated or not. Third, low turn-over rates of mitochondrial-
encoded proteins might allow protein accumulation indistin-
guishable from wild-type even if translation proceeds only with
low efficiency. This could conceal a potential effect of 5' process-
ing in translation initiation. Thus, for most 5' processing events it
remains unknown whether there is any influence on translation.
Up to date, only two instances have been described, in which
impaired 5' processing or the formation of alternative 5' termini
affects mitochondrial protein accumulation. First, the knockout
of RPF3, which comes along with the lack of cernC mRNA accu-
mulation, leads to a severe decrease of the CemC protein level.
Second, the absence of MPPR6 in maize provokes the accumula-
tion of 5" extended 7ps3 mRNAs and also strongly reduces the
accumulation of the ribosomal protein S3 (Rps3), which, in addi-
tion, is truncated at its N terminus. In contrast to RPFI, 2, 3,
and 5, which are predicted to bind to sites within the cleaved 5'
leaders (Fig. 3), MPPR6 binds to the 5' terminal region of the
rps3 mRNA. Thus, it appears that this PPR protein is predomi-
nantly required for correct translation, which is corroborated by
the generation of an N-terminally truncated Rps3 protein. This
aberrant polypeptide seems to be non-functional, indicated by
the substantially impaired mitochondrial translation in mppr6
mutants. The formation of 5" extended 7ps3 mRNA species in
the corresponding mutant might be an indirect outcome of the
MPPR6 function in translation initiation. Probably, this PPR
protein influences secondary structure formation, which, in turn,
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affects 5' processing of the 7ps3 transcript.” To get more infor-
mation about the functional relationship between 5' processing
and translation, we need to understand how protein biosynthesis
works in plant mitochondria. In this context, a mitochondrial in
vitro translation system would be an extremely valuable tool to
study a potential impact of transcript maturation on translation
initiation.

Conclusion

Although substantial progress has been made in the characteriza-
tion of 5' processing of mitochondrial transcripts in plants, still
many important questions about this frequently observed process
remain open. Future studies will be focused on the identifica-
tion of the endonucleolytic enzyme(s) required for cleavage and
on the exact molecular function of the RPF in processing. But

most importantly, studies should concentrate on the functional
relationship between 5' and 3' processing as well as RNA stabil-
ity and of course the impact of 5' end maturation on translation.
These studies will finally bring down general information about
the importance of 5' processing in plant mitochondrial gene
expression.
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