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Summary

“It seems likely that most if not all the genetiu information in any organism is uarried by 
nculeic auid – cscally by DNA […].” Plant organellar genomes have a spelling problem. If 
the genome were a book, many words with “U”s (uridines) would be spelled with “C”s (cyti-
dines) instead, and in certain plant species, the reverse would also be seen, with Cs replaced 
by Us. However, plants change these “mistakes” at the RNA level, correcting U to C and C 
to U at non-random positions, via a phenomenon called RNA editing. We hope Francis Crick 
would have forgiven us for messing up the above quote from his 1962 Nobel Laureate accep-
tance speech. You can return the sentence to its original meaning easily by following the 
rules of plant organellar RNA editing. However, even when spelled right, the statement still 
has a hole in it, maybe one that Francis Crick anticipated and thus started the sentence with, 
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      I. The Essentials of Organellar RNA 
Editing: C to U and U to C 

 RNA editing was initially discovered in the 
transcriptome of trypanosome mitochondria 
(Benne et al.  1986  ) , which undergo inser-
tional/deletional RNA editing: scores of ura-
cil residues are added to or removed from 
mitochondrial messages. In the 1980s and 
1990s, various examples of RNA editing 
were described in organisms from diverse 
taxa (Gott and Emeson  2000 ; Knoop  2010  ) . 
In all cases, the primary  RNA sequences 
were found to be altered by base modifi ca-
tions, nucleotide insertions, nucleotide dele-
tions, or (rarely) nucleotide replacements. 
The diverse editing processes discovered to 
date arose independently from each other and 
employ widely different mechanisms (Smith 
et al.  1997 ; Gott and Emeson  2000 ; Knoop 

 2010  ) . In plant organelles, RNA editing is 
restricted to nucleotide conversions. In 
mRNAs, only changes from C to U or (less 
frequently) from U to C have been observed 
so far, while tRNAs additionally show con-
versions from A to I (inosine). Plant organel-
lar RNA editing was fi rst discovered in 1989 
in wheat and evening primrose mitochondria 
(Covello and Gray  1989 ; Gualberto et al. 
 1989 ; Hiesel et al.  1989  ) , followed 2 years 
later by the discovery of editing in maize 
chloroplasts (Hoch et al.  1991  ) . Since then, 
researchers have shown that organellar RNA 
editing in mitochondria and chloroplasts 
shares many features, including the position 
of  cis -regulatory sequences, the types of 
nucleotide conversions, the frequency of par-
ticular codons affected and, more recently, 
the types of  trans -factors required for RNA 
editing (see Sect. IV   ). Also, RNA editing in 
mitochondria and chloroplasts shows a strict 
phylogenetic co-occurrence in embryophyte 
evolution (see Sect. II). 

 Editing sites do not seem to be strewn ran-
domly across organellar genomes; in fact, 
most RNA-editing events restore conserved 
codon identities that had been lost on the 
DNA level (Walbot  1991 ; Gray  1996 ; Hanson 
et al.  1996 ; Maier et al.  1996 ; Knoop  2004  ) . 
Several of the codons restored by RNA edit-
ing have been mutagenized and shown to be 
essential for protein function (Bock et al. 
 1994 ; Zito et al.  1997 ; Schmitz-Linneweber 
et al.  2005b  ) , and many editing events regen-
erate/remove stop or start codons and can 
therefore be regarded as essential (e.g. Hoch 
et al.  1991 ; Wintz and Hanson  1991  ) . In 

“It seems likely….” Because here’s the rub: Organellar genetic information cannot be read 
the easy way, by identifying open reading frames based on start and stop codons and predicting 
the protein sequences based on codons. Instead, it is far better to read the RNA itself or, 
better yet in experimental terms, look at the cDNA.

In this review, we will attempt to summarize the state of knowledge regarding RNA edit-
ing in plant organelles. We will mostly focus on the mechanistic aspects of RNA editing, 
with considerable space devoted to our understanding of editing site recognition. Following 
that, and at the center of this review, we will examine the latest developments in our under-
standing of the editing machinery. In the end, we will dare to take a quick look at some of the 
reasons behind the seemingly futile process of plant organellar RNA editing.

 Abbreviations:     3D –    Three-dimensional;      CMS – 
   Cytoplasmic male sterility;      cpRNPs –    Chloroplast 
ribonucleoproteins;      CRR –    Chloroplast respiratory 
reduction;      CURE –    Cytidine-to-uridine recognizing 
editor;      EMS –    Ethyl methane sulfonate;      GOBASE–    The 
organelle genome database;      MEF –   Mitochondrial 
editing factor;      NDH  –     NAD(P)H dehydrogenase; 
     OGR1 –    Opaque and growth retardation 1;      PPR – 
   Pentatricopeptide repeat;      PREP –    Predictive RNA edi-
tors for plants;      PREPACT –    Plant RNA editing prediction 
and analysis computer tool;      REGAL –    RNA Editing 
site prediction by Genetic Algorithm Learning; 
     RESOPS –    RNA editing sites of land plant organelles 
on protein three-dimensional structures;      RRM –    RNA-
recognition motif;      TPR –    Tetratri copeptide repeat; 
     WT –    Wild type    
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recent years, however, it has become clear 
that there are also a number of editing events, 
especially in mitochondria, that do not seem 
to be required for the encoded proteins to 
remain functional. For example, many mito-
chondrial null mutants for factors that are 
essential for the editing of individual sites or 
clusters of sites are indistinguishable from 
their wild-type siblings, at least under stan-
dard growth parameters (Bentolila et al. 
 2010 ; Takenaka  2010 ; Takenaka et al.  2010  ) . 
The same holds true for several recently dis-
covered null mutants of editing factors for 
chloroplast sites (Hammani et al.  2009  ) . It 
will be necessary to analyze these mutants 
more thoroughly in the future, and possibly 
identify conditions under which the 
“unedited” versions of these proteins fail to 
entirely replace the “edited” ones.  

   II. Phylogenetic Distribution of RNA 
Editing Sites in Land Plants 

 With the exception of the  marchantiid  liver-
worts, species from all other major embryo-
phyte taxa have been found to display 
organellar RNA editing (Malek et al.  1996 ; 
Freyer et al.  1997 ; Steinhauser et al.  1999 ; 
Duff and Moore  2005  ) . This includes all of 
the angiosperms and gymnosperms investi-
gated to date, including Arabidopsis (for 
example in Arabidopsis: Giegé and 
Brennicke  1999 ; Tillich et al.  2005  ) , the 
fern  Adiantum capillus-veneris  (Wolf et al. 
 2004  ) , the lycophyte  Isoetes engelmannii , 
the mosses  Physcomitrella patens  (Miyata 
and Sugita  2004 ; Rüdinger et al.  2009  )  and 
 Takakia lepidozioides  (Sugita et al.  2006  ) , 
and the hornwort  Anthoceros formosae  
(Yoshinaga et al.  1996,   1997 ; Kugita et al. 
 2003 ; Duff and Moore  2005  ) . With regard 
to the marchantiid liverworts, the sister 
group of jungermanniid liverworts were 
found to have editing of mitochondrial 
 messages. This suggests that  Marchantia 
 polymorpha  and the Marchantiales under-
went a secondary loss of RNA editing 
(Groth-Malonek et al.  2005,   2007  ) , and that 
organellar RNA editing can be considered a 

common trait of embryophytes (Fig.  13.1 ). 
Editing frequencies differ however dramati-
cally between different taxa. For example, 
the chloroplast of  A. formosae  was found to 
have 509 C-to-U and 433 U-to-C editing 
sites (Kugita et al.  2003  ) , whereas sper-
matophytes exhibit only about 30 C-to-U 
editing events and no U-to-C editing (Maier 
et al.  1996 ; Tsudzuki et al.  2001  ) . The record 
holder on the high side is the lycopodio-
phyte,  Selaginella , which has 2,139 editing 
sites in its mitochondrial genome (Hecht 
et al.  2011b  ) . At the lower end,  Physcomitrella  
has so far been found to have only two and 
11 editing events in its chloroplast and mito-
chondrial transcriptomes, respectively 
(Miyata et al.  2002 ; Miyata and Sugita 
 2004 ; Rüdinger et al.  2009  ) .  

 Of the thousands of known organellar 
editing sites, very few are conserved 
between embryophytes (Tillich et al.  2006  ) . 
This is true within a narrower range of taxa 
(Freyer et al.  1997 ; Schmitz-Linneweber 
et al.  2002 ; Fiebig et al.  2004  ) , and even 
between species of the same genus (Sasaki 
et al.  2003  ) , suggesting that RNA-editing 
sites undergo rapid evolution. The few sites 
analyzed across a large set (>100) of species 

  Fig. 13.1.    Phylogeny of RNA editing in chlorophytes. 
Based on current experimental data, it is most parsi-
monious to assume that organellar RNA editing was 
gained in the ancestor of all land plants (  fi lled tri-
angle ). This is suggested by the fi nding that the few 
members of the chlorophytes analysed to date do 
not show organellar RNA editing. Because of perva-
sive RNA editing in members of its sister groups, the 
Haplomitriopsida and Jungermanniopsida, it is most 
likely that RNA editing was lost in the lineage lead-
ing to the liverwort Marchantia polymorpha ( open tri-
angle ) (Adapted from (Knoop  2010  ).        
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from diverse branches of angiosperm 
evolution all seem to be ancient, and were 
likely present in the ancestor of all present-
day angiosperms. However, these sites have 
been far from stable. For example, an edit-
ing site in the chloroplast  matK  gene was 
independently lost at least 36 times in angio-
sperm evolution (Tillich et al.  2009a  ) . 
Similarly, a site in the chloroplast  psbE  gene 
was also lost multiple times (Hayes and 
Hanson  2008  ) . Given that many basal tra-
cheophyte chloroplast transcriptomes boast 
large numbers of editing sites, we can 
assume that the ancestor of spermatophytes 
had a complex, large editotype that became 
reduced to the 30-something sites presently 
found in the extant angiosperm and gymno-
sperm species. In mitochondria, however, 
this reduction never took place in angio-
sperms. It has been speculated that varia-
tions in genomic evolution between 
chloroplasts and mitochondria could explain 
these differences in RNA editing frequencies 
(see Sect. V).  

