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In higher plants, RNA editing is a C-to-U conversion that corrects chloroplast and 

mitochondrial transcripts that are otherwise defective. Although plant RNA editing has 

been known for over two decades, the molecular mechanism is poorly understood. 

Until recently, all the known trans-acting factors were members of the 

Pentatricopeptide Repeat (PPR) protein family, which serve as recognition factors via 

specific interaction with cis-elements upstream of the C targets. An additional editing 

factor, RIP1, was identified by a proteomics study. RIP1 is a dual-targeted protein that 

selectively interacts with PPR editing factors and affects 14 editing events in 

chloroplasts and over 400 editing events in mitochondria. RIP1 belongs to a small 

protein family, 5 members of which were later shown to be major editing factors. 

Homology searching with the RIP protein led to the discovery of ORRM1, a hybrid 

protein which possesses a RIP-like domain at its N terminus and an RNA Recognition 

Motif (RRM) domain at its C terminus. Loss of ORRM1 results in editing defects in 

multiple plastid sites. A transient complementation assay indicates that the editing 

activity of ORRM1 is carried by the RRM, which places it in a different family than 

RIP proteins. Additional members of the ORRM1 family might be involved in plant 

RNA editing. A plastid-targeted protein immunoprecipitated with a functional epitope-

tagged ORRM1. Loss of this protein leads to editing defects at many plastid sites, 



 

most of which are also controlled by ORRM1. Homology searches with this plastid 

protein identified several related proteins which are all organelle-targeted. The 

function of this new family still needs further investigation.  So far, four types of 

trans-acting factors have been identified for plant organelle RNA editing, which 

reveals an unexpected complexity of the editing machinery.  
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Chapter 1   

Introduction  

 

First discovered in Trypanosome brucei (1), RNA editing is known to be a 

common RNA processing step in various species from viruses to plants and animals 

(2ï6). Two major forms of RNA editing have been observed: insertion/deletion 

editing and nucleotide conversion editing. Trypanosome mitochondria undergo 

insertion/deletion editing, in which non-genomically encoded uridines are either 

inserted into or deleted from the transcripts (1). RNA editing is essential for 

trypanosome mitochondrial genome expression since massive editing creates 

functional coding sequences that otherwise would have been defective. Guide RNAs 

are required to specify editing patterns and the reaction is catalyzed by the RNA 

editing core complex (7).  Nucleotide conversion editing, on the other hand, does not 

involve alteration of the RNA backbones, but rather nucleotide modifications that are 

usually catalyzed by a deamination activity (6, 8).  Two well-studied examples are C-

to-U editing of Apolipoprotein-B (apoB) and A-to-I editing in humans. Unedited apoB 

is translated into protein APOB100 in liver while editing of apoB creates a premature 

UAA stop codon, giving rise to a smaller protein isoform APOB48 in small intestine. 

Human C-to-U editing requires the deaminase Apolipoprotein-B-mRNA-editing-

enzyme-1 (APOBEC1) and a cofactor APOBEC1-Complementation-Factor (ACF) 

which binds to the 3ô mooring sequence of the C target (9, 10). Recently, another 

factor called RNA-Binding-Motif -protein-47 (RBM47) was shown to be required for 

this process and it can substitute for ACF in the editing complex (11). A-to-I editing is 
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catalyzed by Adenosine Deaminases Acting on RNA (ADARs). Inosines created by 

editing are recognized as Guanine by the translation machinery. A-to-I editing in the 

nervous system affects many mRNAs that encode neurologically important membrane 

channels and receptors (12ï14). An explosion in the number of editing sites has been 

reported recently, implicating a more general role of A-to-I editing in regulating gene 

expression (15).   

RNA editing in higher plants is a C-to-U type conversion which only occurs in 

plastids and mitochondria (16). Typical land plant plastids have around 30 edited Cs 

while mitochondria have over 500.  Due to the sensitive next generation sequencing 

technique, 37 plastid and 619 mitochondrial editing sites have been identified in the 

model plant Arabidopsis thaliana (17). Although the editing enzyme remains elusive, 

plant RNA editing is believed to be deamination or transamination (18). 

With a majority of editing events resulting in non-synonymous substitutions, 

RNA editing restores a codon for a conserved amino acid or creates a start codon or a 

stop codon. However, unlike C-to-U editing in humans, no evidence supports the 

hypothesis that plant RNA editing contributes to diversification of functional organelle 

proteins.  So it is believed that the purpose of plant RNA editing is to correct defective 

transcripts at the RNA level.  

Loss of editing can be deleterious for plants (19, 20), while off-target editing 

could theoretically introduce undesirable mutations. The proper C target is selected by 

a sophisticated combination of cis-elements and trans-factors. Editing cis-elements are 

short RNA sequences adjacent to the C target. Both in vivo and in vitro studies have 

mapped editing cis-elements usually to between 20 nucleotides upstream and a few 

nucleotides downstream of the target C (21ï24). All known trans-factors are nuclear-
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encoded proteins (25, 26). The first identified editing factor, Chlororespiratory 

Reduction 4 (CRR4), was found through a genetic screen of mutagenized Arabidopsis 

based on an NADH dehydrogenase phenotype. CRR4 encodes a Pentatricopeptide 

Repeat (PPR) protein, loss of which disrupts editing at one particular site of the 

chloroplast ndhD transcript (27).  This breakthrough was followed by numerous 

reports of other PPR proteins playing a role in RNA editing. So far, approximately 20 

plastid PPR proteins and 10 mitochondrial PPR proteins have been established as 

editing factors.  

 

Pentatricopeptide Repeat proteins 

PPR proteins carry PPR motifs, which are degenerate ~35 amino acid sequence 

present as repeats. The Arabidopsis genome encodes 458 PPR proteins, making it one 

of the largest protein families in plants (28, 29). PPR proteins act as site recognition 

factors for editing via the interaction between the PPR tract and the editing cis-element 

(30, 31). Depending on the similarity across cis-elements, one PPR protein can 

recognize one to several cis-elements, thus specifying 1 to several editing events. Loss 

of a PPR editing factor can result in loss of editing for these particular sites. Recently, 

both a code for PPR-RNA recognition and the crystal structure of a PPR protein, 

PPR10, have been reported (32ï35). They agreed with each other in that the 6
th
 amino 

acid in one PPR motif and the 1
st
 amino acid in the next motif recognize one specific 

nucleotide on the RNA cis-element.  In addition, the binding region is always four 

nucleotides upstream of the target C, implicating the presence of a molecular ruler for 

editing. The identification of the code is expected to bring about a revolutionary 

change to the field. With this combinatorial code, one can predict in silico the RNA 
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binding partner of a given PPR protein instead of performing laborious genetic 

screening.  

 

Figure 1.1. Schematic diagram of PPR protein family. Blocks represent PPR motifs. 
Color variation indicates various lengths of PPR motif in P-L-S class. E and DYW 
domains are indicated by arrows (28). 
 

Based on the length of the PPR motif and the presence of C-terminal domains, 

PPR proteins are divided into two subclasses-P class and P-L-S class (Figure 1.1). 

While P class proteins have canonical 35aa repeats, P-L-S proteins have variable 

length motifs and always contain an additional C terminal domain. All identified 

editing PPR proteins belong to the P-L-S class, which possess the E domain and 

sometimes a DYW domain.  

The function of C-terminal domains, which exist in all editing PPR proteins, is 

largely unknown. The E domain has been shown to be essential to editing, disruption 

of which affects editing (36). Recently, the essential region for this domain has been 

further mapped to a 15-amino acid region designated the PG region (37). Although 

both organelles employ PPR proteins as editing factors, the E domains across 

organelles are not well conserved and in some cases are not exchangable (38).  
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The DYW domain shares sequence similarity with canonical cytidine 

deaminases, thus is considered as the best candidate for the editing enzyme. Indeed, 

expansion of the DYW domain in the PPR family is tightly correlated with emergence 

of new RNA editing sites (39). Given that the PPR tract binds to RNA, a simple ñone 

editing eventðone PPR proteinò model was postulated, analogous to the human C-to-

U editosome, which contains an RNA binding factor and a catalytic factor. However 

this model was challenged by several observations. The DYW domain has been shown 

to have endoribonuclease activity in vitro instead of deaminase activity (40). Not all 

editing PPR proteins have a DYW domain. More surprisingly, deletion of the DYW 

domain from CRR22 and CRR28 does not affect their function in RNA editing (41). 

