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Abstract of the Dissertation 
 

Plant Spellcheckers: Molecular Basis of PPR-mediated RNA Editing and a Model for 
Retrograde Communication 

 
By 

 
Michael Francisco Diaz 

Doctor of Philosophy in Biological Sciences 
 

University of California, Irvine, 
 

Professor R. Michael Mulligan 
 
RNA editing in plants converts cytidines to uridines (C-to-U) in chloroplast and 

mitochondrial transcripts. Pentatricopeptide repeat (PPR) protein family members have 

been shown to be required for editing, and possess key characteristics of editing 

deaminases found in other organisms. PPRs have an N-terminal RNA binding domain 

responsible for RNA recognition and a C-terminal DYW domain that has deaminase-like 

characteristics.  

 

The role of several features of the DYW domain was investigated. The DYW domain 

includes the HXE motif that provides a glutamate residue that is catalytically required.  

Glutamate to alanine substitution ablated editing, and establishes a key characteristic of 

the DYW domain that is required for editing. In addition, a highly conserved PG box was 

identified between the N- and C-terminal domains that was required for editing in PPRs 

that lacked a DYW domain, and the PG box may be required for protein-protein 

interactions to recruit a deaminase in trans. These observations led to the development 

of the cis and trans-editing models for RNA editing that posits that the deaminase may be 

provided in cis from a single PPR or in trans in PPRs that lack a DYW domain. PPRs, 



	 xvii 

such as MEF8, which have a short RNA binding domain and an intact deaminase domain, 

were identified as candidates for a trans-deaminases. RNAseq analysis was performed 

on mef8 null mutants and catalytically ablated variants to examine the role of MEF8 in 

mitochondrial editing. Sixty editing sites were affected, and suggests that MEF8 may 

participate as a trans-editing deaminase by providing deaminase capability for a large 

number of editing sites.  

 

The role of reactive oxygen species (ROS) during editing dysfunction was investigated to 

examine the potential mechanisms of sensing and signaling oxidative distress. LPA66 

mutant plants fail to edit a photosystem II polypeptide and exhibit a strong phenotype. 

Mutant plants produced elevated levels of ROS, and transcriptomic analysis revealed 

higher expression of ROS reactive network genes and PPR or editing related genes. 

Lipidomics analysis of the mutant indicated highly elevated levels of oxylipins including 

arabidoside A and G and phytoprostanes. Possible signaling mechanisms through 

oxylipins and jasmonic acid pathways are discussed.
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Chapter 1 
Introduction 

Eukaryotic life is dependent on elegantly organized cellular compartments called 

organelles. In plant cells, mitochondria and chloroplasts are core organelles that produce 

energy through respiration and photosynthesis—without these processes, life on earth 

would cease to exist. Central to organelle function is the expression of both nuclear and 

organelle genes, with the lion’s share residing in the nuclear genome. For example, in 

Arabidopsis thaliana, approximately 7-12% (2,000-3,500) of all protein coding genes in 

the genome are targeted to the chloroplast . Among this bevy of chloroplast-targeted 

proteins, pentatricopeptide repeat (PPR) proteins represent the largest family, with 114 

genes characterized to date. An additional 382 PPRs are mitochondrial-targeted, making 

the sum total between the chloroplast and mitochondria 496 genes. Pentatricopeptide 

repeat proteins are broadly involved in RNA metabolism in the mitochondria and 

chloroplast, of which RNA editing is the most enigmatic.  

RNA editing in plant organelles causes post-transcriptional cytidine-to-uridine (C-to-U) 

changes in transcripts 2. In flowering plants, chloroplast transcriptomes have 

approximately 35 C-to-U editing sites 3, and over 600 Cs are edited in Arabidopsis 

mitochondria 4,5. In general, editing results in non-synonymous amino acid substitutions 

that convert aberrant codons to the evolutionarily conserved sequences 6. The primary 

role of RNA editing in higher plant organelles appears to be a genetic correction 

mechanism required for the functional expression of the organelle genomes 7.  
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Structure and Function of PPR Proteins 
 

In Arabidopsis, the majority of PPR proteins (~283) are described as P-type which 

are typically composed of about 10 to 20 tandem repeats of a 35 amino acid motif known 

as the P repeat (Figure 1.1 A, P-type). Through computational and biochemical analysis,  

a PPR code has been developed that predicts modular RNA sequence recognition by 

conserved residues in each PPR repeat 8–10. Furthermore, structural analyses have 

demonstrated that PPR proteins form superhelical structures with residues that bind RNA 

on the inner surface of the helix (Figure 1.2) 11–13. These structural analyses confirmed 

the general features of the PPR–RNA complex predicted by the PPR code, including 

modular binding and the detailed participation of polar amino acid side chains at residues 

5 and 35 of each P motif in nucleotide recognition (Figure 1.1 B), and underscore their 

well-defined roles in RNA processing such as RNA stabilization, translation 

C
N

C
N

N

C

C
N

P-
ty
pe

PL
S-

ty
pe

DYW

E/E+

RNA binding domain putative
catalytic domainLegend RNA

cis-element

C
N

A U A C C A A U C CUU

T N N DT N N DN D T N

A B

Figure 1.1. Cartoon representation of PPR proteins structure and RNA recognition. A) P-type PPRs are 
involved in RNA stabilization, translation activation/repression, and trans-splicing. PLS-type PPRs are 
exclusively involved in RNA editing. B) RNA recognition by PPRs requires polar/charged amino acids in 
the 5’ and 35’ amino acid position of tandem repeats in the RNA binding domain. Two amino acids interact 
with one nucleotide in the cis-element of a target RNA via hydrogen bonding.    
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activation/repression, and trans-splicing2. These PPRs have been thoroughly described 

elsewhere 2. The remaining 213 PPRs are involved in the enigmatic process of RNA 

editing, and investigating their form and function, and regulation are the focus of my 

dissertation research.  

Editing PPR Proteins are members of the PLS subfamily 
 

The N-terminal repeat region of PPR proteins contain the characteristic 35 amino 

acid P repeat as well as long (L) and short (S) variants 14. The PPR code has been 

extended to this PLS subfamily 9,10, predicting recognition of RNA sequences that is 

similar to the code developed for the P subfamily 15. Amino acid residues located in each 

PLS repeat interact with specific nucleotides within the cis-element to provide site 

specificity for RNA editing (Figure 1.1 B and Figure 1.2) 8–10,16. The PLS subfamily of 

Figure 1.2. Predictive model of PLS-type PPR. The predicted structure of PLS-type PPR was created using 
the solved structure of a synthetic cytidine binding PPR tract (PDB: 4WSL) and concatenating it to an 
asymmetric unit (i.e. monomer) of the solved dimeric structure of Bacillus subtilis cytidine deaminase (PDB: 
1JTK). The ab initio domain assembly (AIDA) server was used to concatenate the amino sequences of the 
two solved structures. During the energy minimization simulation, AIDA constrains the final model by 
keeping the separate domains rigid while allowing the linking region to be flexible. A cartoon RNA molecule 
was woven through the structure. In the RNA binding domain, the red hexagons represent nucleic acids 
bound by the PPR tract. In the putative catalytic domain, the red hexagon represents the edited cytidine. 
The pink region represents a protein-protein interaction domain (referred to as PG box in Chapter 3)thought 
be involved in the formation of high molecular weight editing complexes. 
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PPR proteins also includes characteristic C-terminal domains known as the E/E+ and 

DYW deaminase domains (Figure 1.1 A), which have recently been elaborated 14,17. 

While the E/E+ domain contains degenerate PPR repeats 17 whose complete function 

remains unclear, it does not appear to contribute to RNA binding 16. The E/E+ domain is, 

however, involved in protein-protein interactions that contribute to the formation of high 

molecular weight RNA editing complexes 18,19.  