    III. cis -Requirements for Plant 
Organellar RNA Editing 

 The C-to-U editing of the human  apoB  
mRNA depends on an 11-nucleotide (nt)-
long sequence element called the “mooring 
sequence,” which is located right next to 
(upstream of) the editing site (Smith et al. 
 1997  ) . This sequence is recognized by the 
Apobec1/ACF editing machinery and ensures 
that the correct C is converted to U. Based on 
this model, early efforts to identify  cis- ele-
ments for RNA editing in organelles started 
from the hypothesis that sequences surround-
ing the target nucleotide would participate in 
its recognition by  trans- factors. The work on 
chloroplast  cis -elements initially progressed 
much faster than the corresponding work on 
mitochondria because (unlike mitochondria) 
chloroplasts were amenable to genetic engi-
neering, which allowed for direct testing of 
 cis -sequences. More recently, in vitro editing 
systems have been developed for both chlo-
roplasts and mitochondria, facilitating the 

analysis of sequence requirements in both 
compartments. 

   A. Chloroplast  cis -Elements for RNA Editing 

 Early after the detection of RNA editing in 
chloroplasts, within-species sequence com-
parisons of the identifi ed sites led to the 
detection of nucleotide biases at certain posi-
tions. Notably, position -1 seemed to be criti-
cal for editing, since 29 of 31 tobacco editing 
sites were found to have pyrimidines at this 
position (Maier et al.  1992a,   b ; Hirose et al. 
 1999  ) , and point mutations at this site yielded 
pronounced reductions in editing effi ciencies 
in vivo (Bock et al.  1996  ) . The minimal 
sequence requirements for editing-site rec-
ognition and processing were tested by intro-
ducing mini-RNAs into the plastid genome 
of tobacco, which showed that the recogni-
tion of most editing sites relied on short 
(mostly <20 nt) upstream sequences 
(Chaudhuri et al.  1995 ; Bock et al.  1996 ; 
Chaudhuri and Maliga  1996 ; Reed et al. 
 2001a  ) . However, researchers were unable to 
detect a core consensus sequence, providing 
an early indication that site recognition 
involved specifi c factors for individual sites. 
In addition, researchers failed to fi nd com-
mon secondary structures in the vicinity of 
editing sites, indicating that this is not the 
manner in which the to-be-edited Cs are rec-
ognized. However, some inter-site homolo-
gies were found among small subsets of sites, 
always within 15 nt upstream of the editing 
site (Chateigner-Boutin and Hanson  2002, 
  2003 ; Tillich et al.  2005,   2006  ) . Recent 
advances in our understanding of editing 
factors allow us to speculate that the mem-
bers of these clusters are recognized by pen-
tatricopeptide repeat (PPR) proteins, which 
were recently identifi ed as acting on small 
sets of editing sites (see Sect. IV.A). 

 Over the past decade, the laborious plastid 
transformation techniques for editing site 
analyses used in the 1990s has been comple-
mented by in vitro editing systems that have 
become available for four species: tobacco 
(Hirose and Sugiura  2001  ) , pea (Miyamoto 
et al.  2002 ; Nakajima and Mulligan  2005  ) , 
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maize (Hayes et al.  2006  ) , and  Arabidopsis  
(Hegeman et al.  2005  ) . These systems have 
allowed the thorough mutagenesis of  cis -
elements, which has confi rmed that the core 
 cis -elements are located in the 20-nt region 
upstream of most editing sites. Only rarely 
do nucleotides 3 ¢  of the editing site contrib-
ute substantially to editing effi ciency (Hayes 
and Hanson  2007  ) . Further mutational anal-
yses demonstrated that the nucleotides 
immediately preceding the editing site (−1 
to−4) and the editing site itself are not 
essential for binding of the  trans -factor(s), 
although their specifi c recognition is required 
for the nucleotide conversion itself (Miyamoto 
et al.  2002,   2004  ) . Thus, the 5 ¢ -proximal 
bases of editing sites do not act merely as 
spacers, but rather must be bound in 
sequence-specifi c interactions in order for 
catalysis to occur. 

 However, although the in vivo and in vitro 
data have shown that the most important 
sequences for site recognition lie predomi-
nantly in the immediate 5 ¢  vicinity of the 
nucleotide to be edited (Fig.  13.2 ), this is not 
the entire story. Several studies have sug-
gested that there are also more complex  cis-
 elements involved. For example, the tobacco 
 ndhF  mRNA shows a bipartite recognition 
site in which essential elements are 19 nt 
apart (Sasaki et al.  2006  ) . For several editing 
sites, increasing the length of the 5 ¢  region 
has been shown to increase editing effi ciency, 
although these distal sequence elements are 
not essential (Hayes et al.  2006  ) . An 
upstream-sequence effect has also been 
reported for the rpoBeU158SL editing site 
(Hayes et al.  2006  ;  editing sites are identifi ed 
in this review by their position in the respec-
tive reading frame following a recent nomen-
clature proposal by Rüdinger and colleagues 
Rüdinger et al.  2009  ) . Also, in the case of the 
ndhBeU156PL and ndhBeU196HY plastid 
editing sites, 42 nt of both 5 ¢  and 3 ¢  adjacent 
sequences were insuffi cient to direct editing 
in vivo (Bock et al.  1996  ) . Compared to 
native editing effi ciencies (which usually 
reach 100%), the experimental editing effi -
ciencies are generally poor (often below 10% 
of wild-type levels) for both in vitro and 

in vivo experiments (Bock et al.  1996 ; Reed 
et al.  2001b ; Sasaki et al.  2006  ) . The poor per-
formance of these artifi cial systems may be 
due to overexpression problems and other 
technical limitations, but it could also refl ect 
the lack of necessary distal sequence ele-
ments. Future work will be required to deter-
mine the specifi c role of additional modifi ers 
located at a greater distance from the pro-
cessed site. Such modifying sequences may 
not necessarily be involved directly in site 
recognition; indirect effects via regulation of 
translation (Karcher and Bock  1998  )  or 

  Fig. 13.2.    Models for  cis -elements impacting plant 
organellar editing effi ciencies. ( a ) For most editing 
sites (here shown as unedited “C”), a short (10–25 nt) 
sequence element immediately upstream of the editing 
sites ( bold black line ) is suffi cient for RNA editing. At 
some sites, the editing effi ciency is modulated by addi-
tional, more distal sequence elements that are mostly 
unknown ( bold grey line ). Possibly, such elements base-
pair with the core  cis -element and could thus modulate 
binding of trans-factors ( b ). Alternatively, additional 
 cis -elements could recruit proteins ( light grey ) that 
help to position or activate the editing machinery ( dark 
grey ;  c ). Finally, modulating sequence elements could 
infl uence other processes during the RNA life cycle, 
for example ribosome processivity, which secondarily 
could impact RNA editing.       
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modifi cation of the processing status of other 
sequence elements in the same message 
(Schmitz-Linneweber et al.  2001  )  could also 
impact the processing of an editing site 
(Fig.  13.2 ).   

   B. Mitochondrial  cis -Elements 
for RNA Editing 

 A general consensus editing-site-recognition 
sequence for mitochondria has not yet been 
found in silico (Giegé and Brennicke  1999  ) , 
nor have common secondary structures been 
detected in the vicinity of editing sites 
(Mulligan et al.  1999  ) . Because mitochon-
dria are not amenable to standard stable 
transformation techniques, most of the data 
on  cis -elements for mitochondrial editing 
sites has come from in organello and in vitro 
editing systems. However, the fi rst evidence 
for the location of such  cis -elements was 
obtained through the evaluation of intra-
mitochondrial recombination events that 
deleted the sequences 5 ¢  or 3 ¢  of an editing 
site. Such studies showed that editing 
occurred only when the immediate upstream 
sequences were retained (Lippok et al.  1994 ; 
Kubo and Kadowaki  1997  ) . 