Apparently, a more sophisticated machinery is involved in plant RNA editing. One 

possibility is that the DYW domain can be supplied in trans by another PPR protein. 

Discovery of a truncated PPR protein named DYW1 strengthened this theory (42). 

Both DYW1 and a PPR recognition factor CRR4 is required for ndhD-2 editing. 

While CRR4 contains an E domain, DYW1 lacks PPR motifs and possesses only a 

partial E domain and a DYW domain. CRR4 interacts with DYW1 in planta and a 

CRR4-DYW1 hybrid protein complements a crr4/dyw1 double mutant. This discovery 

demonstrates that DYW can be provided in trans if it is missing from the cis-element 

binding PPR protein. It also raises the question whether this is a common scenario for 

organelle editing. AtECB2 and RARE1 have both been reported to affect accD-794 

editing (43, 44). However, according to the PPR-RNA recognition code, only RARE1 

is the bona fide recognition factor for this particular site (45).  It will be of interest to 

examine whetherAtECB2 is actually a DYW donor instead. However, the donor is 

expected to be less specific, given that very few PPR proteins have been shown to 
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control the same editing events. In fact, with the first PPR protein providing 

specificity, the second PPR protein could potentially be any DYW- containing partner. 

Another piece of evidence supporting the DYW motif as the deaminase comes from a 

biochemical discovery. Recombinant DYW1 and ELI1 proteins bind two zinc ions 

(37), as is expected for cytidine deaminases (46). One of the zinc ions is sitting in the 

active center that is shared by most cytidine deaminases, which is coordinated in a 

tetrahedral configuration by a histidine or cysteine residue ((H/C)XE) and two 

cysteine residues (CXXC). The binding site of the other zinc ion is still unknown. 

Incorporation of zinc ions into the DYW domain implies that the DYW motif may be 

the catalytic factor, although more direct evidence is needed.  

 

RIP/MORF protein family  

The complexity of the plant editing mechanism was further demonstrated by 

several biochemical experiments. RARE1 (Required for AccD RNA Editing 1) is a 

PPR protein that specifies editing of chloroplast accD-794 (43). While RARE1 from 

which the transit sequence has been removed is around 72kD, a size exclusion 

chromatography assay showed that it is in a complex 200kD to 400kD in size (47). 

Similarly, when a maize chloroplast extract was fractionated by size exclusion 

chromatography, fractions corresponding to 200kD~400kD had editing activity for 

rpoB-467 substrate in an in vitro editing assay (Charles Bullerwell, unpublished). 

These observations provide evidence that plant organelle RNA editing is carried out 

by a protein complex- ñeditosomeò rather than a single PPR protein.  

The first discovered non-PPR components of the editosome are RIP/MORF 

proteins (47, 48). RNA editing factor Interacting Protein 1 (RIP1) was found by a 
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proteomics study of a RARE1 co-immunoprecipitate, while Multiple Organeller RNA 

editing Factor1 (MORF1) was found through an EMS mutant screening for 

mitochondrial editing defects. RIP1 and MORF1 belong to the same family, which has 

10 family members in Arabidopsis. All family members are predicted to be organelle 

targeted, except for RIP10 which is likely to be a pseudogene.  

The first member of the RIP family was identified as DAG (Differentiation and 

Greening) from a transposon mutant in Antirrhinum majus (49). The unstable 

mutagenized plants have white leaves with revertant green sectors. Chloroplasts in the 

white sectors are defective. DAG encodes a plastid targeted protein which is required 

for the chloroplast rpoB expression. Similarly, RIP2 was characterized as DAL (DAG- 

like) in other reports as well (50, 51). Mutation of RIP2 results in an albino phenotype 

and a role in rRNA processing was implicated (48).  

Strikingly, loss of one single RIP/MORF protein leads to defective editing at a 

massive scale, different from any PPR editing factors, which only control one to 

several editing events. Analysis of a RIP1 knock-down mutant by next generation 

sequencing of RT-PCR products showed editing defects at over 400 mitochondria sites 

and 11 chloroplast sites, among which over 200 mitochondrial sites have a major loss 

of editing. In chloroplasts, almost every editing event is affected by mutation of RIP2 

or RIP9, indicating both proteins are very important components of the plastid 

editosome. Another remarkable difference between PPR factors and RIP/MORF 

factors is that editing at particular sites is generally completely lost in PPR mutants, 

while editing defects caused by RIP/MORF mutation vary from complete disruption to 

mild reduction. To examine the editing of hundreds of sites, a Strand and Transcript 

Specific PCR seq (STS-Seq) method that takes advantage of next generation 
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sequencing technology was invented and shown to be powerful for analysis of large 

numbers of editing sites (17). In summary, RIP1 is the major mitochondrial editing 

factor while RIP3 and RIP8 are moderately important factors for mitochondria. In 

plastids, RIP2 and RIP9 are the major players while RIP1 plays a minor role. Other 

members of the RIP/MORF family only mildly affect a very small portion of editing 

sites, suggesting they might not have a direct role in RNA editing.  

Table 1.1. RIP/MORF family editing factors. Naming system of RIP and MORF is 
listed for comparison. Subcellular localization is predicted by Target P. Protein 
interaction data is from CCDB(http://interactome.dfci.harvard.edu) 
 

 

 
RIP/MORF proteins can promiscuously interact with PPR editing factors, 

which may reflect how these proteins interact in editosomes. The PPR motifs of 

http://interactome.dfci.harvard.edu/
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RARE1, but not the E domain or DYW domain, mediates the interaction with RIP1. In 

fact, only a few PPR motifs from the N terminus are sufficient for this interaction 

(Chapter 2). However, it is not known yet whether this holds true for all PPR-RIP 

interactions. Another intriguing feature of RIP proteins is that they can form 

homodimers or heterodimers, which might explain some genetic interactions between 

RIP genes.  For instance, both RIP2 and RIP9 can form homodimers in yeast and 

interact with each other as well. Almost every plastid editing site is affected when 

RIP2 or RIP9 is mutated. At ndhD-2, mutation of either RIP2 or RIP9 leads to a total 

disruption of editing. It is possible a RIP2/RIP9 heterodimer is required for this 

particular editing event. On the other hand, petL-5 editing is lost in the rip9 mutant 

while in the rip2 mutant, 65% editing of petL-5 remains. One explanation is that RIP9 

is an essential component for the petL-5 editosome and both RIP2/RIP9 heterodimer 

and RIP9/RIP9 homodimer are functionally competent, but the heterodimer is 

preferred.  However, why and how RIP proteins are distributed across different 

editosomes is not yet understood.  

Although no known domain is found within RIP/MORF proteins, a motif 

scanning prediction showed that they contain motifs of unknown function. In addition 

to the conserved N termini, some RIP proteins have extended C termini. RIP1 has a 

150 amino acid proline-rich region at the C terminus, while RIP8 has a glycine- and 

proline-rich region. The unique C terminus is not required for RIP1 interaction with 

RARE1 (47). So far it is not known whether the unique C termini in RIP proteins are 

necessary for editing.   
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ORRM family  

Organelle RNA Recognition Motif protein 1 (ORRM1), an outlier of the RIP 

family was found through homology search. Compared to other RIP domain-

containing proteins, ORRM1 is strikingly different. It possesses two duplicated but 

truncated RIP domains on the N terminus, and an RNA Recognition Motif (RRM) 

near its C terminus. Targeted to plastids, ORRM1 is an essential factor for most 

plastid editing events (52). An Arabidopsis null mutant of ORRM1 has major loss of 

editing at 12 sites and various defects of editing at 9 other sites. Surprisingly, this 

particular mutant does not exhibit a macroscopic phenotype under greenhouse growth 

conditions. This is largely explained by the fact that most affected editing sites reside 

within the transcripts encoding subunits of the NADH Dehydrogenase (NDH) 

complex. A plant without the NDH complex has normal appearance under regular 

conditions.  In an orthologous mutant in maize, loss of ORRM1 leads to a more severe 

phenotype--pale green leaves and seedling lethality (52).  Different Cs are selected for 

editing in maize chloroplasts than in Arabidopsis chloroplasts.  Although the function 

of ORRM1 is highly conserved in two species, maize ORRM1 affects editing of some 

sites which are only editable in maize.  The severe defect in maize orrm1 is likely 

caused by defective editing of maize C targets that are important for the function of 

the affected maize proteins. 