 
The DYW Deaminase Domain of PPRs Has Key Features of Editing Deaminases 
 

The DYW deaminase domain (hereafter, DYW domain) is so called for the last 

three amino acids found in a majority of editing PPRs—aspartic (D), tyrosine (Y), and 

tryptophan (W). The DYW domain has key features of editing deaminases that include 

Figure 1.3. DYW-type PPRs maintain a highly conserved glutamate residue found in other cytidine 
deaminases. A) Close up representation of the putative active site of PPRs. In this example, three 
cysteines (green) coordinate an active site zinc ion (grey). The active site glutamate (red) is critical for 
editing in other deaminases. B) The glutamate residue participates in a proton shuttling mechanism. 
First, the zinc ion binds water. The glutamate residue abstracts a proton from the zinc-water complex to 
produce a zinc-hydroxide that attacks the cytidine residue. After a subsequent rearrangement and loss 
of ammonia, a uridine remains in place of the cytidine.    
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canonical zinc binding motifs (HXE, CXXC, where X is any amino acid), the presence of 

a zinc prosthetic group, and a conserved catalytic glutamate residue of the HXE motif 20. 

The conserved glutamate residue found in the DYW domain of PPRs is catalytically 

involved in the deamination mechanism of bacterial cytidine deaminase. This conserved 

glutamate residue is a key characteristic expected for an editing deaminase (Figure 1.3) 

21–24. While PPRs appear to have key features of deaminases, it remained unknown 

whether these features bestowed biochemical function. In chapter 3, we approached this 

question experimentally by studying the behavior of several transgenes in planta, 

overexpressed in plants with null alleles of PPRs, rendering the native gene non-

functional. By overexpressing various transgenes in a knockout background, we were 

able to study the behavior of PPRs with truncations that remove the DYW domain entirely. 

In addition, we were able to study the function of the key glutamate residue directly, by 

substituting this residue with a non-polar, and therefore non-functional alanine residue, 

(Figure 1.3 B) enabling us to address whether the deaminase features retained by PPRs 

were critical for RNA editing.  

 
Evolution of Pentatricopeptide Repeat Proteins and RNA Editing in Plants 
 

While PPRs are found in all eukaryotes, the expansion of PPRs in plants is the 

most striking, with upwards of 500 genes present in Arabidopsis. With few exceptions, 

members of each clade of plant evolution have PPRs and exhibit RNA editing 17,25,26. 

Numbers of PPRs vary, but editing site number and number of PPR genes show strong 

correlation, starting with basal angiosperms, and marching on through higher plants, with 

losses exhibited over time 27. As to why RNA editing in plants emerged is a matter of 

some debate, but it appears it does not provide an easily explained positive selective 
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advantage and instead is likely a case of neutral evolution 25,28,29. In addressing how RNA 

editing has expanded in plants, limited evidence points to retrotransposition events 

increasing PPR number. Most of the PPRs found in the moss Physcomitrella patens—

one of the oldest land plants—contain introns, and vestiges of these introns are observed 

in the 5’ region of intron-less PPRs of higher angiosperms 30. Therefore, it is posited that 

reversed transcribed cDNA, reintegrated into the genome through homologous 

recombination, resulted in preferential loss of the 3’ end, where reverse transcription 

starts, and truncations on the 5’ end, where reverse transcription terminates 30,31. This 

hypothesis helps explain the diversity of PPRs present in plants.  

While many editing PPRs contain an N-terminal RNA binding domain and C-

terminal DYW domain (Figure 1.1 A, 1.2, 1.3 A), several PPRs have a truncated C-

terminal DYW domain or reduced N-terminal RNA binding domains 21,32,33. Several of 

these variants, specifically those without a deaminase domain, can complement editing 

activity, which is confusing, since the deaminase domain is thought to be responsible for 

editing activity 34,35. If the DYW domain is critical for RNA editing, then only two possible 

explanations can resolve this conundrum: a yet to be described non-PPR deaminase is 

responsible for the editing activity observed in plants, or PPRs can interact with one 

another to support editing activity. Researchers have not identified any other genes 

targeted to the chloroplast and mitochondria with domain architecture that would support 

a deaminase-like reaction 14. In addition, a non-PPR deaminase would be an unlikely 

scenario, given that insertional mutagenesis of a PPR gene typically disrupts editing at 

one or a few sites in chloroplasts and mitochondria, with dozens of published examples, 

with a list that keeps growing 2,36. A likely scenario is that a PPR that lacks a deaminase 
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domain must interact with another PPR with a functional deaminase domain in order to 

support RNA editing activity. In Chapter 3, we investigate a highly conserved region 

between the N-terminal RNA binding domain and C-terminal DYW domain, which we 

hypothesize supports PPR-PPR interactions. We refer to this region as the PG box in 

Chapter 3.  

We have posited that a PPR lacking a DYW domain could not support editing 

activity alone and that it would require a DYW domain supplied in trans, as opposed to 

cis-editing where the PPR encodes an RNA binding domain and DYW domain in one 

polypeptide (Figure 4). Indeed, one published example highlights this possibility. 

Chlororespiratory reduction 4 (CRR4) is a PPR that lacks a deaminase domain, but 

maintains 11 RNA binding motifs capable of recognizing chloroplast transcript NADH-

dehydrogenase complex 1 (ndhD-1). On the other hand, DYW1 is a PPR that lacks a N-

terminal RNA binding domain but has retained a functional DYW domain. A chimeric 

version of these two genes was able to complement editing of ndhD-1 in a crr4 dyw1 

double mutant 37. Surprisingly, DYW1 was not responsible for editing more RNA editing 

trans-editing model

ePPR
5’ 3’C 5’ 3’U

site correctedE-type: one site

cPPR1

PPR1
5’ 3’C 5’ 3’U

site correctedDYW-type: one site

cis-editing model

DYW-type PPR with functional RNA 
binding and deaminase domains

E-type PPR lacks deaminase domain recruits 
short DYW-type PPR with functional deaminase

short DYW-type: many sites

Figure 1.4. A cis- and trans-editing Model for RNA Editing in Plants. In the cis-editing model, a PPR 
contains the PLS RNA binding repeat domains and DYW deaminase domain in the same polypeptide. 
In the trans-editing model, an E-type PPR that lacks a functional deaminase domain, interacts with the 
DYW containing PPR to edit a site. In our model, we use a short DYW-type PPR that has reduced RNA 
binding capacity as the data in Chapter 4 supports this model, however we believe this model may 
extend to PPRs involved in the cis-editing model as well.  
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sites in the chloroplast in insertional mutants of dyw1. Given that DYW1 has a degenerate 

RNA binding domain, we expected more promiscuous editing activity or rather editing of 

more sites that are recognized by E-type PPRs, which lack a DYW domain. We revisited 

this possibility by investigating a related PPR, mitochondrial editing factor 8 (MEF8) in 

Chapter 4. The mitochondria is well-suited to study the trans-editing model since MEF8 

is structurally related to DYW1, with an unusually small PLS repeat domain—too small to 

effectively act in editing site recognition.  In addition, approximately 110 editing PPRs are 

targeted to the mitochondria, of which only 43 contain a DYW domain. The remaining are 

E-type PPRs with varying PLS repeats number, and therefore varying RNA binding 

capacity. It follows then, to edit all 600 sites of the mitochondria, either each DYW-type 

PPR must edit > 6 editing sites, or E-type PPRs interact with DYW-type PPRs to supply 

the site specificity and editing activity in trans. Several insertional mutants of 

mitochondria-targeted PPRs show defects in as few as one site 36, making the six editing 

sites for every DYW-type PPR hypothesis untenable. Instead, trans-editing among PPRs 

is a more likely scenario, and evidence from Chapter 3 and Chapter 4 supports this 

model.   