 The in organello systems, which were fi rst 
developed for wheat (Farre and Araya  2001  )  
and later for maize mitochondria (Staudinger 
and Kempken  2003  ) , are based on the elec-
troporation of artifi cial editing-site-contain-
ing genes into mitochondria. Deletional and 
point mutagenesis approaches allowed the 
delineation of mitochondrial  cis -elements 
resembling those found in chloroplasts: For 
most of the tested sites, 16 nt upstream and 
6 nt downstream of the editing site were 
found to be suffi cient for editing, while more 
distant nucleotides did not seem to play a 
role (Farre et al.  2001 ; Choury et al.  2004  ) . 
However, there were exceptions to this rule. 
For example, no editing was observed when 
the Sorghum  atp6  gene was introduced into 
maize mitochondria, but partial editing was 
seen following the introduction of chimeric 
constructs consisting of the 5 ¢ -UTR and part 
of the 5 ¢  coding region of maize  atp6  fused 
with Sorghum  atp6  sequence. In cases like 

these, where the coding regions of the two 
species are virtually identical, distant UTR 
sequences appear to serve as signals for edit-
ing (Staudinger et al.  2005  ) . Such long-
distance effects do not appear to be an artifact 
of the utilized heterologous approach because 
other heterologous experiments have yielded 
high editing frequencies, (for example 
Arabidopsis sequences in maize mitochon-
dria; Bolle and Kempken  2006  ) . When  cis -
elements in the vicinity of editing sites were 
analyzed with regard to the contribution of 
individual nucleotides, no consensus could 
be detected. However, the importance of 
individual nucleotides clearly differed 
between sites, providing an early indication 
that the various editing sites are served by 
individual  trans -factors. 

 The results from in vitro experiments on 
mitochondrial  cis -elements of the dicot 
plants, caulifl ower and pea, paralleled and 
extended the above-described fi ndings from 
in organello systems. The dominant infl u-
ence of the 20 nt immediately upstream of 
editing sites was repeatedly found for differ-
ent sites in vitro (Takenaka et al.  2004 ; 
Neuwirt et al.  2005  ) , and optimal editing was 
found when the upstream sequences were 
extended to ~40 and sometimes even 70 
nucleotides (Neuwirt et al.  2005 ; van der 
Merwe et al.  2006  ) . Competition experi-
ments with mutated versus non-mutated 
templates, as well as the direct mutation of 
identifi ed  cis -elements, helped researchers 
delineate the  cis -elements and the impor-
tance of individual bases within them. The 
fi ndings from these studies largely supported 
the idea that individual sites have individ-
ual  cis -elements (Takenaka et al.  2004  ) . 
Furthermore, an interesting effect was 
observed when multiple  cis -elements were 
concatenated: The tandemly repeated recog-
nition elements dramatically increased 
RNA-editing efficiencies, suggesting that 
local enrichment of a site-recognition fac-
tor can enhance RNA editing (Verbitskiy 
et al.  2008  ) . 

 In sum, the basic parameters for editing-
site recognition have been conserved 
(at least among angiosperms) in chloroplasts 
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and mitochondria. In both organelles, short 
individual upstream sequences seem to serve 
as site-recognition elements. As we will dis-
cuss below, members of the PPR protein 
family utilize such short sequence stretches 
in a highly specifi c manner, an interaction 
essential for editing to occur (see Sect. IV.A). 
For groups other than angiosperms, the situ-
ation is less well understood, mostly because 
we do not yet have access to comparable 
in vivo, in vitro or in organello systems for 
these organisms. However, preliminary com-
parisons of the editing-site sequence envi-
ronment in ferns suggests the presence of 
similar short upstream  cis -elements (Tillich 
et al.  2006  ) . 

 The picture is far less clear regarding the 
infrequent effect of more distant (usually 
upstream) sequences. It is conceivable that 
the overall structure of the RNA including 
long-distant tertiary interactions, is impor-
tant for editing-site recognition (Fig.  13.2 ). 
Such long-range interactions could poten-
tially help make the editing site available for 
PPR proteins, perhaps with the involvement 
of additional protein factors. Alternatively, 
undesirable secondary structures could 
impair the access of PPR proteins to their 
target sites, and might therefore require heli-
cases to open the sites and allow the PPR 
proteins to interact. In the future, it is likely 
that a better understanding of the nature and 
components of the plant organellar editing 
machinery (‘editosome’) will help provide 
insights into these and other possibilities (see 
also discussion in Takenaka et al.  2008  ) .  

   C. Tools for Analyzing RNA-
Editing Sites  In Silico  

 The mitochondrial transcriptomes of embry-
ophytes usually have 100 or more RNA-
editing sites. Therefore, prediction tools are 
essential for a comprehensive analysis of 
RNA editing in any organellar genome that 
has not yet been experimentally investigated. 
Originally, simple algorithms were devel-
oped based on sets of known editing sites 
versus non-edited sites. However, the predic-
tive value of such algorithms was low 

(Cummings and Myers  2004  ) . Later, a larger 
set of parameters was used to describe a 
likely editing site in an improved tool called 
REGAL (RNA Editing site prediction by 
Genetic Algorithm Learning; Thompson and 
Gopal  2006  ) . This tool scored characteristics 
known to show biases between edited and 
unedited Cs in mitochondrial genomes, 
namely: the base at the −1 position of the 
editing site; the base at the +1 position of the 
editing site; the increase in hydrophobicity 
between the pre- and post-editing-encoded 
amino acids; the position of the edited C 
within the codon; the kind of codon that is 
edited; and the kind of amino acids that are 
consequently exchanged by the editing event. 
Using these parameters, the algorithm was 
trained based on the known Arabidopsis 
mitochondrial editing sites, which could be 
used to correctly predict more than 80% of 
the editing sites in related genomes (e.g. 
Brassica). An advantage of REGAL-like 
algorithms over the phylogeny-based analy-
ses (see below) is that they can predict RNA-
editing sites in intergenic regions and for 
species-specifi c ORFs, whereas homology-
based searches are not applicable to such 
regions. A fi rst tool to use such homology-
based, phylogenetic information as a basis 
for editing-site prediction was PREP (pre-
dictive RNA editors for plants). The tool was 
initially tailored for the analysis of mito-
chondrial genomes (Mower  2005  ) , but more 
recent versions have been made suitable for 
the analysis of chloroplast genomes or 
user-defi ned alignments (Mower  2009  ) . 
The principle behind phylogenetic editing-
site prediction is that RNA editing leads to 
an increase in protein conservation across 
species because codons for non-conserved 
amino acids are corrected to those for con-
served amino acids (reviewed in Bock  2000 ; 
Wakasugi et al.  2001  ) . Thus, editing sites are 
expected at positions where a C-to-U conver-
sion would increase the conservation of a 
protein with respect to its homologs in other 
plants. This principle is also used by 
PREPACT (plant RNA editing prediction 
and analysis computer tool; Lenz et al.  2010  ) , 
which extends the previous programs by 
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predicting both C-to-U and U-to-C editing 
events. In addition, the output generated by 
PREPACT highlights different types of edit-
ing events (including partial editing) and 
offers a broader set of user-modifi ed param-
eters for the graphical output. 

 The most elaborate RNA editing site pre-
diction software developed to date uses phy-
logenetic information in conjunction with 
biochemical information on RNA-editing 
sites. This algorithm, called CURE (for 
cytidine-to-uridine recognizing editor) was 
initially designed for the analysis of mito-
chondrial genomes (Du and Li  2008  ) , but 
was later adapted for seed plant chloroplast 
genomes (Du et al.  2009  ) . So far, CURE has 
outperformed PREP (Du et al.  2009  )  but not 
REGAL (Thompson and Gopal  2006  ) . 
CURE still has problems making accurate 
predictions for non-seed plant genomes (Lenz 
et al.  2010  ) , but the quality of prediction 
should increase as the number of available 
training sets (i.e. experimentally determined 
editing sites) continues to climb. 

 A different sort of tool, called RedIdb 
(Picardi et al.  2007,   2010  ) , seeks to catego-
rize editing sites in the organellar genomes 
of eukaryotic organisms. RedIdb tries to 
present each editing event in its biological 
context by giving the corresponding DNA, 
cDNA and protein sequences together with 
gene ontologies and InterPro domains. Links 
are also established to the RESOPS (RNA-
editing sites of land plant organelles on 
protein three-dimensional (3D) structures) 
database, which maps the amino acids 
affected by RNA editing onto the available 
3D protein structures (Yura et al.  2009  ) . 
RedIdb can be used directly for simple 
analyses because sequence analysis tools 
(e.g., BLAST and CLUSTAL algorithms, 
Thompson et al.  1994 ; Altschul et al.  1997  )  
are directly implemented in the database. 
Furthermore, RedIdb is linked with the 
EdiPy tool, a script designed to allow the 
evolutionary simulation of highly edited 
mitochondrial sequences that are not ame-
nable to analysis using standard statistical 
analysis tools (e.g., bootstrap analysis). 
RedIdb has the advantage of manual cura-

tion of entries over more general databases, 
such as dbRES (He et al.  2007  ) , which col-
lects all of the editing sites (not just those of 
organelles) deposited in GenBank, or 
ChloroplastDB (Cui et al.  2006  )  and 
GOBASE (O’Brien et al.  2009  ) , which are 
general organellar-genome databases that 
do not emphasize RNA editing. 

 In all, current in silico tools have greatly 
helped to access RNA editing in novel organ-
ellar genomes and to move on swiftly from 
sequence analysis to editing site prediction 
and experimental analysis. Hopefully, our 
gain in knowledge on editing trans-factors 
(see next section), will at one point allow to 
connect in silico site prediction with the 
automated prediction of target specifi cities 
of editing site recognition factors in any 
embryophyte genome.   