Although first identified through the RIP-RIP domain, ORRM1 was shown to 

carry its editing activity at its RRM motif. In a transient protoplast complementation 

assay, the RRM motif alone, rather than the RIP-RIP portion, was able to rescue the 

mutantôs editing defects (52). This unexpected result placed ORRM1 in a different 

category of editing factor family from RIP proteins. In fact, involvement of RRMs in 
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RNA editing is not unprecedented. In humans, the APOBEC1 Complementation 

Factor (ACF) contains three RNA Recognition motifs that bind the apoB mooring 

sequence during the C-to-U editing (9, 10). In plants, RRM-containing protein CP31 

has also been implicated in plastid RNA editing. Immunodepletion of CP31 inhibited 

psbL and ndhB in vitro editing (53), and null mutants also showed plastid editing 

defects at multiple sites (54). However, a direct role of CP31 in editing is questioned. 

First, editing events are site-specific, but defects in cp31 are transcript-dependent.  

Second, none of the sites completely loses editing in cp31 (54). Third, plastid 

transcript abundance is greatly reduced in cp31, and CP31 was later shown to be an 

RNA stability factor (55). Thus the editing defect seen in cp31 is likely to be a 

secondary effect due to transcript instability. Conversely, no obvious change of 

transcript abundance was observed in the orrm1 mutant. In addition, the editing sites 

ORRM1 controls are not transcript-specific. For example, editing of ndhB-467 is 

disrupted in orrm1 but ndhB-1481 on the same transcript is not affected. On the 

contrary, editing sites recognized by the same PPR factor are similarly affected in 

orrm1. For instance, two sites recognized by CRR28, ndhB-467 and ndhD-878 are 

both affected by orrm1, while none of the three sites recognized by OTP84 (ndhF-290, 

ndhB-1481, psbZ-50) is affected in orrm1. Thus ORRM1 is believed to play a direct 

role in plastid editing (52). 

Through the RIP-RIP domain, ORRM1 selectively interacts with PPR editing 

factors. The RRM increases binding affinity with some PPR proteins but RRM alone 

is not sufficient for the interaction (52). It is not yet known how the RRM motif 

without the RIP-RIP region is fully competent for complementation of editing in an 

orrm1 mutant. The RRM of ORRM1 may be interacting with some other critical 
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components of the editosome in order to function. 

RRMs are known to be able to bind to RNAs. ORRM1 binds near some, if not 

all, cis-elements in vitro (52). Whether RRM binding is relevant in vivo to RNA 

editing is not known. ORRM1 affects editing at 24 plastid sites. It is unlikely that 

ORRM1 has specific affinity for 24 cis-elements. It is possible that the binding partner 

of ORRM1 is protein rather than RNAs. 

The Arabidopsis genome encodes 196 RRM containing proteins, while 

ORRM1 belongs to a distinct clade in which many are glycine-rich proteins and small 

RNA binding proteins. ORRM1 is the only one with a RIP-RIP domain (52). It is 

unknown yet if ORRM1 acquired this domain through recombination or other ORRM-

like proteins lost their RIP parts during selection. Nevertheless, the importance of the 

RRM domain in editing raises the question whether other RRM proteins are also 

important components of the editosome. Screening of ORRM family mutants should 

provide more information on their possible involvement in RNA editing. 

 

Accessory components-PPO1 and OCP3  

  Recently, a protoporphyrinogen IX oxidase 1 (PPO1) in the tetrapyrrole 

biosynthesis pathway was shown to have a surprising role in plastid RNA editing (56). 

In the ppo1 null mutants, defective editing was seen at 18 plastid sites, most of which 

encode subunits of the NDH complex. PPO1 interacts with plastid RIP/MORF 

proteins as well as two PPR editing factors, CRR28 and OTP82. What is interesting is 

that the function of PPO1 in editing is independent of its function as an oxidase, since 

PPO1 without the enzyme region is able to complement editing defects in the mutant. 

This finding implicates PPO1 as playing a direct role in plastid editing.  Notably, 
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except for ndhD-2 site, none of the affected sites completely loses editing. This 

indicates that PPO1 is not an essential editing factor, but rather an accessory factor 

that facilitates editing of ndh transcripts, perhaps thus regulating NDH complex 

function.  

Another regulatory factor for NDH activity, OCP3 (Overexpressor of Cationic 

Peroxidase 3), might also be involved in plastid RNA editing (57). In the ocp3 mutant 

and silenced plants, multiple editing sites on the ndhB transcript showed reduced 

extent of editing. Cyclic electron flow is impaired in the mutant, indicating 

compromised NDH activity. This might be caused by the less efficient editing of 

ndhB, although it is only mildly affected in the mutant. An intriguing observation is 

that in ocp3 as well as in some PPR editing factor mutantsð crr2 and crr21, impaired 

NDH activity accompanied enhanced resistance to fungal infection (57). Although 

how OCP3 associates with the editing apparatus is still unknown, these observations 

in the mutant lines provide new insights into the unexpected complexity of plant RNA 

editosome.  
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Figure 1.2. Schematic diagram of current model of a plant RNA editosome. Red line 
represents cis-element. Star represents editable cytidine. One PPR protein recognizes 
the cis-element and a second PPR protein provides DYW domain. Two RIP/MORF 
proteins exist in the complex and interact with PPR protein. Accessory factors PPO1 
and OCP3 are not included in the core complex, which is circled in dashed line. 
 
 

Strategy to identify unknown trans-acting factors  

At least 3 types of editing factors are required for plastid RNA editingðPPR 

proteins, RIP/MORF proteins and ORRMs, which presumably constitute the core 

complex of editing. However, whether they are sufficient for editing is still an open 

question. In Chapter 4, I will describe another novel editing factorðVAR3, a zinc 

finger protein that was immunoprecipitated with ORRM1 and found to be required for 

plastid editing. Apparently, unknown factors still exist in the editing complex. 

In order to identify unknown factors, researchers have employed various strategies. 

Forward genetics is powerful in identifying many mitochondrial editing factors (48, 

58). However, it is laborious and has limits, especially for lethal mutations. 

Comparative genomics has been another way to identify PPR editing factors, which is 
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based on the variation of C targets across species (37, 43). Now, with the recently 

released RNA-PPR recognition code, finding PPR editing factors is not as great a 

challenge as it was previously (32).  What is more difficult is identification of the 

other components of the editing complex.  

ORRM1 was found through homology search against RIP family, although it 

turned out to be a different type of editing factor (52). A similar strategy can still be 

applied. For instance, a homology search can be performed against the unique RRM 

domain of ORRM1, and a mutant screening for this set of candidates might identify 

more similar factors.  

With more and more editing factors available, co-expression analysis will be 

more powerful and accurate. CREF3, CREF7 as well as OCP3 were all found based 

on this strategy (45, 57).  However, one drawback is that if the query protein is multi-

functional, it will be difficult to filter out the noise from the real editing candidates.  

Epitope-taggingðimmunoprecipitationðproteomic analysis is another 

powerful strategy, especially for multi-component complexes. RIP1 and VAR3 were 

identified through this approach [(47) and Chapter 4]. Important considerations are 

how to produce a protein that is functional despite an epitope tag and how to 

distinguish top candidates from proteins that have bound nonspecifically.  