 
Non-PPR Proteins are Required for RNA Editing in Higher Plants 
 

While members of the pentatricopeptide repeat protein family are thought to 

participate directly in C-to-U catalysis, several genes have been identified that are posited 

as indirectly participating in catalysis (Figure 1.5 A). These genes include the RNA 

Editing Interacting Protein/Multiple Organellar RNA Editing Factor (RIP/MORF) family 

5,38,39, the Organelle RNA Recognition Motif containing protein (ORRM) family 40–42, the 
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Organelle Zinc finger editing factor (OZ) family 43, tetrapyrrole biosynthetic protein 

protoporphyrinogen IX oxidase (PPOI) 44, and the PPR-like protein NUWA 34,35. Since  

PPR proteins are the only genes with conserved deaminase-like domains, these 

additional genes are posited as functioning as a scaffold for C-to-U catalysis, mediated 

by protein-protein interaction domains as well as non-specific RNA binding domains 7 

(Figure 1.5 B). The diversity and complexity of RNA editing genes warrants further 

investigation to identify additional RNA editing genes, as well as understanding how C-

to-U catalysis and editing complex formation is regulated.    

 
  

Figure 1.5. Proposed model for RNA editing complex in plants. A)  RNA editing involves several non-
RNA binding and RNA binding proteins. PPO1, NUWA, and RIPs are non-RNA binding proteins. Both 
NUWA and PPOI form interactions with RIP family proteins. RIP can form homodimers. PPRs, ORRMs 
and OZs are RNA binding proteins. OZs and ORRMs interact with each other and with RNA. PPRs 
interact with RNA as well as non-RNA binding proteins NUWA and RIPs. In addition, PPRs and OZs 
form homodimers  B) Proposed model of RNA editing complex including PPRs and non-PPR editing 
factors. 
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Role of PPRs in Electron Transport Machinery Maturation  and Their Regulation Via 
Reactive Oxygen Species 
 

A majority of RNA editing events in plant mitochondria and chloroplasts occur in 

transcripts that encode polypeptides in the electron transport chain (ETC) (Table 5.1). 

This is mostly likely by chance, given the majority of genes retained by both the 

mitochondria and chloroplasts are involved in ETC. Organelle ETC genes are mostly 

membrane bound and it is thought the hydrophobicity of these proteins made targeting 

and import into the organelle difficult 45. Hence, these genes were maintained by the 

organelle. By consequence, disruption of electron transport is expected to be a common 

consequence of RNA editing dysfunction and a possible convergence point for regulation. 

For example, Photosystem II is a potent producer of singlet oxygen (1O2) and superoxide 

anion (O2 • —), and hydrogen peroxide (H2O2) is mainly produced around photosystem I. 

In contrast, O2 • — is the main reactive oxygen species (ROS) in mitochondria under 

normal metabolic conditions, and effectively processed to non-reactive products by 

organelle ROS network proteins 46,47. However, when electron transport is disrupted, 

upstream redox centers may become highly reduced and result in high levels of ROS 

production. Moderate levels of ROS production can be managed by stress acclimation 

and signal transduction, but higher levels may significantly overwhelm metabolic 

scavenging mechanisms, and ROS can be cytotoxic and lead to programmed cell death 

48.  

Reactive oxygen species have been extensively documented as retrograde 

signaling molecules in plants outside of RNA editing dysfunction49–55—retrograde signals 

originate in a subcellular compartment outside the nucleus and drive gene expression 

changes in the nucleus. ROS are unlikely candidates for signaling molecules during RNA 
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editing dysfunction because ROS are rapidly detoxified in the chloroplast and 

mitochondria, and would not be expected to move through the cell even over short 

distances 48. However, it is important to note that ROS molecules can move out of, or 

between, organelles via aquaporins or stromules 56,57. Instead, ROS acting on other 

molecules is a more likely source for retrograde signaling molecules. Therefore, we 

hypothesize lipid peroxidation is increased in editing mutants, which would result in 

production of lipid-derived signaling molecules. Indeed, ROS generation in chloroplast 

provokes the formation of potent lipid-derived retrograde signaling molecules 58,59. We 

expect the identity of these signals depends on what compartment is affected by RNA 

editing dysfunction, since ROS production can be site-specific  50,52,58,60. ROS production 

and upregulation of ROS network genes has been documented in PPR mutants, but this 

was contextualized as mitigating oxidative stress due to loss of editing or RNA stability 

61–66, rather than addressing the possibility that ROS or other retrograde signaling 

molecules can mitigate RNA editing dysfunction directly. So, is there a nuclear response 

to help mitigate RNA editing dysfunction? Several publications have demonstrated 

mutations in PPRs affect the abscisic acid (ABA) response, yet these investigations focus 

on global plant physiological responses and how disruption of PPRs impact abiotic and 

biotic responses 62–69, and not how ABA influences RNA editing in the cases where editing 

PPRs were studied 62,65,67,69. A growing body of research has demonstrated how oxylipins 

and cardiolipins, oxygenated lipids from the chloroplast and mitochondria, respectively, 

play important roles in retrograde signaling from the organelles, and that free-radical 

catalyzed as well as enzyme-catalyzed lipid oxygenation occurs during abiotic and biotic 

stress 70,71. Therefore, we hypothesized an early messenger of a retrograde signaling 
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cascade would be an oxylipin, as is the case in several abiotic and biotic stress responses 

48,50,52,54,58,70,72. We investigate this possibility in Chapter 5.  

Since the discovery of the RNA editing in plants in 1989 6 and the identification of 

the first PPR 73, our understanding of RNA editing has seen tremendous gains in large 

part due to the introduction of next-generation sequencing technologies and high-

throughput reverse genetic screens. What many researchers could have not foreseen, is 

that RNA editing is exceedingly complex, and we would barely be scratching the surface 

thirty years later. Several hundred PPR proteins are expected to be involved in RNA 

editing, many of which are yet to be characterized 17. Our lab and others have observed 

highly conserved regions within PPR proteins, which we hypothesize bestow biochemical 

function to the proteins. Investigating these regions is the primary focus of Chapter 3 and 

Chapter 4. Some of these highly conserved regions are suspected in supporting protein-

protein interactions. We investigated this hypothesis in Chapter 3 and Chapter 4. 

Simultaneously, several labs have identified numerous non-PPR editing factors, which 

has profoundly changed our understanding of RNA editing in plants. What was once 

thought to be an enigmatic reaction carried out solely by PPRs, now involves proteins 

from at least 4 different gene families (Figure 1.5). As the number of PPRs and non-PPRs 

involved in RNA editing continues to grow, it begs the question whether this process is 

regulated—it is difficult to imagine hundreds of gene constitutively expressed to carry out 

RNA editing, when the expression patterns of most of the edited RNAs are dynamic. 

Several organelle processes are regulated by nuclear-encoded genes with organelle-

derived retrograde signaling molecules mediating communication between the organelles 

and nucleus. One of the most common signals are lipid-derived signals called oxylipins 
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and cardiolipins in the case of the chloroplast and mitochondria, respectively. We 

investigate the involvement of lipid-based retrograde signals during RNA editing 

dysfunction in Chapter 5.  
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Chapter 2: Materials and Methods 
 

Chapters 3, 4, and 5 represent three separate publications. Therefore, the 

methods for each publication will be organized as separate sections to reflect the methods 

specific to each publication.  

 
Materials and Methods for Chapter 3 
 
Plant Materials 

Arabidopsis T-DNA lines SALK_078415C (cref7-1), SALK_120902C (otp84-2), 

and SALK_142061C (otp84-3) were obtained from the Arabidopsis Biological Resource 

Center. Seeds for Arabidopsis ecotype Columbia (Col-0) were purchased from Lehle 

seeds (Round Rock, TX) and were used for the wild type line. 

Transgenic plant lines were produced by introducing the following genes: OTP84 

(At3g57430); OTP84-trcDYW (OTP84 truncated after residue F770), OTP84trcPG 

(OTP84 truncated before the PG box after residue K754); OTP84-E824A (E to A 

substitution at residue 824); CREF7 (At5g66520), and CREF7-E554A (E to A substitution 

at residue 554). 