    IV. Trans -Factors for C-to-U RNA 
Editing in Plant Organelles 

 Although the hunt for plant organellar edit-
ing factors was initially long and frustrating, 
recent years have seen tremendous progress 
in the fi eld, and researchers have fi nally 
determined how editing specifi city is assured. 
In short, proteins from the pentatricopeptide 
repeat (PPR) family show highly specifi c 
recognition of  cis -elements upstream of 
editing sites. Some auxiliary factors have 
also been identifi ed, but the process of catal-
ysis is still unclear and it is not yet known 
which factors contribute directly to base 
conversion. 

   A. Pentatricopeptide Repeat (PPR) 
Proteins Specify Editing Sites 

 The identifi cation of the fi rst editing factor 
for an organellar (in this case, plastid) site 
was not the outcome of an elaborate genetic 
or biochemical screen for editing factors, but 
instead came out of work on an unrelated 
problem. T. Shikanai’s group (Kyoto 
University, Japan) had a long-standing inter-
est in the plastid NADH dehydrogenase 
(NDH) complex, a multi-subunit complex in 
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the thylakoid membrane that has still not 
been functionally assigned with a high degree 
of certainty. Shikanai and colleagues identi-
fi ed mutants of the NDH complex by screen-
ing an ethane methyl sulfonate (EMS) 
induced mutant collection, looking for char-
acteristic defects in chlorophyll fl uorescence 
(Hashimoto et al.  2003  ) .The isolated mutants 
included one harboring a lesion in the gene 
for a PPR protein called CRR4 (chloroplast 
respiratory reduction 4; Kotera et al.  2005  ) . 
The loss of CRR4 abrogated editing of the 
start codon of the  ndhD  mRNA, which 
encodes a core subunit of the NDH complex. 
Given that almost half of the editing sites in 
the plastid genome reside in  ndh  genes, it is 
not surprising that the screen also uncovered 
several additional editing mutants showing 
defects in specifi c  ndh  sites; all of them were 
found to result from lesions in PPR genes, 
namely those encoding CRR21, CRR22 and 
CRR28 (Okuda et al.  2007,   2009b ; for a 
complete list see Table  13.1 ). Other studies 
searching for mutants defective in chloro-
plast development also identifi ed PPR pro-
teins as being involved in editing, again with 
each protein serving a specifi c site (CLB19, 
Chateigner-Boutin et al.  2008 ; LPA66, Cai 
et al.  2009 ; AtECB2, Yu et al.  2009 ; Vac1, 
Tseng et al.  2010  ) . Not surprisingly, the 
apparent importance of PPR proteins in RNA 
editing spurred reverse-genetic studies; these 
led to the identifi cation of seven additional 
PPR proteins that functioned in the editing 
of specifi c chloroplast sites: (OTP80; OTP81; 
OTP85; OTP86; OTP82; OTP84; RARE1; 
Hammani et al.  2009 ; Okuda et al.  2009a ; 
Robbins et al.  2009  ) .  

 Within a few years after the PPR proteins 
were fi rst identifi ed as editing factors of 
chloroplast sites, other family members were 
identifi ed as being required for mitochon-
drial sites (Table  13.1 ). Notably, none appears 
to dually target editing sites in both organ-
elles. The fi rst mitochondrial editing factor 
was identifi ed as part of an elegant screen for 
ecotype-specifi c differences in editing effi -
ciency (Zehrmann et al.  2008  ) , in which 
differences found between Arabidopsis 
accessions Columbia and C24 were used to 

map the editing activity. The identifi ed factor 
was named MEF1 (mitochondrial editing 
factor 1), and insertional mutagenesis was 
used to confi rm that it is essential for multi-
ple sites (Zehrmann et al.  2009  ) . A similar 
screen for quantitative trait loci that affect 
RNA editing identifi ed REME1, a PPR pro-
tein that was shown to support editing sites in 
the  nad2  and  tatC  mRNAs but was not found 
to be essential for their editing (Bentolila 
et al.  2008,   2010  ) . A different type of forward 
screen for editing defects in a population of 
EMS-induced Arabidopsis mutants made use 
of a multiplexed single- nucleotide-primer-
extension assay (Takenaka and Brennicke 
 2009  ) . This screen utilized multiple primers 
that annealed just downstream of editing 
sites and were then extended with two alter-
natively labeled dideoxy nucleotides corre-
sponding to either the edited or the unedited 
nucleotide. The extension products were then 
detected and analyzed with standard Sanger 
sequencing technology. The screen was 
shown to be capable of identifying a single 
mutant out of a pool of 50 plant samples 
(Takenaka and Brennicke  2009  ) . Multiple 
mutants were recovered using this screening 
technique, and some of the underlying genes 
have been identifi ed, including those encod-
ing MEF9 and MEF11 (Verbitskiy et al. 
 2009 ; Takenaka  2010  ) . MEF11 also emerged 
in an unrelated screen for lovastatin-insensi-
tive mutants and was therefore initially called 
LOI1 (Kobayashi et al.  2007  ) . 

 Additional mitochondrial PPR proteins 
required for specifi c editing sites were found 
by a reverse genetic screen in the moss 
 Physcomitrella patens  (PpPPR_56, 
PpPPR_77, PpPPR_91, PpPPR_71, Ohtani 
et al.  2010 ; Tasaki et al.  2010  ) . An unrelated 
screen that sought to identify T-DNA mutants 
in rice uncovered a PPR gene mutation that 
abrogated the editing of at least three sites 
(Kim et al.  2009  ) . Based on its seed and 
seedling phenotype, the mutant was called 
OGR1 (opaque and growth retardation 1). A 
screen for mutants displaying slow and 
delayed growth led to the identifi cation of 
SLOW GROWTH1, which is required for 
editing of the  nad4  and  nad9  sites (Sung 
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et al.  2010  )  .  Finally, a number of PPR proteins 
that target mitochondrial editing sites were 
found using reverse genetics, including six 
identifi ed by a screen of T-DNA insertions in 
Arabidopsis PPR genes (MEF-18, MEF-19, 
MEF-20, MEF-21, MEF-22, MEF8, Takenaka 
et al.  2010  ) . 

 In sum, 33 PPR proteins have been shown 
to serve organellar RNA-editing sites, all in a 
highly specifi c manner. For 20 of the 33, only 
one target RNA-editing site has been 
described. Of the remaining 13 PPR proteins, 
8 serve 2 sites, 4 serve 3 sites, and 1 (OGR1) 
is involved in editing 7 sites (Table  13.1 ). 

 While the specifi city of PPR proteins for 
low numbers of editing sites is consistent 
with the fi ndings of studies on non-editing 
PPR proteins that are also linked to few RNA 
processing events (Schmitz-Linneweber and 
Small  2008  ) , several caveats should be kept 
in mind. First, most of the target editing sites 
for PPR proteins that have been described to 
date are based solely on genetic data. Most 
of the editing PPR proteins have not yet been 
directly shown to associate with their target 
sites. Thus, a genetically determined lesion 
in the editing of an individual site could be a 
secondary effect of a more general impair-
ment in basic organellar function. For exam-
ple, loss of overall plastid translation affects 
the processing of multiple RNA-editing sites 
(Karcher and Bock  1998 ; Halter et al.  2004  ) . 
Therefore, it would be desirable to determine 
whether the identifi ed  editing-site-related 
factors directly associate with their editing 
sites, either in vitro or (even better) in vivo. 

 Only one editing factor has been exam-
ined for its association with RNA in vivo to 
date: LOl1. Two RNA targets of LOI1,  cox3  
and  atp1,  were identifi ed by co-purifi cation 
with overexpressed LOI1:FLAG proteins 
(Tang et al.  2010  ) . However, only one of the 
two recovered RNAs, the  cox3  mRNA, dis-
played an editing defect in LOI1 mutants. 
Furthermore, the LOI1:FLAG eluates failed 
to yield any of the six other editing-defi cient 
RNAs that had been recovered from LOI1-
defi cient plants. This, together with the low 
frequency of  cox3  cDNA clones found after 
reverse transcription of RNA bound to 

LOI1:FLAG, precluded a fi nal conclusion 
on whether or not LOI1 directly binds the 
RNAs that fail to undergo editing in the LOI1 
mutants (Tang et al.  2010  ) . With regard to 
in vitro studies, two other PPR proteins with 
functions in RNA editing have been shown 
to bind directly to their cognate editing site 
in vitro (Okuda et al.  2006 ; Tasaki et al. 
 2010  ) . A minimal CRR4-binding element 
was determined to lie within the region from 
−25 to +10 relative to the  ndhD  editing site 
(Okuda et al.  2006  ) . Similarly, the moss 
PpPPR_71 editing site is contained in a 
sequence element spanning nucleotide −40 
to +5 relative to the editing site ccmF-
CeU122SF (Tasaki et al.  2010  ) . These 
in vitro studies on the RNA binding sites of 
the editing PPR proteins are in good agree-
ment with the locations and sizes of the pre-
viously determined cis-sequences for editing 
(see Sect. III.B). 