Although many proteins might be involved in plant RNA editing, only a 

limited number of them are expected to be essential components of the core complex, 

given the 200-400kD molecular size of editosome. A full set of essential components 

should be able to reconstitute editing activity in vitro. Plant RNA editing is an 

important processing step for organelle transcripts. Elucidation of the plant editing 

machinery will undoubtedly help us better understand plant organelle gene expression.  
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Both the RNA recognition factor and the unknown enzymatic factor in the editing 

complex are potentially reprogrammable. Thus the editing complex can be engineered 

to powerful tools for gene expression control for both agricultural and pharmaceutical 

purposes.  
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Abstract 

Transcripts of plant organelle genes are modified by C-to-U RNA editing, 

often changing the encoded amino acid predicted from the DNA sequence. Members 

of the PLS subclass of the pentatricopeptide repeat (PPR) motif-containing family are 

site-specific recognition factors for either chloroplast or mitochondrial C targets of 

editing. However, other than PPR proteins and the cis-elements on the organelle 

transcripts, no other components of the editing machinery in either organelle have 

previously been identified. The Arabidopsis chloroplast PPR protein RARE1 specifies 

editing of a C in the accD transcript. RARE1 was detected in a complex of >200 kD. 
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We immunoprecipitated epitope-tagged RARE1 and tandem MS/MS analysis 

identified a protein of unknown function lacking PPR motifs; we named it RNA-

editing factor Interacting Protein 1 (RIP1). Yeast two-hybrid analysis confirmed RIP1 

interaction with RARE1, and RIP1-GFP fusions were found in both chloroplasts and 

mitochondria. Editing assays for all 34 known Arabidopsis chloroplast targets in a rip1 

mutant revealed altered efficiency of 14 editing events. In mitochondria, 266 editing 

events were found to have reduced efficiency, with major loss of editing at 108 C 

targets. Virus-induced gene silencing of RIP1 confirmed the altered editing efficiency. 

Transient introduction of a WT RIP1 allele into rip1 improved the defective RNA 

editing. The presence of RIP1 in a protein complex along with chloroplast editing 

factor RARE1 indicates that RIP1 is an important component of the RNA editing 

apparatus that acts on many chloroplast and mitochondrial C targets.  

 

 

Introduction  

Posttranscriptional C-to-U RNA editing occurs in plastid and plant 

mitochondrial transcripts. In a typical vascular plant, approximately 30 C targets in 

chloroplasts and over 500 C targets in mitochondria are targeted for editing (1, 2). The 

majority of the editing events results in encoding of a different amino acid than the 

one predicted from the genomic sequence. The editing-encoded amino acid is usually 

more conserved relative to residues present in homologous proteins in other organisms 

than the genomically encoded amino acid. Because there is presently no known case in 

which useful genetic variation results from partial editing of a transcript population, 
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the current concept is that editing is a correction mechanism for T-to-C mutations that 

have arisen in plant organelle genomes (1, 3, 4). 

Little is known about the molecular apparatus that is responsible for 

recognizing the correct C target for editing and converting it to U, although plant 

mitochondrial RNA editing was discovered over 20 years ago (5-7). Cis-elements for 

recognition of editing sites have been identified proximal and 5ô to the nucleotide to 

be modified (8-10). As few as 22 nt of sequence surrounding the C target is sufficient 

to specify RNA editing (9). In 2005, a pentatricopeptide repeat (PPR) motif-containing 

protein termed CRR4 was discovered to be required for editing of the chloroplast 

ndhD start codon (11) and it binds to cis-elements on ndhD transcripts in vitro (12). 

Since that time, members of the PPR protein family have been identified as site-

specific recognition factors for a number of C targets in either chloroplasts or 

mitochondria. PPR proteins consist of a tandem array of degenerate 35-aa repeats and 

can be divided into two major subfamilies based on the nature of their PPR motifs, the 

P and PLS subfamilies (13). The P subfamily contains a 35-aa motif, whereas the PLS 

subfamily exhibits longer (L) or shorter (S) variant PPR motifs within the tandem 

arrays. The PLS subfamily, which is specific to the plant kingdom, can be further 

separated into smaller subclasses based on two C-terminal motifs, the E and DYW 

motifs (14). All of the well-characterized organelle editing factors that are required for 

editing at specific sites are members of the PLS subfamily of PPR proteins (11, 15-

29).  

Other than the cis-elements and site-specific PPR proteins, the components of 

the editing machine are unknown. The enzymatic activity that converts C to U remains 

unidentified, although the DYW domain found in about half of the Arabidopsis PPR 
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editing factors does contain a sequence similar to the conserved 

cytidine/deoxycytidylate deaminase motif (30). To identify additional components of 

the chloroplast editing apparatus in Arabidopsis, we immunoprecipitated an epitope-

tagged PPR-DYW protein named RARE1, which is responsible for recognition of a C 

target in the chloroplast accD transcript (21). MS/MS analysis of the co-

immunoprecipitated proteins resulted in the identification of a protein of unknown 

function lacking PPR motifs. Yeast two-hybrid analysis confirmed the interaction of 

RARE1 and the novel protein, which is named RNA-editing factor Interacting Protein 

1 (RIP1). Although RIP1 was identified by its interaction with a chloroplast PPR 

protein, GFP localization experiments revealed its presence in both plastids and 

mitochondria. Virus-induced gene silencing of RIP1 resulted in defective editing of 

both chloroplast and mitochondrial C targets. A homozygous rip1 mutant line 

exhibited altered editing of 14 Cs in chloroplast transcripts and impaired editing of 

266 of 368 mitochondrial editing sites that were assayed, with major loss of editing of 

108 mitochondrial Cs. Transient introduction of a wild-type RIP1 allele into the 

mutant resulted in improvement in the defective RNA editing. Our findings indicate 

that RIP1, which belongs to a 10-member gene family, is required for efficient editing 

at most Arabidopsis mitochondrial editing sites and plays an important role in 

chloroplast editing as well. Identification of RIP1 is a significant step that will aid 

additional efforts to understand the mechanism of plant organelle RNA editing. 



 

 

26 

 

Figure 2.1. RARE1 is part of a protein complex. (A) Immunoblot of wild-type and 
rare1 protein extracts using Ŭ -RARE1 antibody. Ŭ-RARE1 antibody reacts with a 75 
kDa protein in wild-type stroma and leaf, which is absent in rare1 leaf. Arrow 
indicates RARE1 protein. Loading for all plant protein samples is 20 µg/lane. (B) Size 
exclusion chromatography fractions of wild-type stroma probed with Ŭ-RARE1 
antibody or Ŭ-Rubisco LSU antibody. An equal volume of each fraction was loaded. 
An arrow indicates the fraction containing the greatest amount of each size standard. 
 
 
 

Results  

Identification of RIP1 as a RARE1-interacting Protein 

Our previous work reported the identification of RARE1, a plastid editing 

factor that controls the editing of accD-794 (21). We determined that RARE1 is 

present in a protein complex by performing size exclusion column chromatography on 
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chloroplast stroma (Figure 2.1). To identify members of this complex, we produced 

transgenic plants that express RARE1 protein carrying a 3x FLAG tag (RARE1-3xF) 

(31) (Figure 2.2). Leaf protein extract from transgenic plants was incubated with Ŭ-

FLAG agarose to isolate the RARE1 complex (Figure 2.3).  