Gene Cloning and Plant Transformation 

Gene sequences from OTP84, OTP84trcPG (M1-K754), and OTP84trcDYW (M1-

F770) were amplified by PCR to introduce 5’ BamHI and 3’ SalI restriction sites. 

Sequences for CREF7 were amplified with flanking BglII and SalI restriction sites. 

Mutations were introduced by amplification with primers that altered codon E824 of 

OTP84 and E554 of CREF7 to alanine codons. All gene fragments were cloned into 

pCHF1 using BamHI and SalI restriction sites 21. Binary vectors were electroporated into 
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Agrobacterium strain ASE 74, and plants were transformed by floral dip 75. Seedlings were 

selected using 100 mg/L Gentamicin. 

 
RNA Editing Analysis Through Bulk Sequencing 
 

Total RNA was isolated from green leaves using RiboZol from AMRESCO (Solon, 

OH). The GoScript Reverse Transcription System (Madison, WI) was used with Random 

Hexamers from ThermoFisher (Waltham, MA) to create a cDNA pool. Gene specific 

primers were used to amplify sequences including editing sites from the cDNA templates 

with DreamTaq Green DNA Polymerase from ThermoFisher. Bulk sequencing of RT-PCR 

products was carried out at the University of California, Berkeley DNA Sequencing 

Facility. Peak heights were measured from electropherograms using BioEdit V7.0.9.0 to 

estimate the extent of RNA editing in RNA templates isolated from leaves. 

 
Poisoned Primer Extension Editing Analysis 

Poisoned primer extension (PPE) assays were performed as previously described 

76 with one modification. Purified PCR products were treated with FastAP from Thermo 

Scientific and incubated for 10 min at 37°C followed by 5 min at 75°C. This is similar to 

the ExoSAP-IT step of the PPE assay from the Hanson lab 76. The addition of the FastAP 

step consistently reduced read-through to less than 3%. Oligonucleotide primers 

contained a 5’ hexachlorofluorescein tag from Eurofins (Ebersberg, Germany). Vent DNA 

polymerase and acyNTPs from NEB (Ipswich, MA) were utilized for chain termination 

reactions. Primer extension products were separated by electrophoresis on 12% 

polyacrylamide gels with 6 M urea. Gels were covered in plastic wrap and immediately 

scanned using a Typhoon Trio imager from GE Healthcare (Little Chalfont, United 
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Kingdom). Percent conversion was calculated from the intensity of bands measured from 

a gel image using GELQUANT.NET V1.8.2. 

 
Mass Spectrometry 

The DYW domain from ELI1 (At4g37380: D478-W632) was amplified by PCR to 

add flanking BamHI and SalI restriction sites. A single nucleotide mutation (GAG to GCG) 

was introduced using a PCR primer to create the E566A mutation. The ELI1-E566A gene 

was cloned into pET28a using BamHI and SalI restriction sites and introduced into E. coli 

strain Rosetta 2 (DE3) pLysS from Novazymes (Bagsvaerd, Denmark). Recombinant 

ELI1-E566A was expressed as previously described 21 and purified. Native protein 

samples were dialyzed in 20 mM ammonium acetate prior to mass spectrometry. 

Denatured protein samples were treated with 50% acetonitrile and 1% formic acid prior 

to mass spectrometry. Protein samples were ionized with an ESI voltage of 3.6 kV, a cone 

voltage of 40 V, and a desolvation temperature of 120°C. Mass determinations were 

made with a Waters QTOF2 mass spectrometer. 

 
Materials and Methods for Chapter 4 
 
Plant Materials and Growth Conditions 

The T-DNA insertion line for mef8, SALK-106391C, was obtained from the 

Arabidopsis Biological Resource Center through TAIR and was confirmed as 

homozygous by PCR. Wild type Columbia-0 ecotype seeds were obtained from Lehle 

Seeds (Round Rock, TX) and were used as the wild type reference line. Plants were 

grown at 70% relative humidity with a 16-hour light period at 22oC and an 8-hour dark 

period at 18oC. Transgenic plants were prepared by introduction of the following genes 
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into the mef8 T-DNA insertion line: MEF8 (AT2G25580), MEF8-E549A (MEF8 with a 

glutamate to alanine substitution in the HXE motif at amino acid position 549).  

 
Gene Cloning and Plant Transformation 

MEF8 was amplified with High-Fidelity Phusion PCR from ThermoFisher, and 5’ 

BglII and 3’ SalI restriction sites were introduced into each of these amplicons by primer 

design. The MEF8-E549A mutant gene was generated using a mutagenic primer method 

(Sarkar and Sommer, 1990) where the glutamate codon at position 549 was altered to an 

alanine codon. A list of primers is provided in Table S6. Amplicons were cloned into the 

binary vector, pCHF1, using the BamHI and SalI restriction sites, and electroporated into 

Agrobacterium strain ASE. Plants were transformed with these vectors by the floral dip 

method 75. Transgenic progeny were selected on PhytoAgar from bioWORLD (Dublin, 

OH) supplemented with 1/2 strength Murashige and Skoog salts and 100 mg/L 

gentamicin from Sigma-Aldrich (St. Louis, MO). Plants transformed with the mutated 

version of MEF8 (HXA) are referred to HXA transgenic plants, while plants transformed 

with the wild-type version of MEF8 (HXE) are referred to HXE transgenic plants. 

 

RNA Editing Analysis Through STS-PCRseq 

Total RNA was isolated from 200 mg of green leaf tissue of 4-5 week old plants. 

Leaf tissue was pulverized on dry ice and homogenized with Ribozol from AMRESCO, 

and RNA was isolated according to the manufacturer’s instructions. RNA was further 

purified with the PureLink RNA Mini Kit from Ambion by Life Technologies (Carlsbad, CA). 

The purified RNA was treated with Turbo DNase from Ambion by Life Technologies. 

Duplicate RNA samples were prepared from three plant lines for RNA seq as previously 
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described 5. The plant lines included wild type (Col-0) plants, mef8 (SALK-106391C), and 

mef8 plants complemented with the MEF8-E549A construct.  

Editing site conversion for mitochondrial and chloroplast editing sites were 

determined as previously described 5. Briefly, the RNAs from samples analyzed in this 

study, mef8 mutant, wild-type, and transgenic plant, were reverse transcribed using 

organelle gene specific primers. After quantification, all the RT-PCR amplicons from one 

sample were mixed in equimolar ratio; the mix of cDNAs was then sheared by sonication 

and used as a template for the preparation of an Illumina True seq DNA library. Seventy-

nine libraries, including 6 libraries obtained from the samples in this study, were pooled 

in one sequencing lane of an Illumina HiSeq 2500 instrument. Data processing including 

read quality control, read trimming and alignment, and determination of editing sites by 

using a likelihood ratio test were performed as described previously 5.  

Statistical Tests Used to Identify Changes of Editing Extent in the mef8 Mutant vs. 
Wildtype, and in the Transgenic vs. the mef8 Mutant 
 

The significance of a difference in editing extent between a wild-type sample and 

a mutant sample for a certain site was achieved by a chi-square test with one degree of 

freedom using the number of edited and unedited reads found in each sample at that 

particular site. For a site to be declared significantly different, the 4 pairwise tests (mef8-

1 vs. wt-1, mef8-1 vs. wt-2, mef8-2 vs. wt-1, mef8-2 vs. wt-2) had to fulfill the significance 

threshold requirement. Because of repetitive testing, we chose a nominal error rate of P 

< 1.6e-6 to achieve the desired family error rate of P < 1e-3 when analyzing 612 sites (36 

plastid sites + 576 mitochondrial sites). In addition to this condition, the variation in editing 

extent, of mef8, defined as: (% editing of the wt - % editing of mef8)/% editing of the wt, 

had to be either ≥ 0.1 (decrease of editing in the mef8 mutant) or ≤ - 0.1 (increase of 
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editing extent in the mef8 mutant) for all the 4 pairwise comparisons. The same modus 

operandi was followed to test for significant difference of editing extent between the 

transgenic plant and the mutant plant, substituting in the test the wild-type by the 

transgenic plant.  