 A second caveat concerns the complete-
ness of the editing analyses that are currently 
available. In the case of the  Physcomitrella  
PPR proteins, it is relatively simple to survey 
all 13 sites in both organellar genomes. The 
same holds true for the 30-some sites in the 
plastid genomes of angiosperms (Schmitz-
Linneweber and Barkan  2007  ) . When it 
comes to the 100s of editing sites known in 
Arabidopsis mitochondria and the many yet-
unknown sites in rice, maize, etc., a conclu-
sive screen for defects seems ambitious. Not 
even the modern multiplex-based approaches 
have attempted to screen all editing sites in a 
given organism (Takenaka and Brennicke 
 2009  ) . Thus, it can be expected that most of 
the mitochondrial editing PPR proteins will 
eventually be found to serve a larger number 
of sites than they appear to at this point. 
Nevertheless, it cannot be disputed that the 
specifi city displayed by these proteins is 
exquisite. To understand how this is achieved, 
we must take a closer look at the PPR protein 
family. 

   1. The Architecture of the PPR Proteins 

 Members of the PPR protein family had been 
already studied in yeast and maize by the late 
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1990s (Barkan et al.  1994 ; Manthey and 
McEwen  1995 ; Coffi n et al.  1997 ; Fisk et al. 
 1999 ; Ikeda and Gray  1999 ; Lahmy et al. 
 2000  ) . Each of these studies had implicated 
individual proteins in the gene expression of 
organelles, but the family had not yet been 
recognized as such. The credit for identify-
ing the existence of a large protein family 
whose members play potential roles in the 
RNA processing of plant organelles goes to 
Ian Small’s (UWA Perth, Australia) and Alain 
Lecharny’s (CNRS-INRA Evry, France) 
groups, which described the PPR motif and 
annotated the family in Arabidopsis (Aubourg 
et al.  2000 ; Small and Peeters  2000 ; Lurin 
et al.  2004  ) . The PPR motif belongs to the 
widespread helical-hairpin-repeat motifs. 
The motif is defi ned as a repeat, meaning 
that PPR proteins always have at least two 
PPR motifs (Lurin et al.  2004  ) . Repeats are 
predominantly found in tandem, and it is 
unclear whether isolated motifs are actually 
functional. Both the structure of the repeat 
and the overall structure of the PPR tract 
(i.e., the entirety of all repeats) have been 
modeled based on the known crystal struc-
tures of the closely related tetratricopeptide 
repeat (TPR) proteins (Small and Peeters 
 2000 ; Delannoy et al.  2007  ) . These studies 
suggest that each PPR repeat encodes two 
alpha-helical elements, termed A and B, 
which fold back onto each other and also 
interact with the helical elements of the two 
adjacent repeats. Thus, the tandem repeats 
are stacked on top of one another to form an 
oblong superstructure. The A helices form 
the front of this structure, while the B helices 
form the backside. The surface produced by 
the A helix displays a curious aggregation of 
charged and hydrophilic amino acids that are 
believed to make contacts with RNA. 
Unfortunately, we do not yet have either a 
detailed point-mutant-based analysis of PPR 
tracts or a crystal structure to support these 
models. In any case, it is clear that PPR pro-
teins are major players in all aspects of chlo-
roplast RNA metabolism. A wealth of genetic 
data on PPR proteins almost uniformly sug-
gests that they play direct roles in the RNA 
metabolism of organelles, including functions 

in RNA splicing, cleavage, stabilization, 
translation and editing (Schmitz-Linneweber 
and Small  2008  ) . Importantly, both in vitro 
and in vivo studies have suggested that there 
is a direct interaction between PPR proteins 
and RNA (Tsuchiya et al.  2002 ; Nakamura 
et al.  2003 ; Lurin et al.  2004 ; Schmitz-
Linneweber et al.  2005a,   2006 ; Okuda et al. 
 2006 ; Gillman et al.  2007 ; Kobayashi et al. 
 2007 ; Beick et al.  2008 ; Kazama et al. 
 2008 ; Williams-Carrier et al.  2008 ; Tang 
et al.  2010  ) .  

   2.The Editing PPR Proteins 
Belong to the PLS Subgroup 

 The PPR family has been subclassifi ed into 
two major groups: the pure (or P-type) PPR 
proteins, which contain only repeat units of 
35 amino acids in length; and the PLS PPR 
proteins, which have repeats of varying 
lengths (P = normal; L = long repeats; 
S = short repeats, Lurin et al.  2004  ) . The 
normal, long and short domains typically 
follow each other in triplicates, leading to 
the name: P-L-S. The P-type PPR proteins 
generally do not contain any other known 
protein domains, and members of this group 
have been associated with RNA stabiliza-
tion, translation and splicing (e.g., Barkan 
et al.  1994 ; Schmitz-Linneweber et al.  2006 ; 
Pfalz et al.  2009 ; Prikryl et al.  2010  ) . 
Intriguingly, all but one of the PPR proteins 
that have been implicated in RNA editing 
belong to the PLS subgroup; in Arabidopsis, 
this subgroup contains slightly less than 
half of the annotated PPR proteins (Lurin 
et al.  2004  ) . The PLS subgroup has been 
further subdivided based on the presence of 
C-terminal extensions of unknown function 
(Lurin et al.  2004  ) , and almost all PLS PPR 
proteins contain a so-called E-domain of 
~90–120 amino acids. Eighty-seven of the 
450 PPR proteins in Arabidopsis contain 
the DYW domain, which was named after 
three highly conserved C-terminal amino 
acid residues, and spans roughly 100 amino 
acids. The majority of the editing PPR pro-
teins in Arabidopsis (22 of 33) have DYW 
domains (Table  13.1 ). 
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 The only non-PLS type PPR that appears 
to be involved in RNA editing is the 
Arabidopsis PPR596 protein (Doniwa et al. 
 2010  ) . PPR596 is essential when plants are 
germinated on soil; the phenotype can be 
partially rescued by a longer growth period 
on sugar-containing medium, but the plants 
still display a strong growth retardation and 
aberrant leaf development. Mutants of this 
PPR are unusual in that they show an increase 
in the RNA editing of a mitochondrial site 
that is only partially edited in wild-type plants 
(rps3eU1344SS). However, in the absence of 
conclusive data on the processing of the  rps3  
transcript, it is currently unclear whether the 
observed defect was a direct effect, or alter-
natively was caused by other PPR596-
mediated alterations in RNA metabolism.  

   3. How Do PPR Proteins Recognize RNA? 

 Biochemical evidence suggests that PPR 
proteins can interact with the  cis -elements 
upstream of RNA-editing sites, but the details 
of this interaction are not yet known. In the 
last few years, a handful of RNA-editing fac-
tors have been shown to serve more than one 
target site, allowing researchers to determine 
consensus sequences for site recognition 
(Hammani et al.  2009  ) . A simple consensus 
of base identities was found to be insuffi cient 
to explain the observed protein specifi city, 
but the combination of several characteris-
tics of RNA bases into a consensus model 
allowed the experimentally determined edit-
ing sites to be identifi ed with high specifi city 
(Hammani et al.  2009  ) . The employed char-
acteristics were: purine versus pyrimidine 
bases; and double versus triple hydrogen 
bond-forming bases. For example, the base 
identity consensus of the three sites served 
by OTP84 ( psbZ, ndhB, ndhF ) is: U – – – – – – U 
A – U – – – – C (the hyphens stand for 
ambiguous bases). This consensus contains 
little information, and in fact corresponds to 
444 sites in the chloroplast genome of 
Arabidopsis. The improved consensus reads 
UWRYWWYUAYUWYRYC (W = A or U; 
Y = C or U; R = A or G) and is found only four 
times in the genome. Of the four occurrences, 

one is not in a transcribed region (Hammani 
et al.  2009  )  and the other three correspond to 
the known target sites for OTP84. This sug-
gests that PPR proteins recognize editing-
site  cis -elements by distinguishing bases by 
their purine/pyrimidine natures and/or 
Watson–Crick characteristics rather than 
uniquely distinguishing among the four 
bases. This model holds true for most of the 
editing factors analyzed to date, suggesting 
that the same protein surface recognizes 
multiple targets (Hammani et al.  2009  ) . A 
detailed structural characterization of the 
binding surface of PPR proteins should be a 
goal for the near future.  

   4. How Do PPR Proteins Help 
Edit Organellar RNAs? 

 The mechanism behind base conversion is 
still a matter of debate, as is the role of PPR 
proteins in RNA editing. Based on the fac-
tors isolated to date, it seems clear that the 
PLS PPR proteins act as editing-specifi city 
factors. These proteins emerged in land 
plants and have not been found in green algae 
or any non-green organism (which generally 
have much lower PPR gene counts); this dis-
tribution parallels the presence of RNA edit-
ing, which also has not been found in green 
algae (Lurin et al.  2004  ) . Importantly, the 
DYW domain is restricted to land plants and 
has been shown to correlate with taxa that 
exhibit RNA editing (Salone et al.  2007  ) . 
The green algae, from which the embryo-
phytes arose, do not show organellar RNA 
editing and do not have DYW PPR proteins. 
In addition, the marchantiid liverworts that 
secondarily lost their RNA editing also lack 
DYW proteins, whereas the Jungermanniid 
liverworts, close relatives that show exten-
sive organellar RNA editing, possess pro-
teins with DYW domains (Salone et al.  2007 ; 
Rüdinger et al.  2008  ) . 