 
Figure 2.2. A tagged version of RARE1 partially restores the accD-794 editing defect 
in the rare1 mutant. (A) Acrylamide gel separating the poisoned primer extension 
(PPE) products obtained from the wild-type, the rare1 mutant, and two transgenic 
rare1 lines transformed with different versions of RARE1, 35S :: RARE1: wild-type 
allele under the control of the 35S promoter, RARE1-3xF: tagged RARE1 with 
3xFLAG under the control of the native promoter. The PPE products E (edited), U 
(unedited), and P (Primer) are 34, 30 and 22 nt, respectively. The two constructs, 35S 
:: RARE1 and RARE1-3xF, restore accD-794 editing extent with a decreasing 
efficiency, as shown by the increasing intensity of the unedited band in the respective 
lanes. (B) Immunoblot in which 20 ɛg total leaf protein from each sample was probed 
with Ŭ-RARE1 antibody to determine the relative abundance of RARE1 protein in the 
individual lines. (C) Ponceau-S stain of Rubisco large subunit demonstrates 
approximately equal loading. 
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Figure 2.3. Separation and Immunoprecipitation of the RARE1-3xF complex. (A) 
Extracts of chloroplast stroma in RIPA buffer contain a RARE1-3xF complex of 
similar size as the previously observed RARE1 complex extracted in KEX Buffer 
(Figure 1). Size exclusion chromatography fractions of wild-type stroma were probed 
with Ŭ-FLAG antibody, with the peak fraction indicated where the size standards 
eluted. Due to the different buffer used for the RARE1-3xF extracts, the particular 
fraction(s) in which size standards and RARE1 complexes eluted are not identical to 
the chromatography with the native complex. (B) Leaf extracts were treated with Ŭ-
FLAG antibody, immunoprecipitates were separated by SDS-PAGE, and the 
immunoblot was probed with Ŭ-FLAG antibody. As expected, neither the wild-type 
nor the mutant react with the Ŭ-FLAG antibody. The RARE1-3XF protein is present in 
the input (IN) and immunoprecipitate (IP) fractions from the transgenic line and 
depleted in the unbound (UB) fraction. Ponceau-S stain of Rubisco shows equal 
loading of control and transgenic samples. 
 

The MS data indicated that the protein encoded by At3g15000 was the top candidate 

RARE1-interacting protein present in the immunoprepitate, because it had the largest 

number of matches of MS/MS spectra other than RARE1 (Table 2.1).  
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Table 2.1.MS/MS based identification of RIP1 (At3g15000.1) in the co-

immunoprecipitate from FLAG -tagged RARE1 (At5g13270.1) 

Peptide (a) Modification (b)  SearchType (c)  
# matched 

MS/MS 
spectra 

RARE1 -  At5g13270.1        

ACASLEELNLGK  Full_Tryptic 7 

AGLCSNTSIETGIVNMYVK Oxidation (M) Full_Tryptic 5 

AGVSVSSYSYQCLFEACR  Full_Tryptic 4 

AVGLFSGMLASGDKPPSSMYTTLLK 2 Oxidation (M) Full_Tryptic 2 

ELSCSWIQEK  Full_Tryptic 4 

FIVGDKHHPQTQEIYEK  Full_Tryptic 1 

HVSLVTGHEIVIR  Full_Tryptic 6 

KLNEAFEFLQEMDK Oxidation (M) Full_Tryptic 1 

KPVACTGLMVGYTQAGR Oxidation (M) Full_Tryptic 7 

LAIAFGLISVHGNAPAPIK   Full_Tryptic 3 

LFDEMSELNAVSR Oxidation (M) Full_Tryptic 4 

LKEFDGFMEGDMFQCNMTER 3 Oxidation (M) Full_Tryptic 2 

LNEAFEFLQEMDK Oxidation (M) Full_Tryptic 4 

NLELGEIAGEELR  Full_Tryptic 7 

SGLLDEALK  Full_Tryptic 3 

SLIGSQYGESALITMYSK Oxidation (M) Full_Tryptic 4 

TTMISAYAEQGILDK  Oxidation (M) Full_Tryptic 5 

    

RIP1 - At3g15000.1        

TLAQIVGSEDEAR none Full_Tryptic 10 

The mass spectral data were searched using MASCOT (p<0.01; error <6 ppm for precursor 
ions) against the Arabidopsis database (v.8) downloaded from TAIR. Neither proteins were 
identified in control samples 

(a) Matched peptide sequence from MS/MS spectra, within 6 ppm mass accuracy 

(b) Variable peptide methione oxidation   

(c ) Only full tryptic peptide are allowed   

 
The gene encodes a member of the Differentiation and Greening (DAG) 

family; mutants in members of this gene family exhibit chloroplast biogenesis defects 

(32, 33). Yeast two hybrid analysis confirmed the interaction between RARE1 and the 

protein encoded by At3g15000, which was therefore named RIP1 (Figure 2.4). Serial 

deletions of both RARE1 and RIP1 established the portions responsible for the 

interaction on the N termini of the proteins (Figure 2.5). 
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Figure 2.4. RIP1 interacts with RARE1 in vivo. (A) X-gal reporter assay of lacZ 
transcriptional activation as proof of interaction in a yeast two-hybrid experiment. (B) 
Table describing the constructs tested for interaction in the yeast two-hybrid analysis 
and relative degree of lacZ expression. F-H contain control plasmids included with 
ProQuest kit for a negative, weak and strong protein-protein interaction in F, G and H, 
respectively. Unless otherwise indicated, pDEST22 and pDEST32 are empty vectors 
used to demonstrate that there is no autoactivation of lacZ expression when only 
RARE1- or RIP1-fusion proteins are expressed. RIP1FL denotes full-length RIP1 
without cTP removal and RIP1ȹcTP indicates removal of a TargetP-predicted 56 aa 
cTP. 
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Figure 2.5. Specific regions of RARE1 and RIP1 are responsible for their interaction 
in vivo. (A) Diagram of the serial deletions of RARE1 (left) that were tested in by 
yeast two-hybrid analysis with RIP1 (right), which is divided into N-terminal (purple) 
and C-terminal (yellow) regions. Pentatricopeptide motifs: P   L  S    .   All the 
proteins were expressed without predicted transit peptides. Relative degree of lacZ 
expression indicated by + signs. 
 

 

T-DNA Insertional rip1 Mutant Exhibits a Dwarf Phenotype and Altered 

Chloroplast RNA Editing 

Two mutant lines with insertions in the RIP1 locus (Figure 2.6) were obtained 

from the INRA FLAGdb T-DNA collection (34). Homozygous mutants could not be 

recovered from the FLAG_607H09 line; possibly the T-DNA insertion in 

FLAG_607H09 might be lethal because of the complete loss of expression. 

Homozygous FLAG_150D11 mutants, which have a T-DNA inserted 140 bp upstream 

of the RIP1 coding region, exhibit a dwarf phenotype (Figure 2.6D). We measured the 

level of RIP1 transcript in the homozygous FLAG_150D11 mutant line and 

homozygous wild-type siblings by quantitative RT-PCR. The expression of the RIP1 

ORF was found to be increased 4 to 6 fold in the T-DNA mutant compared to the 
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wild-type (Figure 2.6E). Nevertheless, the proximity of the T-DNA insertion to the 

open reading frame may result in impaired production of RIP1 protein; abnormal 

phenotypes have previously been reported in T-DNA insertional mutants that 

exhibited increased rather than reduced target gene transcript abundance (35). 

 

Figure 2.6. A rip1 mutant exhibits dwarf phenotype and increases in RIP1 transcript. 
(A) Map of At3g15000 (RIP1) with exons shown as black rectangles, T-DNA 
insertions shown as triangles, the region used for VIGS indicated, and the location of 
primers used for quantitative RT-PCR shown as facing arrows. (B-D) WT, 
heterozygous, and homozygous progeny of a heterozygous plant carrying the 
FLAG_150D11 insertion. Plants are 32 days old. (Scale bars: B and C, 10 mm; D, 1 
mm.) (E) The expression of RIP1 is increased four- to sixfold in the T-DNA mutant 
compared with WT. Quantitative RT-PCR measured the level of RIP1 transcript in 
two homozygous mutants (M1 and M2) and two homozygous WT siblings (W1and 
W2). Quantitative RT-PCR assays were replicated three times for each plant. The 
expression level was arbitrarily set at 100 for W1. SDs are indicated (n=3). 
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Because RIP1 co-immunoprecipitates and interacts in vivo with RARE1, a chloroplast 

editing factor, we surveyed the editing extent of all known Arabidopsis chloroplast 

editing sites in segregating progeny for the FLAG_150D11 T-DNA insertion. A 

poisoned primer extension (PPE) assay is shown in Figure 2.7 for accD-794 and the 3 

sites showing the most pronounced editing extent variation in the mutant relative to 

WT. PetL-5 and ndhD-2 exhibit a significant reduction of editing extent in the mutant 

(60% and 55%, respectively), whereas rps12-(i1)58, a site in the first intron of rps12, 

shows a significant increase of editing extent in the mutant (Figure. 2.7). PPE data for 

accD-794, the site under the control of RARE1, indicate that editing in the 

homozygous mutant is reduced relative to wild-type as observed for petL-5 and ndhD-

2, but to a lesser extent (83% in mutant compared with 98% in WT or a 15% 

reduction). The mutation is clearly recessive, because the editing extent of the 

heterozygous plant for these sites is similar to the homozygous wild plants (Figure. 