RNA Editing Analysis Through Bulk Sanger Sequencing 

Additional assays for editing site conversion were performed using Sanger 

sequence analysis of bulk PCR products. cDNA was prepared with random hexamers 

using the GoScript Reverse Transcription System from Promega (Madison, WI), and 

amplification of cDNA was confirmed with a RT minus control. For bulk sequence 

analysis, DreamTaq Green DNA polymerase from ThermoFisher was used to generate 

amplicons with previously published gene specific primers 5 for the following mitochondria 

genes: nad5, nad6, ccmFN1, atp4, ccmFc, cox2, nad5-intron, matR, and mttB. Amplicons 

were gel purified and sequenced by Sanger sequencing at Retrogen, Inc. (San Diego, 

CA). Editing site conversion was calculated by T and C peak heights measured from 

electropherograms using BioEdit v7.2.5 software. Error bars show the standard deviation 

(SD) of the samples.  

Materials and Methods for Chapter 5 
 

Plants Materials  

Arabidopsis T-DNA lines SALK_039955 (lpa66), SALK_139995 (dot4-2), were 

obtained from the Arabidopsis Biological Resource Center and bred to homozygosity. 

Seeds for Arabidopsis ecotype Columbia (Col-0) were purchased from Lehle seeds and 

were used for the wild type line. Insertional mutagenesis was confirmed by PCR using 

gene specific primers and left border T-DNA primers as designed by the Salk Institute. 
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While both editing mutants have obvious phenotypes, we confirmed the loss of editing by 

RT-PCR as previously described 77. For all experiments, seeds were vernalized at 4oC 

for 3 days in the dark to synchronize germination on 1/2 murashige and skoog agar plates, 

and transferred into an Arabidopsis growth chamber for two weeks at 80-100𝜇mol/m2/s 

with 16h day/ 8h night light cycle.	At two weeks, seedlings were transplanted into ProMix 

PGX soilless mix and supplemented with MiracleGro 24:8:16 (N:P:K). Plants were sub-

irrigated with fertilizer supplemented water as needed until harvesting.	

 
Histochemical Staining for O2-  and H2O2 using Nitroblue Tetrazolium and H2DCFDA  

The nitroblue tetrazolium (NBT) assay was performed as previously described . 

Briefly, fully expanded 4-5 week old leaves were detached prior to reproductive growth. 

Leaves were detached using a scalpel and immediately submerged, abaxial side up, in 

0.1% NBT/ 10mM Sodium Azide/ 10 mM K-Phos pH 6.4 in 6 well plates. Samples were 

incubated for three hours at room temperature under ambient lighting (i.e. <10 µmol m-

2 s-1) as measured by a LiCOR 6400 portable photosynthesis system PAR meter (Lincoln, 

Nebraska). Leaves were cleared using a fixer solution containing 3:1:1 (ethanol:acetic 

acid:glycerol) overnight or until leaves were devoid of chlorophyll. Samples were imaged 

using UVP Analytik-Jena ChemStudio Plus Imager (Upland, CA). Experiments were 

performed using biological triplicates. ImageJ 78 was to used analyze images. Images 

were converted to 16-bit grayscale and scaled when converting. Duplicate images were 

used to create a binary version, and MaxEntropy threshold setting was used to select 

formazan precipitate areas, and separately for total leaf area. Threshold sliders were 

adjusted as needed. Default pixel intensities were used—black = 0 and white = 255. 

Formazan area, as determined by thresholding, was redirected to original 8-bit grayscale 
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non-binary image to determine pixel area density and results are reported as percent NBT 

reduction (formazan area/total leaf area).  

The H2DCFDA assay was performed as previously described 79.  Briefly, 100 mg 

of tissue was frozen in liquid nitrogen and ground using a pre-chilled mortar and pestle. 

The powder was immediately resuspended in 10mM Tris-HCl buffer, pH 7.3 and 

centrifuged twice at 15,000 RCF for 5 minutes at 4oC, and each time, supernatant was 

removed and placed in a fresh pre-chilled microfuge tube. Final supernatants were split 

into two tubes—one for fluorescence detection and the other for protein quantification. 

Protein concentration from each sample was measured using the Bradford Reagent. 

Samples were transferred in 96 well plates and run as biological triplicates with technical 

triplicates to account for plate effects during spectrophotometric readings. One-hundred 

mM H2DCFDA from Thermo Fisher Scientific Invitrogen (Waltham, MA) was pre-diluted 

in anhydrous DMSO from Thermo Fisher Scientific Invitrogen and added to each well to 

a final concentration of 10uM and 0.1% DMSO. Because H2DCFDA is not specific for 

H2O2 and is instead a general indicator of oxidative stress 80, a control treatment using 

300U/mL of Millipore Sigma Catalase from bovine liver (St. Louis, MO) was added to 

editing mutant samples as a positive control for H2O2 since it converts H2O2 into water 

and oxygen. Plates were shaken on a rotary plate shaker at 700 rpm for 1 minute at room 

temperature. Measurements were taken on a BioTek Synergy HT plate reader with 

moderate shaking for 15s prior to timepoint measurements every 5 minutes for 30 

minutes. Measurements were expressed as RFU per ug protein as determined by the 

Bradford Assay.   
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Differential Expression Transcriptome Analysis  

RNA-Seq –Library Preparation with polyA selection, HiSeq Sequencing, and Data 

Analysis RNA library preparations, sequencing reactions, and bioinformatics analysis 

were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA) as a fee-for-service. RNA 

samples received were quantified using Qubit 2.0 Fluorometer from Life Technologies 

(Carlsbad, CA) and RNA integrity was checked with 4200 TapeStation from Agilent 

Technologies (Palo Alto, CA). 

RNA sequencing library preparation used the NEBNext Ultra RNA Library Prep Kit 

for Illumina followed by manufacturer’s instructions. Briefly, mRNA were first enriched 

with Oligo-d(T) beads. Enriched mRNAs were fragmented for 15 minutes at 94 °C. First 

strand and second strand cDNA were subsequently synthesized. cDNA fragments were 

end repaired and adenylated at 3’ ends, and universal adapters were ligated to cDNA 

fragments, followed by index addition and library enrichment by PCR with limited cycles. 

The sequencing library was validated on the Agilent TapeStation, and quantified 

by using Qubit 2.0 Fluorometer as well as by quantitative PCR using KAPA Biosystems 

technology (Wilmington, MA). The sequencing libraries were clustered on a single lane 

of a flowcell. After clustering, the flowcell was loaded on the Illumina HiSeq instrument 

according to manufacturer’s instructions. The samples were sequenced using a 2x150 

Paired End (PE) configuration. Image analysis and base calling were conducted by the 

HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from Illumina 

HiSeq was converted into fastq files and de-multiplexed using Illumina's bcl2fastq 2.17 

software. One mis-match was allowed for index sequence identification. 
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After investigating the quality of the raw data, sequence reads were trimmed to remove 

possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. 

The trimmed reads were mapped to the Arabidopsis thaliana TAIR10 reference genome 

available on ENSEMBL using the STAR aligner v.2.5.2b. The STAR aligner uses a splice 

aligner that detects splice junctions and incorporates them to help align the entire read 

sequences. BAM files were generated as a result of this step. Unique gene hit counts 

were calculated by using feature Counts from the Subread package v.1.5.2. Only unique 

reads that fell within exon regions were counted. 