 The DYW domain has some interesting 
similarities to the cytidine deaminases from 
various eukaryotic organisms (Salone et al. 
 2007  ) . In humans, these deaminases are 
involved in zinc-dependent RNA editing 
(Navaratnam and Sarwar  2006  ) . The highest 
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similarity to the DYW-domain was observed 
for the zinc-binding domain of these deami-
nases. This includes the histidines and 
cysteines required to form the complex with 
zinc, which are found in the HxExnCxxC 
motif of the DYW domain (Salone et al. 
 2007  ) . To date, efforts to show that recombi-
nant DYW domains are involved with RNA 
editing in vitro have been unsuccessful 
(Nakamura and Sugita  2008 ; Okuda et al. 
 2009b  ) . By contrast, all four recombinant 
DYW domains tested so far were found to be 
capable of degrading RNA in vitro with dif-
ferent effi ciencies (Nakamura and Sugita 
 2008 ; Okuda et al.  2009b  ) . One of the four 
DYW-PPR proteins tested was CRR2, which 
may be involved in intercistronic cleavage, 
but for which no RNA-editing function has 
been genetically assigned (Hashimoto et al. 
 2003  ) . In fact, not all DYW-PPR proteins are 
necessarily editing factors. For example, a 
reverse genetic screen for editing defects in 
null mutants of DYW-PPRs found editing 
defects in only 5 of 9 plastid mutants, and 
only 2 of 25 mitochondrial mutants (Hammani 
et al.  2009 ; Takenaka et al.  2010  ) . 

 It is not yet clear how RNA cleavage by 
the DYW domains fi ts into the catalysis of 
C-to-U conversion. The phosphate backbone 
of RNA has been shown to remain intact dur-
ing RNA editing (Rajasekhar and Mulligan 
 1993  ) . Furthermore, if the backbone were 
cleaved near editing sites we should be able 
to recover defi ned degradation products of 
edited transcripts, and these have not been 
found to date. It is also possible that the 
observed cleavage activity is just a mislead-
ing side effect that unfolds only under reac-
tion-tube conditions in experiments using 
naked RNA. Future work will be required to 
examine these and other questions. 

 Thus, the in vitro data on the role of the 
DYW domain in RNA editing are inconclu-
sive at this point. In addition, results from 
in vivo studies are rather confusing. A T-DNA 
insertion in the DYW domain of the mito-
chondrial MEF11 protein obliterated RNA 
editing at two sites, but a third site was still 
partially edited in this mutant, whereas no 
editing was seen for the MEF11 null allele 

(Verbitskiy et al.  2010  ) . In MEF1-defi cient 
protoplasts or plants, partial restoration of 
editing events was seen following transient 
or stable complementation with a MEF1 
mutant lacking the DYW domain (Zehrmann 
et al.  2010  ) . In plastid DYW-PPR editing 
mutants for CRR22, CRR28 and OTP83, 
however, complete restoration was achieved 
following complementation with PPR genes 
lacking the DYW domain (Okuda et al. 
 2009a,   b  ) . These fi ndings seem to indicate 
that the DYW domain is not necessary for 
catalytic editing activity. When the DYW 
domains of CRR22 and CRR28 were replaced 
with their counterpart from the non-editing 
PPR protein CRR2, no complementation of 
null mutants occurred. However, RNA edit-
ing was still supported by proteins in which 
the DYW domains from CRR22 and CRR28 
were swapped (Okuda et al.  2009b  ) . 
Conversely, when the DYW domains from 
CRR22 and CRR28 were used to replace the 
DYW domain of CRR2, the latter failed to 
show RNA cleavage, indicating that the 
DYW of CRR2 appears to be essential for 
protein function (i.e., RNA cleavage; Okuda 
et al.  2009b  ) . This suggests that there are 
two types of DYW domains: DYW type 1 is 
found in CRR2 and is required for RNA 
cleavage but cannot function in RNA edit-
ing, whereas DYW type 2 is found in the 
editing PPR proteins and neither inhibits nor 
is required for RNA-editing activity. Thus, 
although the phylogenetic distribution of 
DYW editing sites suggests that they may be 
required for editing, the initial genetic exper-
iments indicate otherwise. However, before 
we try to form a model that explains these 
contradicting phylogenetic and genetic data, 
we will briefl y discuss the E-domain. 

 All PPR protein editing factors isolated 
to date have E-domains, and 10 PPR editing 
factors have an E-domain but not a DYW-
domain (Table  13.1 ). Similar to the DYW 
domain, the E-domain is highly conserved 
within and between plant species, but it does 
not bear homologies to any known protein 
domain. Loss of the E-domains from CRR22, 
CRR28 and CRR4 abolished RNA editing at 
their cognate sites (Okuda et al.  2007,   2009b  )  
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but did not affect their binding to RNA 
(Okuda et al.  2007  ) . The experimental addi-
tion of a stop codon right at the border 
between the PPR tract and the E-domain 
blocked the editing activity of MEF9 
(Takenaka  2010  ) , but swapping the 
E-domains of CRR4 and CRR21 did not 
interfere with RNA editing (Okuda et al. 
 2007  ) . Together, these data show that the 
E-domain is essential for the RNA-editing 
activity of the editing PPR proteins. 

 Based on this, it is at present still diffi cult 
to incorporate these fi ndings on the 
C-terminal extensions of PLS-PPR proteins 
into a unifying model. One possibility would 
be that both an E-domain and a type 2 DYW-
domain are required for editing, but that the 
latter can also be added in  trans  (Okuda 
et al.  2009b ; Fig.  13.3 ). Or perhaps two or 
more PPR proteins can act together to pro-
cess RNA-editing sites (Fig.  13.3 ).  Ad 

extremo , any DYW type 2 PPR could possibly 
complement any E-domain PPR protein. 
This would be a convenient arrangement, as 
it would provide the chloroplast with a high 
cumulative concentration of (possibly cata-
lytically active) DYW domains at any given 
time, while the concentration of individual 
PPR proteins could remain low (i.e., just 
suffi cient for RNA detection). This would 
dispense with the need to express and regu-
late an additional deaminase enzyme, and 
the E-domain could function as a protein-
interaction domain for the recruitment of 
DYW-containing PPR proteins. If this model 
is correct, various DYW-PPR proteins 
should co-purify with any given E-domain-
containing PPR editing factor used as bait.  

 This and other related hypotheses will 
likely be tested in the near future, as several 
researchers are seeking to identify factors 
that interact with PPR proteins. At present, 

  Fig. 13.3.    Models for the organellar editosome. All models are based on the well supported assumption that 
the PPR tract of PPR proteins contacts the core cis-element in front of editing sites ( bold line ). ( a ) PPR-DYW 
proteins could be solely responsible for RNA editing of their target sites if the proposition holds that the DYW 
domain has cytidine deaminase activity. ( b ) For E-type PPR proteins without a DYW domain, other DYW PPR 
proteins could provide the catalytic DYW domain  in trans . ( c ) PPR proteins could be only required for site 
recognition, but not directly for catalysis. Such an activity would be provided by a hitherto unknown cytidine 
deaminase (CD) that would be recruited by the E:DYW domains or by E-domains alone. ( d ) For  cis -elements part 
of RNA secondary structures, additional factors could be required that make the RNA accessible for PPR protein 
entry and thus subsequent catalysis. Such non-essential factors could be cpRNP proteins with their suggested 
RNA chaperone activity.       
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however, the model is still highly speculative. 
In particular, there is currently no evidence 
for the direct interaction of PPR proteins 
with each other aside of the fi nding that the 
PPR protein HCF152 might form homodimers 
in vitro (Nakamura et al.  2003  ) . Genetically, 
it has been shown that two PPR proteins can 
be required for the editing of one site 
(Robbins et al.  2009 ; Yu et al.  2009  ) : The 
loss of either AtECB2 or RARE1 abrogates 
the editing of a specifi c site in the plastid 
 accD  mRNA. Given that both of these PPR 
proteins contain a DYW motif, it will be 
interesting to see how AtECB2 and RARE1 
share non-redundant responsibilities in pro-
cessing the  accD  site. In this regard, it is also 
interesting that there are mutants of DYW-
PPR proteins that support RNA editing at 
specifi c sites, but are not essential for it. This 
includes MEF1, which is essential for two 
sites but only supportive for the editing of a 
 nad2  site (Zehrmann et al.  2009  ) ; REME1, 
which supports another  nad2  site; and OGR1, 
which is essential for a number of sites but 
contributes only slightly to the editing of 
nad4eU433LF. Future work will be required 
to assess how these PPR proteins contribute 
together with putative partner PPRs and pos-
sibly other factors to achieve high editing 
levels of their cognate targets. It will be par-
ticularly interesting to understand whether 
these PPR proteins directly associate with 
the RNA and thus contribute to recognition, 
or whether their DYW domains are simply 
recruited for catalysis by protein-protein 
interactions.   