2.7). 

Of the 34 known chloroplast C-targets of editing present in Arabidopsis, 14 C 

targets exhibited significant changes in RNA editing extent between the homozygous 

WT and the homozygous mutant plants (Table 2.2). 11 of the 14 sites exhibit a 

decrease in editing extent in the mutant, whereas an increase of editing extent in the 

mutant is observed for only 3 sites (Table 2.2). The editing extent of the heterozygote 

was not significantly different from the homozygous WT at any of the chloroplast 

sites. 
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Figure 2.7. Mutation in RIP1 affects the editing extent of plastid sites. (A) 
Acrylamide gels separate the PPE products obtained from sibling plants, 2 
homozygous WT (+/+), 2 heterozygous (-/+) mutants and two homozygous mutants 
 (-/-).E: edited; P: primer; U: unedited. The name of the site assayed is given above 
each gel. (B) The quantification of editing extent, derived from the measure of the 
bandôs intensity, is represented by a bar below each lane of the acrylamide gels. The 
average is given for each genotypic class with SD. The sites petL-5, ndhD-2, and 
accD-794 show a significant decrease of the editing extent in the mutant, 
representative of the majority of the plastid sites showing an effect of the RIP1 
mutation. The site rps12-(i1)-58 shows a significant increase of editing extent in the 
mutant compared with the WT and heterozygous plants as observed only in two other 
plastid editing sites. 
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Table 2.2. Effect of FLAG_150D11 insertion on RNA editing of chloroplast C-targets, 
ranked by degree of change in editing and grouped by known trans-factors   

Trans-
factor Chloroplast   Genotype   P value 

ȹ 
Editing 

(if 
known) C-target +/+ -/+ -/-  -/-::+/+ 

  rps12-(i1)58 16 ± 1 18  42  0.001 * * 162.5 

 petL-5 87 ± 1 87± 1  35 0.0008 * * * -60.0 

CRR4 ndhD-2 57 ± 2 58  26 ± 2 0.004* * -55.4 

CRR28 ndhB-467 85 ± 1 85± 3 68 ± 2 0.006 ** -20.6 

CRR28 ndhD-878 91 ± 1  91 ± 1 70 ± 9 0.08 ns -23.0 

 rpoC1-488 62 ± 2 57 ± 1 74 ± 4 0.002 * * 18.4 

RARE1 accD-794 98 ±1 98 ±1 83 ±1 0.015 * -14.9 

 ndhB-586 94  93 1 84  0.0004*** -10.8 

 rpoB-2432 83±2 85± 3 91± 1 0.03 * 9.6 

OTP84 ndhB-1481 94  96  89 ± 1 0.04* -5.4 

OTP84 ndhF-290 98  98 ± 1 95 ± 1 0.029* -3.6 

OTP84 psbZ-50 94 ± 1 94 ± 2 90 ± 3 0.27 ns -3.5 

CRR21 ndhD-383 98  98 ± 1 94 ± 1 0.049* -3.6 

OTP82 ndhB-836 95  95 ± 1 92  0.03* -2.8 

OTP82 ndhG-50 77 ± 3 82 ± 1 72 ± 1 0.18 ns -5.9 

 ndhB-830 98 ± 1 98  95  0.03* -2.7 

CRR22 ndhB-746 98  97 ± 1 96  0.02* -1.2 

CRR22 ndhD-887 88 ± 2 88 ± 2 73 ± 9 0.16 ns -16.7 

CRR22 rpoB-551 50 ± 9 50 ± 3 50 ± 13 0.99 ns 1.0 

OTP80 rpl23-89 69 ± 2 70 ± 8 60 ± 3 0.07 ns -13.3 

OTP85 ndhD-674 92 ± 1 92 ± 1 82 ± 6 0.15 ns -10.8 

CLB19 rpoA-200 72 ± 4 67 ± 8 80 ± 3 0.16 ns 10.2 

CLB19 clpP-559 92 ± 1 92 ± 2 93  0.33 ns 1.2 

 ndhB-149 98 ± 4 97 ± 1 90 ± 4 0.1 ns -8.0 

 rps14-80 79 ± 1 77 ± 1 73 ± 1 0.05 ns -7.6 

 matK-640 69 ± 6 64 ± 6 73 ± 7 0.58 ns 5.9 

LPA66 psbF-77 83  83 ± 3 86 ± 1 0.078 ns 3.6 

 ndhB-1255 91 ± 5 93 ± 1 88 ±2 0.5 ns -3.2 

 ndhB-872 87 ± 3 86 ± 1 85  0.39 ns -2.7 

 psbE-214 98  98  96 ± 2 0.21 ns -2.3 

 atpF-92 93 ± 3 97  95 ± 1 0.44 ns 2.3 

 accD-1568 60 ± 2 58 ± 7 61 ± 1 0.57 ns 2.2 

YS1 rpoB-338 97 ± 1 97  95 ± 1 0.22 ns -1.5 

OTP86 rps14-149 80  80 ± 1 80  0.25 ns -0.7 
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The variation in editing is = 100* (editing extent in-/-- editing extent in +/+)/editing extent 
in +/+. Minus sign indicates that the editing extent is decreased in the mutant. Significant 
editing extent variation is given in bold. 

 

 

 

RIP1 is Dual-targeted to Both Chloroplasts and Mitochondria.  

RIP1 has been previously reported to be located in mitochondria, according to 

characterizations of the Arabidopsis mitochondrial proteome (36, 37). In addition, the 

dwarf phenotype of the FLAG_150D11 T-DNA insertional mutant could be indicative 

of mitochondrial dysfunction. We therefore determined the location of RIP1 by 

transiently expressing a construct encoding the full length RIP1 attached to GFP under 

the control of a 35S promoter into Arabidopsis protoplasts (38). Our observations 

indicate that RIP1 is dually targeted to chloroplasts and mitochondria (Figure 2.8). 

Most of the Arabidopsis protoplasts showed RIP1 to be localized in mitochondria 

(Figure 2.8C). Occasionally we observed RIP1 both in mitochondria and chloroplasts 

(Figure 2.8G). This observation is reminiscent of a recent report on PPR2263, a maize 

PPR-DYW that is dually targeted to mitochondria and chloroplasts, with a preference 

for mitochondria (39).  
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Figure 2.8. RIP1 is dual-targeted to Arabidopsis mitochondria and chloroplasts. 
Protoplasts prepared from leaves of Arabidopsis accession Col-0 were transfected with 
a construct encoding an RIP1-GFP fusion protein under the control of a 35S promoter. 
Protoplasts were examined for fluorescence 16 h after incubation with the construct. 
(A and D) GFP signal is green (B and E) Mitochondria (red) were labeled with 
Mitotracker Orange. (C) Merge of GFP and mitochondrial signal is yellow. (F) 
Chlorophyll autofluorescence is shown in blue. (G) Merge of D-F gives turquoise 
signals where GFP and chlorophyll overlap and yellow images where GFP and 
Mitotracker overlap.  
 