After extraction of gene hit counts, the gene hit counts table was used for 

downstream differential expression analysis. Using DESeq2, a comparison of gene 

expression between the groups of samples was performed. The Wald test was used to 

generate p-values and Log2 fold changes. Genes with adjusted p-values < 0.05 and 

absolute log2 fold changes > 1 were called as differentially expressed genes for each 

comparison. A PCA analysis was performed using the "plotPCA" function within the 

DESeq2 R package. The plot shows the samples in a 2D plane spanned by their first two 

principal components. The top 500 genes, selected by highest row variance, were used 

to generate the plot. To estimate the expression levels of alternatively spliced transcripts, 

the splice variant hit counts were extracted from the RNA-seq reads mapped to the 

genome. Differentially spliced genes were identified for groups with more than one 

sample by testing for significant differences in read counts on exons (and junctions) of 

the genes using DEXSeq. For groups with only one sample, the exon hit count tables 

were provided. The results of the splice variant expression analysis are included as a 

.html file.  
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Glycerolipid Lipidomics Analysis of lpa66 RNA Editing Mutant  

Approximately 25mg dry mass of Arabidopsis leaves were harvested and 

immediately immersed in 3 ml 75ºC-preheated isopropanol with 0.01% butylated 

hydroxytoluene (BHT) from Millipore Sigma (Waltham, MA) for 15 min, to eliminate the 

activity of phospholipase D. 50 ml (25 x 150 mm) glass tubes with a Teflon-lined screw 

cap were used to prevent leaching from tubes. 1.5 ml chloroform and 0.6 ml water were 

added to isopropanol extract, vortexed, then agitated at room temperature for 1 hour. With 

a Pasteur pipette, lipid extracts were transferred to fresh glass tubes with Teflon-lined 

screw-caps. 4 ml of chloroform/methanol (2:1) with 0.01% BHT were added to each 

sample and shaken for 30 min on a rotary shaker at room temperature. This extraction 

was repeated four times for every sample, at which point the leaves were devoid of 

chlorophyll. One ml 1 M KCl was added to the combined extract, vortexed, centrifuged, 

and the upper phase was discarded. Two ml of water was added to combined extract, 

vortexed, centrifuged, and again the upper phase was discarded. Combined extract was 

evaporated under a stream of nitrogen and stored at -80oC until analysis.  Extracted 

leaves were dried at 105°C in an oven overnight and weighed with a microscale from 

Mettler-Toledo (Melbourne, Australia).  

Total lipid extracts were analyzed by tandem mass spectrometry (MSMS) which 

include an API 4000 and a Q-TRAP by Applied Biosystems (Waltham, MA). Samples 

were introduced into the MSMS by electrospray ionization. Samples are not pre-

separated. Instead, two types of scans were used to obtain polar lipid profiles: precursor 

and neutral loss. Samples are continuously introduced by continuous infusion in solvent 
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into the ESI source, where lipid molecular ions are produced from the lipid molecules. 

PC, lysoPC, PS, PE and lysoPE are analyzed as singly-charged positive [M+H]+ ions, 

MGDG, DGDG, PG, PI, PA and PS are analyzed as singly-charged [M+NH4]+ ions, and 

lysoPG as negative [M-H]- ions. Ions enter the MSMS in the gas phase. More details on 

the methods used can be found at https://www.k-state.edu/lipid/analytical_laboratory 

/lipid_ profiling/index.html.  
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Chapter 3: A Conserved Glutamate Residue in the C-terminal Deaminase Domain 
of Pentatricopeptide Repeat Proteins is Required for RNA Editing Activity 

 
Abstract  
 
Many transcripts expressed from plant organelle genomes are modified by C-to-U RNA 
editing. Nuclear encoded Pentatricopeptide Repeat (PPR) proteins include an RNA 
binding domain that provides site specificity. In addition, many PPR proteins include a 
C-terminal DYW domain with characteristic zinc binding motifs (CXXC, HXE) and has 
recently been shown to bind zinc ions. The glutamate residue of the HXE motif is 
catalytically required in the reaction catalyzed by cytidine deaminase. In this work, we 
examine the activity of the DYW domain through truncation or mutagenesis of the HXE 
motif. OTP84 is required for editing three chloroplast sites, and transgenes expressing 
OTP84 with C-terminal truncations were capable of editing only one of the three 
cognate sites at high efficiency. These results suggest that the deaminase domain of 
OTP84 is required for editing two of the sites, but another deaminase is able to supply 
the deamination activity for the third site. OTP84 and CREF7 transgenes were 
mutagenized to replace the glutamate residue of the HXE motif, and transgenic plants 
expressing OTP84-E824A and CREF7-E554A were unable to efficiently edit the 
cognate editing sites for these genes. In addition, plants expressing CREF7-E554A 
exhibited substantially reduced capacity to edit a non-cognate site, rpoA C200. These 
results indicate that the DYW domains of PPR proteins are involved in editing their 
cognate editing sites, and in some cases may participate in editing additional sites in the 
chloroplast. 
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Introduction  

RNA editing takes place in most land plant chloroplasts and mitochondria 6,81. In 

flowering plants, the transcripts of chloroplasts and mitochondria are modified post-

transcriptionally by C-to-U editing with about 35 C-to-U editing events in chloroplasts, and 

hundreds of editing sites in the mitochondria 4. Editing in higher plants and in 

Physcomitrella patens is known to require nuclear proteins 38,39,82–84. 

Pentatricopeptide Repeat (PPR) genes have been shown to be required for RNA editing 

2, and form a large family of protein-coding genes in higher plants with over 400 members 

in Arabidopsis 14. The known editing factors are members of the PLS subfamily of PPR 

proteins, which are composed of characteristic P, L (long), and S (short) repeats 85. Amino 

acid residues located in specific locations within the repeats have been shown to specify 

the base recognized in the cis-element 8–10, and the PLS repeat domain interacts with 

specific nucleotides within the cis-element to provide site specificity for RNA editing 8,16. 

The PLS subfamily of PPR proteins also includes characteristic C-terminal 

domains known as the E, E+ and DYW domains 14. Bioinformatics analysis identified 

characteristic structural motifs present in part of the E, the entire E+, and most of the 

DYW domains that place the protein in the deaminase superfamily 20. This region has 

been identified as the “DYW family of nucleic acid deaminases” (PFam 14432) 86, and is 

referred to as the “DYW domain” in this work. There is mounting evidence that supports 

the role of the DYW domain as the catalytic component of the editing reaction. This region 

has canonical zinc binding motifs (HXE, CXXC) 21,22,87, which are conserved in 

deaminases that act on nucleotides, RNA, and DNA 20,88–93. The DYW domain has 

recently been shown to bind zinc ions 21,22. In addition, mutagenesis of the zinc binding 
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motifs has been shown to interfere with editing in transgenic plants 22 and through 

transient expression in protoplasts 24. The glutamate residue of the HXE motif has been 

shown to be directly involved in the E. coli cytidine deaminase mechanism through 

deprotonation of the substrate water molecule and transfer of the proton to the product 

ammonia 88. Thus, the requirement of this conserved glutamate residue is a key 

characteristic expected for an editing deaminase. 

The editing of the ndhD C2 site in Arabidopsis chloroplasts requires two PPR 

proteins, CRR4 and DYW1 37. CRR4 lacks the entire DYW domain but has a canonical 

PLS repeat region and is apparently required for editing as a site specificity factor 73. 

DYW1 has an intact DYW domain; however, the N-terminal PLS-like region is small and 

composed of degenerate repeats. Furthermore, DYW1 has canonical zinc binding motifs, 

and has been shown to bind zinc ions 21,22 . Mutagenesis of the zinc binding motifs and 

the catalytic glutamate residue of DYW1 ablated that ability to edit the ndhD site 22. Thus, 

the editing of the ndhD site requires both CRR4 and DYW1, and the functions of site 

recognition and deamination appear to be separated into two proteins in this case. 

Many PPR proteins that are required for editing lack a DYW domain. In addition, 

there are several examples in which the DYW domain is present in a PPR, but may be 

eliminated by truncation and still support editing of the cognate sites 21,32,33. Finally, PPR 

genes have been shown to undergo truncation in evolution 21, indicating that the DYW 

domain is dispensable in an evolutionary context. Thus, the role of the DYW domain in 

these editing reactions has remained elusive. 