   B. The Enigmatic Catalytic Activity 

 Both the sugar-phosphate backbone and the 
nucleotide base remain intact during RNA 
editing, indicating that catalysis does not 
involve nucleotide excision or base exchange 
(Rajasekhar and Mulligan  1993 ; Yu and 
Schuster  1995  ) . Instead, the experimental 
evidence collected in the years following the 
discovery of plant organellar RNA editing 
unequivocally indicated that C-to-U RNA 
editing proceeds by base deamination (Araya 
et al.  1992 ; Rajasekhar and Mulligan  1993 ; 

Yu and Schuster  1995  ) . Transamination 
would be an alternative scenario, but the 
standard amino-group acceptors and a candi-
date enzyme tested for  trans -amination did 
not seem to be involved in vitro for C-to-U 
editing (Takenaka et al.  2007  ) . One long-
held theory is that cytidine deaminases carry 
out the reaction, in a manner analogous to 
that seen for human C-to-U editing 
(Navaratnam and Sarwar  2006  ) . However, 
the fi rst cytidine deaminase identifi ed in 
Arabidopsis was not found to associate with 
RNA (Faivre-Nitschke et al.  1999  ) , and 
another candidate deaminase protein turned 
out to be required for A-to-I editing of plas-
tid tRNA-R(ACG), but not for C-to-U RNA 
editing (Delannoy et al.  2009 ; Karcher and 
Bock  2009  ) . The classical cytidine deami-
nases utilize zinc as a co-factor during catal-
ysis, but in vitro experiments in which zinc 
was chelated from editing reactions deliv-
ered mixed results: Although zinc depletion 
did not affect mitochondrial RNA editing 
in vitro (Takenaka et al.  2007  ) , detrimental 
effects were observed in comparable plastid 
systems (Hegeman et al.  2005  ) . Several pre-
dicted organellar cytidine deaminases remain 
to be tested for functions in RNA editing, but 
we may fi nd that the true activity has evolved 
from a very different background, such as 
from RNA modifying enzymes that act on 
rRNAs or tRNAs, or from enzymes involved 
in single-stranded DNA metabolism and 
repair. Importantly, it remains possible that 
the DYW domain may have editing activity. 
Certainly, the future identifi cation of this 
editing activity will be a most exciting and 
important task.  

   C. Other Factors Involved in RNA Editing 

 Aside from the PPR proteins and the enig-
matic editase discussed above, the list of 
additional RNA-editing factors is fairly 
short. Most of the factors implicated in RNA 
editing have been determined biochemically, 
such as by the cross-linking of proteins to 
editing sites. Among the proteins identifi ed 
in this manner is a 91-kD protein associated 
with the  rpoBeU113SF  editing site in tobacco 
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(Kobayashi et al.  2008  ) . Most likely, this 
protein corresponds to the recently identifi ed 
YS1 PPR protein responsible for editing this 
site in Arabidopsis (Zhou et al.  2009  ) . 
Similarly, the 95-kD protein that cross-linked 
to  ndhBeU494PL  and  ndhFeU21SL  in 
tobacco (Kobayashi et al.  2008  )  could turn 
out to be homologous to OTP84, an 
Arabidopsis PPR serving these exact same 
sites (Hammani et al.  2009  ) . A 25-kD factor 
associated with tobacco  psbL  will not have a 
similarly corresponding factor in Arabidopsis, 
which lacks this site (Hirose and Sugiura 
 2001  ) . Two other tobacco proteins (56-kD and 
70-kD) that cross-linked to sites in the  petB  
and  psbE  mRNAs also remain unidentifi ed at 
this time (Miyamoto et al.  2002,   2004  ) . 

 A set of proteins consistently identifi ed in 
cross-linking experiments are the chloroplast 
ribonucleoproteins or short cpRNPs, which 
are highly abundant RNA-binding proteins 
found in the chloroplasts of angiosperms 
(Tillich et al.  2010  ) . These proteins are related 
to the nucleo-cytosolic RNA-recognition 
motif (RRM)-containing proteins, which 
play roles in RNA processing and can act as 
RNA chaperones (Maruyama et al.  1999  ) . 
They were initially believed to be mostly 
required for protecting RNAs against degra-
dation (Nakamura et al.  2001  ) . However, a 
specifi c role in RNA editing was shown for 
at least one of their members in vitro (Hirose 
and Sugiura  2001  ) : Extracts that had been 
immuno-depleted of the tobacco cpRNP, 
CP31, were found to be incapable of process-
ing two editing sites in the  ndhB  and  psbL  
mRNAs. Other tested cpRNPs were not 
required for this job; instead a domain of 
CP31 rich in acidic amino acid residues was 
found to be essential for this editing activity 
(Hirose and Sugiura  2001  ) . Recently, knock-
out mutants of CP31A and CP31B, two 
Arabidopsis paralogs of tobacco CP31, were 
tested for RNA-editing defects (Tillich et al. 
 2009b  ) . Multiple editing sites exhibited 
decreased editing effi ciencies in the CP31A 
mutant, whereas the defects in the CP31B 
mutants were comparatively minor. This may 
refl ect the effects of an extended acidic domain 
(similar to that found in tobacco CP31), 

which is present in CP31A but not CP31B. 
The strongest defects were found in CP31A/B 
double mutants, but even these mutants did 
not show a complete loss of RNA editing. It 
is not yet clear why CP31 is essential for 
tobacco editing sites in vitro, but the 
Arabidopsis orthologs seem to be just auxil-
iary in vivo. It is also not yet known how 
cpRNPs impact RNA editing in such a spe-
cifi c manner. It seems possible that they 
could be required to prepare the RNA for 
PPR protein access. PPR proteins have been 
shown to prefer single-stranded over double-
stranded RNA (Tsuchiya et al.  2002 ; 
Nakamura et al.  2003 ; Williams-Carrier et al. 
 2008  ) , so the cpRNPs could perhaps act as 
chaperones by helping dissolve double-
stranded elements that obscure PPR binding 
sites. Indeed, the nucleo-cytosolic RRM pro-
teins display such activity (Dreyfuss et al. 
 2002  ) . Alternatively, the acidic domain could 
be part of a platform for recruiting PPR pro-
teins and/or the editase in a manner analogous 
to the use of such domains for protein-protein 
interactions by nuclear-splicing factors 
(Valcarcel and Green  1996  ) . 

 Finally, there appears to be an overlap in 
the editing-site target ranges of the PPR pro-
teins and CP31A. This includes, for example, 
sites in the  ndhB  and  rpoB  messages, which 
are served by both CRR22 and CP31A. In 
the future, it would be instructive to analyze 
how these two proteins act together to achieve 
base deamination. Protein interaction studies 
and detailed analyses of the structural 
changes induced in the RNA targets by both 
proteins will likely help us understand this 
issue.   

   V. The Why Behind RNA Editing 

   Science is wonderfully equipped to answer the 
question ‘How?’ but it gets terribly confused when 
you ask the question ‘Why?’ (Chargaff  1977  )    

 The seeming futility of the RNA-editing 
process has puzzled researches since the 
early detection of RNA editing. Why aren’t 
editing sites removed by C-to-T point 
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 mutations in the organellar genome, thereby 
avoiding the need for elaborate RNA pro-
cessing? Recent reviews have addressed this 
salient point (Maier et al.  2008 ; Zehrmann 
et al.  2008 ; Tillich et al.  2010  ) , so we will 
therefore only briefl y summarize the current 
explanations herein. 

 Two major competing models attempt to 
rationalize the existence of organellar RNA 
editing. The fi rst one draws on knowledge 
gained from other editing systems, particu-
larly those in humans, where base transitions 
are used to generate and regulate protein 
diversity. To give a famous example, C-to-U 
editing of the  apoB  mRNA distinguishes the 
two protein isoforms of a lipoprotein that is 
important for lipid transport in the blood-
stream (for a recent review see Blanc and 
Davidson  2010  ) . The two isoforms are dif-
ferentially expressed; editing occurs only in 
epithelia of the small intestine, whereas the 
unedited mRNA gives rise to an isoform that 
is expressed in the liver. Importantly, the two 
isoforms are functionally distinct. Other 
well-studied cases of regulated RNA editing 
are found in the generation of human neu-
roreceptor isoforms by RNA editing (Gott 
and Emeson  2000 ; Bass  2001,   2002 ; Valente 
and Nishikura  2005  ) . The isoforms of such 
receptors (e.g., those for glutamate or sero-
tonin) result from differential A-to-I editing 
at multiple sites, and have different receptor 
kinetics and permeabilities compared to the 
unedited versions. Obviously, the generation 
of protein diversity would be an attractive 
explanation for the persistence of organel-
lar RNA editing in plants. However, almost 
all plastid-editing sites and the majority of 
mitochondrial sites are fully edited. We 
know relatively little regarding the tissue- 
or condition-specifi c modulations of editing 
events for the few sites that show only par-
tial editing, and even if such variation were 
found, its physiological relevance remains 
dubious (Grosskopf and Mulligan  1996 ; 
Karcher and Bock  1998,   2002a,   b ; Nakajima 
and Mulligan  2001  ) . 

 A number of reports have speculated on 
the regulatory role of specifi c editing events. 
For example, editing of the  rpoB  and  rpoA  

mRNAs has been proposed to impact the 
activity of the encoded RNA polymerase 
(Hirose et al.  1999 ; Zhou et al.  2009  ) . In the-
ory, this could impact chlorophyll production 
by altering the expression of tRNA-Glu 
(Zhou et al.  2009  ) , which is required for the 
fi rst step in chlorophyll synthesis. Detailed 
correlational studies comparing chlorophyll 
production, the expression of editing factors 
serving  rpo  mRNAs, and polymerase activity 
will be required to assess this hypothesis. 