To confirm the dual localization of RIP1 to both organelles, we repeated the 

previous experiment by transfecting N. benthamiana protoplasts. In contrast to 

Arabidopsis protoplasts, all of the transfected N. benthamiana protoplasts showed a 

dual localization of RIP1 to both mitochondria and chloroplasts (Figure 2.9). DAPI 

staining of the N. benthamiana protoplasts showed that some of the small punctuate 

structures targeted by RIP1-GFP co-localize with nucleoids (Figure 2.9).  



 

 

38 

 

Figure 2.9. RIP1 is dual-targeted to N. benthamiana mitochondria and chloroplasts 

(A-D) and co-localizes with plastid nucleoids (E-H). Protoplasts prepared from leaves 

of N. benthamiana  were transfected with a construct encoding a RIP1-GFP fusion 

protein under the control of a 35S promoter. (A, E) Protoplasts were examined for 

GFP fluorescence 16 h after incubation with the construct. (B) Mitochondria were 

detected with Mitotracker Orange. (C, G) Chlorophyll autofluorescence is shown as 

blue. (D) Merged image shows GFP co-localization within mitochondria (yellow) 

spots or in chloroplasts (turquoise). (F) DAPI staining of DNA in chloroplast 

nucleoids (red). (H) Merged images of DAPI and GFP signals (yellow) shows RIP1 to 

co-localize with nucleoids  

 

 

rip1 Mutant Exhibits Altered Mitochondrial Editing.  

We conducted a bulk sequencing screen of the 33 mitochondrial protein-

coding genes known to harbor editing sites by comparing the sequencing 

electrophoretograms of the RT-PCR products obtained from the homozygous T-DNA 

mutant with the homozygous WT line. A typical result is shown in Figure 2.10A, 

where editing extent in the nad2 transcript is not uniformly affected by the RIP1 

mutation along the transcript.   
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Figure 2.10. Editing extent is not uniformly affected along mitochondrial transcripts 
in rip1 mutants. (A) Portions of electrophoretograms from RT-PCR bulk sequencing 
of nad2 are shown for the homozygous T-DNA mutant (-/-) and the homozygous wild-
type (+/+). Below the electrophoretograms are given the position of the editing site in 
the nad2 transcript with the aa change upon editing in between parenthesis, and the 
number of sites in nad2 sharing the same molecular phenotype. The editing phenotype 
of the mutant was classified in one of five categories, above the electrophoretograms, 
from C=0 (no effect of the mutation on the editing extent) to T=0 (total loss of editing 
in the mutant). The C target of editing is highlighted by a black shade for T and a grey 
shade for C, and shown according to its position in the codon. (B) Distribution of the 
effect of the RIP1 mutation on the editing extent of mitochondrial sites on nad2 and 
nad6 transcripts. Each site is represented by a block whose background color indicates 
for the strength of the rip1 mutationôs effect on the editing extent as detected by bulk 
sequencing. (C) PPE assays confirm the reduction of editing extent of mitochondrial 
sites in cob and nad6 transcripts previously detected by bulk sequencing. On top are 
shown the PPE products run on acrylamide gels, with the name and position of the site 
being assayed above the gel; P: primer, U: unedited, E: edited. Below the gels are 
shown the electrophoretograms of the editing site.  
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Table 2.3. Effect of FLAG_150D11 insertion on RNA editing of mitochondrial C-targets

 

Gene Effect

C=0 C<T C=T C>T T=0

nad1 14 4 1

nad2 14 2 1 4 1

nad3 3 4

nad4 21 4 3 2  

nad4L 2 2 2 4

nad5 16 4 4 1

nad6 3 2 2 4

nad7 14 2 2 3 1

nad9 4 2 1

complex I 82 24 10 22 15

cob  -complex III 3 3 2

cox2 5 2 1 1 3

cox3 5 1 1

complex IV 5 7 2 2 3

atp1 1 1 1

atp4 (orf25) 1 3 3 1

atp6-1 1

atp9 2 2

complex V 5 6 1 3 1

ccmB (ccb206) 1 4 27

ccmFn-2 (ccb203) 1 5 4

ccmC (ccb256) 1 1 17 7

ccmFn-1 (ccb382) 1 5 7

ccmFc (ccb452) 4 2 4 1

cytochrome  c biogenesis 5 2 8 32 45

rpl2 1

rpl5 2 1 3 4

rpl16 2 2 1 1

rps3 2 2 1 2

rps4 3 1 1 5

rps7 1

rps12 5 3

rps14 1

ribosomal protein 2 10 5 11 16

matR 2 2 5

mttb (OrfX) 6 21

TOTAL 102 52 28 78 108

The five categories of RIP1  mutation effect on mitochondrial editing, from no effect (C=0) 

to a total loss of editing (T=0) extent have been presented in text and in Figure 2.10.  
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The majority of the nad2 sites, 14 of 22 sites, do not show any reduction in 

editing extent in the mutant compared with the WT (Table 2.3). However, editing of 

nad2-90 is not detectable in the mutant, because only a C peak is observed at that 

position (Figure 2.10A). Between these two extremes are detected sites in which 

editing is reduced to less than one-half of WT, about one-half of WT, or more than 

one-half of WT as observed in nad2-1091, nad2-89, and nad2-530, respectively 

(Figure 2.10A).  

Table 1 summarizes the results of the bulk sequencing screen by presenting the 

number of sites for each mitochondrial gene that falls into one of five categories 

described for nad2 transcript, from no effect of the RIP1 mutation to an apparent 

absence of editing. Of the 33 mitochondrial genes surveyed, only atp6-1, which 

contains one reported editing site at position 475, does not show any dependence on a 

functional RIP1 for efficient editing. Overall, mutation in RIP1 affects the editing 

extent of a very high number of mitochondrial sites; 108 of 368 sites surveyed show a 

major loss of editing in the mutant (Table 2.3). A very similar number of sites (102 

sites) do not show any variation in editing extent in the mutant. A complete list of all 

the affected mitochondrial C targets of editing among the 368 sites assayed is shown 

in Dataset S1. 

Plant mitochondrial sites in the rip1 mutant analyzed can be divided into two 

categories, totally RIP1-dependent (108 of 368 sites or 29%) and totally RIP1-

independent (102 of 368 sites or 28%). Although these categories are approximately 

equal in size in the entire population of genes analyzed, RIP1 seems to play a larger 

role in editing of transcripts for proteins of certain mitochondrial complexes than 
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others. For example, transcripts of complex 1 genes exhibit 10% (15/153) C targets 

affected by the RIP1 mutation, and 45% (82/153) unaffected. In contrast, the 

cytochrome c biogenesis complex exhibits 49% C targets (45/92) affected and only 

5% (5/92) sites with editing extent that is unaffected (Table 2.3). The effect of RIP1 

mutation on mitochondrial extent does not seem to be related to the location of the C 

target on the transcript, because there is no apparent pattern in the distribution of the 

RIP1-dependent and -independent sites along the transcript (Figure 2.10B).  

Editing events can be divided into two classes: non-silent (when editing 

changes the encoded amino acid) or silent (when the amino acid is unchanged). Non-

silent sites are predominant in the population of sites surveyed (335 non-silent sites or 

91%, Table 2.4). There are somewhat fewer non-silent sites in the group of sites that 

are strongly affected in the rip1 mutant than there are in the entire population of 

surveyed sites [83 % (90 non-silent sites to 108 sites) vs. 91% respectively] (Table 

2.4). 

We also examined a small selection of editing sites by the PPE assay, which is 

more precise and sensitive than the RT-PCR/bulk sequencing method that we used to 

survey the 368 sites in the rip1 mutant (40). We chose some mitochondrial editing 

sites that exhibited either no or complete dependence on functional RIP1 (Figure 

2.10A). Although no editing of the C targets in cob-325 and nad6-161 was detected by 

the less sensitive bulk sequencing method, we found that both exhibit a residual 

editing extent detectable by PPE (13% and 21%, respectively) (Figure 2.10C). The 

negative effect of the rip1 mutation on cob-325 and nad6-161 is greater than its effect 

on any chloroplast C targets (Table 2.3). When the editing extent of these two sites 

was assayed by PPE in homozygotes, heterozygotes, and WT, we found no difference 



 

 

43 

between heterozygotes and WT, indicating the mutation is completely recessive with 

respect to editing efficiency at these two C editing targets as well as at other 

mitochondrial sites (Figure 2.11).  