In this work, we have investigated the role of the DYW domain of two PPR proteins, 

OTP84 and CREF7. In contrast to DYW1 and CRR4, both of these PPR proteins have 
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canonical PLS repeat regions and an intact DYW domain. In this work, we examine the 

function of the DYW domain by gene truncation and mutagenesis of the catalytic 

glutamate residue and show that the DYW domain is required for editing the cognate 

editing sites. 

 
Results 

Plants Expressing Truncated OTP84 Edit One of Three Cognate Sites 

Previous studies have examined the role of the DYW domain by expression of 

truncated variants, and in several examples, these experiments have demonstrated that 

the DYW domain was not required for editing of the cognate sites 21,32,94,95. Since OTP84 

has three editing site targets, the role of the DYW domain was examined on these editing 

sites. 

The OTP84 gene has an intact DYW domain (Figure 3.1) and is required for 

editing of ndhF C290, psbZ C50, and ndhB C1481 96. Two truncated variants of OTP84 

were each prepared and tested for editing activity in three independent transgenic plants 

(Figure 3.1). Truncation immediately C-

terminal to the PG box eliminated most of the 

DYW domain (OTP84trcDYW) and truncation 

immediately N-terminal of the PG box 

eliminated all of the PG box and downstream 

DYW domain (OTP84trcPG). The truncated 

variants were introduced into an OPT84 knockout background (otp84) 96. The effects of 

OTP84 truncation are shown in Figure 3.2. Expression of the OTP84trcDYW transgene 

did not restore editing of ndhF and psbZ transcripts to wild type levels (Figure 3.2 A and 

FIGURE 3.1 
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3.2 B, respectively), suggesting that the DYW domain is required for editing these two 

cognate editing sites. In contrast, the editing of ndhB C1481 remained at wild type levels 

in transgenic plants expressing OTP84trcDYW (Figure 3.1 C), which suggests that 

editing of the ndhB site does not require the OTP84 DYW 

domain. Truncations that eliminate the PG box 

(OTP84trcPG) resulted in highly reduced editing for all 

three sites. This result is consistent with earlier studies 

performed with ELI1 that indicated that the PG box is 

critical for editing a site in ndhB transcripts 21. Although 

OTP84 is required for editing three sites, transgenes 

lacking a large portion of the DYW domain were capable 

of restoring editing to wild type levels in ndhB transcripts, 

suggesting the participation of an unknown DYW 

deaminase(s) for that site. 

Mutagenesis of the HXE Motif of OTP84 Decreases 
Editing of the Three Cognate Sites 
 

The HXE motif of OTP84 was mutagenized to 

HXA to produce OTP84-E824A, which was introduced 

into otp84-3 and into the wild type Col-0 background. 

The conversion of the ndhF, psbZ, and ndhB editing sites 

is represented in Figure 3.3. Each editing site was converted at 90% or greater in the 

wild type plants and remained unedited in otp84-3. Complementation of otp84-3 with a 

wild type transgene restored editing to ~90% or greater. In contrast, the OTP84-E824A 

transgene was unable to restore editing of the three editing sites to wild type levels 

FIGURE 3.2 



	 31 

(Figure 3.3). Plants expressing OTP84-E824A did not edit the ndhF and psbZ sites. In 

contrast, 23% of transcripts were edited at ndhB C1481 in plants expressing OTP84-

E824A. Since the OTP84-E824A transgene was unable to restore editing to the cognate 

sites, the mutant transgene might act in a dominant negative manner to suppress editing 

in wild type plants by formation of inactive editing complexes. Therefore, we tested 

whether expression of the OTP84-E824A transgene could disrupt editing in wild type 

plants. In three independent transgenic lines, the mutant transgene did not reduce editing 

levels in the wild type background and therefore did not act in a dominant negative 

manner over the native gene (Figure 3.3). 

 

Mutagenesis of the HXE Motif of CREF7 Decreases Editing of the Cognate Site 

 The CREF7 gene has an intact DYW domain (Figure 3.1) and a single cognate 

editing site, ndhB C1255 97. Transgenes for wild type CREF7 and a mutant variant with 

the HXE motif changed to HXA (CREF7-E554A) were introduced into a CREF7 knockout 

line (cref7-1); in addition, the CREF7-E554A transgene was introduced into wild type 

plants. Transgenic plants were analyzed for editing of the cognate site (Figure 3.4). The 

ndhB C1255 site was 100% edited in wild type plants, but remained unedited in cref7-1 

plants. Editing of ndhB C1255 in cref7-1 plants expressing the CREF7-E554A transgene 

was approximately 10% based on Sanger sequencing. In contrast, plants with wild type 

background expressing CREF7-E554A edited ndhB transcripts at wild type levels, and 
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the transgene did not behave in a dominant negative manner. These results demonstrate 

that the E554 plays a crucial role in the activity of CREF7 in editing ndhB transcripts. 

 

FIGURE 3.3 
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Expression of CREF7-E554A Reduces Editing of rpoA C200, a Non-Cognate Site 

  Editing site conversion was determined for the 34 major chloroplast editing sites in 

plants expressing OPT84-E824A and CREF7-E554A in their respective gene knockout 

backgrounds (data not shown). In several instances, small changes in editing site 

conversion were detected at non-cognate editing sites. 

The strongest effect of the mutant transgene was observed on rpoA C200 editing 

in plants expressing CREF7-E554A (Figure 3.5). The rpoA editing site is about 70% 

converted in wild type Col-0 plants, the cref7-1 plants, and in cref7-1 plants 

complemented with the wild type CREF7 gene. The CREF7-E554A transgene had no 

detectable effect when expressed in wild type plants; however, in cref7-1 plants, the 

E554A substitution caused a 25% reduction of rpoA editing to about 45%. Thus, 

expression of CREF7-E554A caused a significant reduction of rpoA editing, suggesting 

that CREF7 may participate in editing rpoA transcripts. 

 

The HXA Mutation of the DYW 
Deaminase Domain Maintains Zinc 
Binding 
 

Mutagenesis may cause a 

protein to lose function because of 

improper folding, or through a direct 

effect on catalysis. Previous 

investigations of the structure and 

function of E. coli cytidine deaminase 

used circular dichroism and zinc stoichiometry to demonstrate that the polypeptide with 

FIGURE 3.4 
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the E-to-A substitution retained native structure 98. The ELI1 DYW domain was selected 

for zinc analysis to determine whether the DYW deaminase domain was able to fold into 

a native structure. An E-to-A mutation was introduced at position 566 in the ELI1 DYW 

domain 21. The recombinant protein was 

expressed in E. coli, purified, and analyzed 

by mass spectrometry as previously 

described 21. The purified recombinant 

ELI1-E566A protein had a native mass of 

19,519 amu, and the denatured protein had 

a mass of 19,395 amu. The mass difference 

of 124 amu is consistent with the native 

DYW domain binding two zinc molecules of 

65.4 amu and the loss of several protons 

from the cysteine ligands that are predicted 

to coordinate the zinc atoms 21. This result 

demonstrates that the ELI1-E566A mutant 

DYW domain binds two zinc ions, and 

retains native structure.  

Discussion 

The enzyme responsible for RNA 

editing in plants has been controversial. 

Early biochemical analyses indicated that 

the enzymatic reaction was probably a deamination reaction 99,100, and in vitro editing 

FIGURE 3.5 
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assays established that the reaction occurred through a cytidine deamination mechanism 

101–103. After discovery of the role of PPR proteins in RNA processing reactions in plant 

organelles 14, deaminase-like zinc binding motifs were recognized in the DYW domain 87. 

More recently, the DYW domain was shown to bind zinc as a prosthetic group 21,22, further 

supporting the hypothesis that the DYW deaminase functions as the deaminase in plant 

editing. Mutagenesis of amino acid residues in the zinc binding motifs and of the catalytic 

glutamate (HXE, CXXC) of DYW1 resulted in the loss of the ability to edit ndhD C2 in 

transgenic plants 22. Thus, the DYW domain possesses several features that would be 

expected for an editing deaminase. 