 Very little is known about the presence of 
protein isoforms resulting from partially 
edited sites. In tobacco plastids, monocis-
tronic  ndhD  mRNA was found to associate 
with polysomal fractions despite having an 
unedited start codon (i.e. remaining ACG 
instead of AUG; Zandueta-Criado and Bock 
 2004  ) . The maize ribosomal S12 protein is 
present in mitochondria in at least two iso-
forms generated by incomplete RNA editing, 
but only the edited isoform is incorporated in 
mature ribosomes (Phreaner et al.  1996  ) . 
Confusingly, the orthologous protein in petu-
nia is found in cell fractions enriched for 
ribosomes (Phreaner et al.  1996  ) . In contrast 
to the situation for S12, no protein corre-
sponding to the unedited messages of the 
mitochondrial ribosomal S13 protein was 
detected even though there was a high fre-
quency of unedited cDNAs (Williams et al. 
 1998  ) . Similarly, sequencing of portions of 
the mitochondrial NAD9 protein failed to 
identify any sequences derived from unedited 
mRNAs (Grohmann et al.  1994  ) . Finally, an 
“unedited” protein version of ATP9 has been 
directly tested for functionality in studies in 
which it was expressed from the nucleus with 
a mitochondrial import address fused to the 
open reading frame. Notably, the imported 
and unedited ATP9 was found to interfere 
with normal mitochondrial function, as man-
ifested by male sterility (Hernould et al. 
 1993 ; Zabaleta et al.  1996  ) . 

 In the future, these somewhat contradic-
tory fi ndings should be examined further by 
proteomic studies of organelles, including 
searches of mass spectrometric data with 
unedited versions of the organellar genomes. 
We cannot yet verify that a shift in the balance 
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between “unedited” and “edited” proteins 
has any physiological role. Furthermore, it is 
not yet clear whether editing events that 
affect start or stop codons can affect the 
translation of mRNAs, thereby contributing 
to the regulation of protein production. This 
leaves very little to substantiate the hypoth-
esis that plant organellar RNA editing plays 
a general regulatory role. We suspect that 
although individual editing events may be 
exploited to regulate gene expression, this 
will not be the case for the vast majority of 
editing events. 

 The second (more recent) hypothesis 
accounting for the existence of RNA editing, 
which draws on our understanding of plant 
organelles as having descended from endo-
symbiotic bacteria, is called the “genome 
debugging hypothesis” (Maier et al.  2008  ) . 
Obligate endosymbionts are prone to accu-
mulating deleterious point mutations in a 
phenomenon called Müller’s ratchet, and 
there is no reason to think that chloroplasts 
and mitochondria (i.e., direct descendants of 
endosymbiotic bacteria) would not also face 
this problem. Unlike more recent endosym-
biotic descendants (e.g., the endosymbiotic 
gut bacteria of insects), however, plant organ-
elles can draw on the nuclear genome, which 
is a source of genetic information that evolves 
rapidly and recombines sexually. Nuclear 
factors can be imported into chloroplasts and 
mitochondria to mitigate problems arising 
from fi xed point mutations. Conceptually, 
such factors could be involved on all levels 
during the realization of organelle genetic 
information. A striking example of the 
nuclear-based repair of organellar mutations 
comes from plant breeding. Plant breeders 
have long taken advantage of cytoplasmic 
male sterility (CMS), a phenomenon caused 
by mitochondrial mutations that arise in vari-
ous plant species (reviewed in Chase  2007  ) . 
Such mutations are of agronomical interest 
because they avoid the need for the labor-
intensive emasculation of plants to prevent 
selfi ng, but these mutations must be sup-
pressed to allow the later mass production of 
seeds in the fi eld. Strikingly, suppressor 
mutations have been isolated that map to the 
nuclear genome and nearly all of them affect 

RNA binding proteins that belong to the PPR 
protein family (reviewed in Schmitz-
Linneweber and Small  2008  ) . These PPR 
proteins “repair” the CMS-specifi c muta-
tional problems in the mitochondrial genome. 
The repair is not carried out on the DNA 
level, but rather works on the RNA that are 
derived from the defective genetic informa-
tion. Specifi cally, the PPR proteins either 
help degrade unwanted, aberrant mRNAs 
that would otherwise give rise to toxic pro-
teins (Wang et al.  2006  ) , or prevent the trans-
lation of such RNAs (Uyttewaal et al.  2008  ) . 
As PPR proteins are also major players in 
RNA editing, it could be speculated that they 
evolved to suppress deleterious U-to-C point 
mutations arising in plant organelles. It 
should be noted that such rescue of organel-
lar mutations by nuclear factors makes sense 
given that the plant organellar genomes 
evolve more slowly than the nuclear genome. 
In metazoans, in contrast, mitochondrial 
genomes evolve much more rapidly than the 
nuclear genomes; thus, back mutations are a 
much more likely and rapid response to 
mutational problems than the evolution of 
nuclear-encoded antidotes (Maier et al. 
 2008  ) . In fact, recent studies found an inverse 
correlation between the editing frequencies 
and overall substitution rates of mitochon-
drial genomes, suggesting that a slowly 
evolving genome tends not to jettison its 
RNA-editing sites at the DNA level 
(Parkinson et al.  2005 ; Cuenca et al.  2010  ) . 
An important prediction of the genome 
debugging hypothesis is that the removal of 
an editing site (i.e., the repair of the site on 
the genomic level) would not interfere with 
plant viability. Consistent with this hypothe-
sis, when an edited C in the plastid  atpA  
mRNA was turned into a T, rendering RNA 
editing obsolete at this site, there was no det-
rimental effect on the resulting plants grown 
under standard conditions (Schmitz-
Linneweber et al.  2005b  ) . Also, editing sites 
evolve rapidly (Shields and Wolfe  1997  )  and 
loss of a site in one lineage, while the same 
site is maintained in a closely related sister 
group seems to be tolerated (Hayes and 
Hanson  2008 ; Tillich et al.  2009a  ) . In the 
future, by constructing an editing-site-free 
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organellar genome and substituting it for the 
wild-type genome, researchers should be 
able to examine whether editing sites are 
used to regulate gene expression or have 
some other function, or whether RNA edit-
ing is truly an unnecessary freak of evolu-
tion. Notably, the results from studies on the 
evolutionary behavior of editing sites across 
large time scales (from the beginning of land 
plant evolution or encompassing at least 
angiosperm evolution) have suggested that 
RNA-editing sites tend to be lost over time at 
least in plastids (Tillich et al.  2006,   2009a ; 
Hayes and Hanson  2008  ) . Perhaps, we are 
studying a process on the brink of extinction.  

   VI. Perspectives 

 Unlike other editing systems, such as the 
C-to-U and A-to-I editing in humans or the 
rampant and excessive RNA editing in try-
panosome mitochondria, relatively little is 
known about RNA editing in plant mito-
chondria. Whereas we know details on the 
machinery and catalysis of RNA editing in 
humans, this information is lacking in plant 
organelles. At present, there are four major 
questions in the fi eld. First, we need to elu-
cidate which factors carry the catalytic 
activity for base deamination and what 
makes up the editosome (if there is one). 
Second, we should examine how PPR pro-
teins recognize the  cis -elements in front of 
editing sites (i.e., how is site-specifi city 
generated?). The answers to these two 
mechanistic questions should be obtainable 
within the next few years, as techniques to 
determine structures of PPR proteins associ-
ated with their target RNAs are at hand along 
with proteomic methods for detailed charac-
terization of the editosome using PPR pro-
teins as bait. The second pair of questions 
addresses the still elusive function of RNA 
editing, and will be much harder to answer. 
First, are there editing events that distinguish 
two functional proteins from each other and, 
on a grander scale, is any RNA-editing 
event rate-limiting for the production of the 
correct protein? Second, does the lack of 
specifi c RNA editing in many PPR protein 

mutants truly not have an effect on the 
corresponding proteins, as suggested by the 
absence of any macroscopic phenotype? 
Considerable experimental efforts will be 
required to address these questions. Cryptic 
phenotypic alterations could be unveiled by 
applying various stresses to the editing 
mutants. Ideally (although rarely done due 
to the immense space and time require-
ments), competition experiments between 
mutant and wild-type plants could be used 
to determine possible fi tness defi cits under 
fi eld conditions. In terms of assessing regu-
lation, recent studies on RNA processing 
factors in  Chlamydomonas  could light the 
way. In this case, hypomorphic mutant 
series with ever-decreasing amounts of PPR 
proteins showed clear correlations between 
the amount of PPR proteins and the amount 
of proteins generated from the PPR-target 
message, providing a clear sign that the PPR 
proteins are true regulators of gene expres-
sion (Raynaud et al.  2007  ) . In this example, 
the PPR protein was required to stabilize 
the target RNA; however, similar approaches 
could also be applied to PPR proteins as 
editing factors. Ultimately, it would be a 
dream to harness the RNA-editing machin-
ery and use it to switch proteins on or off at 
will in plant organelles; this would be par-
ticularly useful in plastids, which are impor-
tant sites for biotechnological expression of 
transgenes (Bock  2007  ) . Possibly, RNA-
editing factors could also be used to manip-
ulate RNAs in vitro or perhaps even to fi ght 
detrimental RNAs and/or viral RNAs in 
humans. In any case, and even without day-
dreaming about possible applications, plant 
organellar RNA editing – with its curious 
origins, uncertain functions and enigmatic 
machinery – remains a formidable and 
exciting challenge for future research.      
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