 

Table 2.4. Effect of FLAG_150D11 insertion on RNA editing extent  of mitochondrial C-targets, evaluated by the belonging of each site

 to one of five categories from C=0 no effect, to T=0 total loss of editing in the mutant as detected by bulk sequencing

gene            C=0                 T>C                C=T            C>T            T=0 Total

# position S NS # position S NS # position S NS # position S NS # position S NS S NS

atp1 1 1292 Y 1 1178 Y 1 1415 Y 3 3

atp6-1 1 484 Y 1 1

atp9 2 83 Y 2 53 Y 4 4

224 Y 167 Y

ccb203 1 391 Y 5 176 Y 4 65 Y 10 10

259 Y 208 Y

277 Y 226 Y  

320 Y 356 Y

344 Y

ccb206 1 137 Y 4 149 Y 27 28 Y 32 2 30

154 Y 71 Y

338 Y 80 Y

428 Y 128 Y

148 Y

159 Y

160 Y

164 Y

172 Y

179 Y

181 Y

193 Y

194 Y

286 Y

304 Y

367 Y

379 Y

380 Y

424 Y

467 Y

475 Y

476 Y

485 Y

512 Y

514 Y

551 Y

554 Y

ccb256 1 463 Y 1 133 Y 17 103 Y 7 467 Y 26 1 25

179 Y 473 Y

184 Y 575 Y

331 Y 608 Y

395 Y 614 Y

400 Y 618 Y

421 Y 650 Y

436 Y

446 Y

458 Y

497 Y

521 Y

548 Y

568 Y

619 Y

656 Y

673 Y  
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ccb382 1 262 Y 5 143 Y 7 104 Y 13 1 12

269 Y 157 Y

791 Y 289 Y

806 Y 378 Y

955 Y 709 Y

710 Y

779 Y

ccb452 4 103 Y 2 160 Y 4 122 Y 1 1215 Y 11 1 10

146 Y 334 Y 155 Y

1172 Y 406 Y

1280 Y 415 Y

cob 3 118 Y 3 286 Y 2 325 Y 8 0 8

908 Y 853 Y 568 Y

1084 Y 982 Y

cox2 5 71 Y 2 581 Y 1 476 Y 1 557 Y 3 27 Y 12 2 10

253 Y 742 Y 138 Y

379 Y 278 Y

698 Y

721 Y

cox3 5 112 Y 1 257 Y 1 314 Y 7 0 7

245 Y

311 Y

413 Y

422 Y

matR 2 374 Y 2 1593 Y 5 1731 Y 9 2 7

461 Y 1730 Y 1751 Y

1771 Y

1807 Y

1895 Y

nad1 14 167 Y 4 265 Y 1 500 Y 19 2 17

307 Y 571 Y

308 Y 635 Y

376 Y 755 Y

490 Y

492 Y

493 Y

536 Y

580 Y

674 Y

725 Y

743 Y

823 Y

898 Y

nad2 14 344 Y 2 961 Y 1 89 Y 4 341 Y 1 90 Y 22 2 20

389 Y 1091 Y 530 Y

394 Y 842 Y

400 Y 1160 Y

427 Y

461 Y

695 Y

821 Y

953 Y

991 Y

995 Y

1279 Y

1280 Y

1309 Y  
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nad3 3 83 Y 4 64 Y 7 1 6

149 Y 211 Y

250 Y 212 Y

254 Y

nad4 21 107 Y 4 403 Y 3 659 Y 2 836 Y 30 2 28

124 Y 977 Y 784 Y 896 Y

158 Y 1010 Y 1148 Y

164 Y 1101 Y

166 Y

197 Y

317 Y

362 Y

376 Y

436 Y

437 Y

449 Y

608 Y

767 Y

1033 Y

1129 Y

1172 Y

1355 Y

1373 Y

1405 Y

1417 Y

nad4L 2 188 Y 2 100 Y 2 110 Y 4 41 Y 10 0 10

197 Y 158 Y 131 Y 55 Y

86 Y

95 Y

nad5 16 155 Y 4 272 Y 4 242 Y 1 608 Y 25 2 23

358 Y 398 Y 374 Y

494 Y 725 Y 548 Y

553 Y 1610 Y 609 Y

598 Y

629 Y

676 Y

713 Y

764 Y

835 Y

863 Y

875 Y

1275 Y

1490 Y

1550 Y

1580 Y

nad6 3 26 Y 2 95 Y 2 103 Y 4 53 Y 11 0 11

169 Y 463 Y 191 Y 88 Y

446 Y 89 Y

161 Y

nad7 14 77 Y 2 739 Y 2 698 Y 3 213 Y 1 963 Y 22 3 19

137 Y 1057 Y 795 Y 316 Y

200 Y 724 Y

209 Y

244 Y

251 Y

335 Y

344 Y

578 Y

679 Y

734 Y

769 Y

926 Y

1079 Y  
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nad9 4 167 Y 2 298 Y 1 92 Y 7 0 7

190 Y 328 Y

398 Y

439 Y

orf25 1 89 Y 3 248 Y 3 138 Y 1 395 Y 8 2 6

251 Y 215 Y

416 Y 250 Y

orf114

orf240

orfX 6 161 Y 21 97 Y 27 5 22

361 Y 144 Y

379 Y 145 Y

409 Y 164 Y

505 Y 173 Y

649 Y 364 Y

406 Y

407 Y

412 Y

440 Y

474 Y

530 Y

538 Y

552 Y

581 Y

587 Y

643 Y

665 Y

693 Y

700 Y

705 Y

rpl2 1 212 Y 1 0 1

rpl5 2 317 Y 1 35 Y 3 64 Y 4 47 Y 10 1 9

329 Y 169 Y 58 Y

512 Y 59 Y

92 Y

rpl16 2 34 Y 2 61 Y 1 440 Y 1 512 Y 6 0 6

506 Y 209 Y

rps3 2 64 Y 2 603 Y 1 887 Y 2 1470 Y 7 2 5

1598 Y 1571 Y 1534 Y

rps4 3 226 Y 1 992 Y 1 377 Y 5 175 Y 10 0 10

299 Y 235 Y

524 Y 308 Y

332 Y

967 Y

rps7 1 332 Y 1 0 1

rps12 5 104 Y 3 84 Y 8 2 6

146 Y 221 Y

196 Y 269 Y

284 Y

285 Y

rps14 1 194 Y 1 0 1

Total 102 5 97 52 1 51 28 2 26 78 7 71 108 18 90 368 33 335

Percentage 5 95 2 98 7 93 9 91 17 83 9 91

# indicate the number of sites found in each of the categories representing the effect of the rip1  mutation for each mitochondrial gene,  and position

indicate the position of the site relative to the start codon. 

S and NS refer to the class to which each site belongs, silent or non-silent respectively.
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Figure 2.11. rip1 mutation is recessive in its effect on mitochondrial editing extent. 
(A) Bulk sequencing electrophoretograms following RT-PCR are shown for 4 sites in 
different mitochondrial transcripts and for the 3 genotypic classes, top row: 
homozygous wild-type (+/+), middle row: heterozygous (-/+), bottom row: 
homozygous mutant (-/-). Above the electrophoretograms is given the name of the 
editing site (the position of the site is given after the name of the transcript to which it 
belongs) followed by the aa change upon editing. The edited position is highlighted by 
a black shade. No difference can be detected between the electrophoretograms of the 
RT-PCR products derived from wild-type homozygous (+/+) and the heterozygous (-
/+) plants. (B) PPE assay confirms rip1 mutation to be recessive in its effect on 
mitochondrial site editing extent. No significant difference is found between the 
editing extent of heterozygous and homozygous wild siblings for sites nad6-161 and 
cob-325, two sites that show a very strong reduction of editing extent in the 
homozygous mutant. P: primer, U: unedited, E: edited 
 

 

 