In this work, we explored the role of the glutamate residue of the HXE motif in full-

length PPR proteins that have a canonical PLS repeat region and an intact DYW domain. 

Mutation of the putative catalytic glutamate residue caused a dramatic decrease in the 

editing of the cognate sites for OTP84 and CREF7. The requirement of the glutamate 

residue of the HXE domain and zinc binding by the DYW domain are two key features 

that are expected for an editing deaminase. They strongly support the hypothesis that the 

DYW domain provides the catalytic activity for the editing reaction. 

There are several examples in which the DYW deaminase is dispensable for 

complementation of a knockout mutant phenotype 21,32,33,104. The truncation of OTP84 

had markedly different effects on the three editing site targets. The OTP84trcDYW 

transgene restored editing of ndhB C1481 to wild type levels, and this site responded 

similarly to previously characterized editing sites for ELI1, CRR22, CRR28, OTP82, and 

MEF1121,32,33,104. Editing of the psbZ and ndhF sites was highly reduced in the presence 

of the OTP84trcDYW transgene, although the ndhF site may have been somewhat higher 
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than gene knockout levels. The ndhF C290 editing site is also affected by disruption of 

the PPR gene, VAC1, which results in a partial loss of editing of the ndhF site 105. The 

DYW domain of VAC1 might participate with OTP84trcDYW to incompletely edit the ndhF 

C290 site. These results suggest that a set of editing sites can share a single specificity 

factor, but might rely on different deaminases in trans to complete the editing reaction. 

Editing was highly reduced at the three cognate sites of OTP84 in plants 

expressing the OTP84-E824A transgene. The editing of the psbZ and ndhF sites was 

near gene knockout levels, and the OTP84-E554A protein may form non-functional 

editing complexes for these sites. The editing of the ndhB C1481 site responded 

somewhat differently, and editing of the ndhB site increased well above knockout levels 

to about 23%. The ndhB site also responded differently from the other two cognate sites 

in plants expressing OTP84trcDYW, and the increase in ndhB editing might result from 

the participation of other deaminases in the editing of this site. 

Expression of CREF7-E554A substantially decreased editing of rpoA C200, a 

cognate editing site for CLB19 106.  Since CLB19 is truncated at the end of the E domain 

and lacks an intact DYW domain 106, it could recruit a deaminase domain from another 

PPR protein. The reduction in editing of a non-cognate site suggests that CREF7 may 

participate as a deaminase in rpoA C200 editing. Since editing of rpoA C200 is not 

reduced in the CREF7 knockout line (Figure 3.5), there may be other DYW deaminases 

that participate in rpoA editing. 
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Nineteen PPR proteins have been shown to be required for editing in Arabidopsis 

chloroplasts. Four of these PPRs (CLB19, 

CRR4, CRR21, and OTP80) have 

truncated DYW domains 94,96,106, and could 

not function in cytidine deamination. A 

complex network of PPR proteins could be 

involved in RNA editing. The PLS repeat domain may be sufficient for specifying an 

editing site; however, one or more deaminases could be recruited in trans as enzymatic 

components. Table 3.1 summarizes the relationships between several chloroplast editing 

sites, site specificity factors, and possible PPR proteins involved in the deamination 

reaction. PPR proteins that lack complete DYW domains may acquire the activity from 

other proteins as in the case of CRR4 and DYW1. Based on these results, OTP84 acts 

as a site specificity factor for three cognate sites and participates as a deaminase along 

with other PPR proteins in the editing of these sites. CREF7 appears to function as both 

a specificity factor and deaminase in the editing of its cognate site, but also contributes 

to rpoA editing with the CLB19 as a specificity factor. VAC1 is a PPR protein with a DYW 

domain, and the gene knockout results in a strong lethal phenotype and partial editing of 

ndhF C290 (a cognate site of OTP84) and accD C794 (a cognate site of RARE1) 105. 

Since the VAC1 knockout exhibits partial editing, VAC1 is not essential for each site. If 

other PPR proteins participate in these editing reactions, these proteins have partial 

redundancy. The partial reduction in editing of rpoA C200 by the CREF7-E554A mutant 

suggests that CREF7 is partially redundant with other deaminases in rpoA editing. 

Expression of catalytically deficient PPR transgenes by mutation of the HXE motif has 

TABLE 3.1 
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proven to be a powerful way to distinguish the DYW deaminase function for a PPR protein 

from the site specificity role. Our results provide direct support for the model that PPR 

proteins have dual and separable functions as site specificity factors and as deaminases 

10,21,104.  
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Chapter 4. A Protein With an Unusually Short PPR Domain, MEF8, Affects Editing 
at Over 60 Arabidopsis Mitochondria C Targets of RNA Editing 

 
Abstract 
 
An RNA-seq approach was used to investigate the role of a PLS-subfamily 
pentatricopeptide repeat protein, Mitochondrial Editing Factor 8 (MEF8), on editing in 
Arabidopsis mitochondria and plastids. MEF8 has an intact DYW domain, but 
possesses an unusually short PLS repeat region of only five repeats. The MEF8 null 
allele (mef8) line exhibited reduced editing at 38 mitochondrial editing sites and 
increased editing at 24 sites; therefore, the absence of MEF8 affects 11% of the 
mitochondrial editome. Notably, 60% of the matR transcripts’ sites showed a decrease 
of editing extent in the mef8 mutant. An E549A substitution in the MEF8 protein 
replaced the putatively catalytic glutamate of the HXE motif in the DYW domain. 
Complementation with MEF8-E549A failed to restore editing at the main target sites but 
was able to restore editing at the matR transcript; it also decreased the editing extent of 
most of the C targets exhibiting an increase of editing extent in the mef8 mutant plant. 
Thus, MEF8 has two antagonistic effects on mitochondrial editing: stimulatory, which 
requires a catalytic glutamate for most of the targets except for the matR transcript, and 
inhibitory, for which glutamate is dispensable. 
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Introduction 

RNA editing in plant organelles causes post-transcriptional C-to-U changes in 

transcripts 2. In flowering plants, chloroplast transcriptomes have approximately 35 C-to-

U editing sites 3, and over 600 Cs are edited in Arabidopsis mitochondria 4,5. In general, 

editing results in non-synonymous amino acid substitutions that convert aberrant codons 

to the evolutionarily conserved sequences 6. The primary role of RNA editing in higher 

plant organelles appears to be a genetic correction mechanism required for the functional 

expression of the organelle genomes7. Multiple proteins are required for RNA editing in 

higher plants. Among them are members of the pentatricopeptide repeat (PPR) protein 

family 7, the RNA Editing Interacting Protein/Multiple Organellar RNA Editing Factor 

(RIP/MORF) family 5,38,39, the Organelle RNA Recognition Motif containing protein 

(ORRM) family 40, and the Organelle Zinc finger editing factor (OZ) family 43. 

Pentatricopeptide repeat proteins are typically composed of about 10 to 20 tandem 

repeats of a 35 amino acid motif known as the P repeat. Through computational and 

biochemical analysis, a PPR code has been developed that predicts modular RNA 

sequence recognition by conserved residues in each repeat 8–10. Furthermore, structural 

analyses have demonstrated that PPR proteins form superhelical structures with residues 

that bind RNA on the inner surface of the helix  11–13. These structural analyses confirmed 

the general features of the PPR–RNA complex predicted by the PPR code, including 

modular binding and the detailed participation of polar amino acid side chains at residues 

5 and 35 of each P motif in nucleotide recognition. 

Pentatricopeptide repeat proteins have well-defined roles in RNA processing, 

including but not limited to, RNA editing. Specifically, members of PLS subfamily are the 
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best characterized RNA editing factors. The N-terminal repeat region of these proteins 

contain the characteristic 35 amino acid P repeat as well as long (L) and short (S) variants 

14. The PPR code has been extended to this PLS subfamily 9,10, predicting recognition of 

RNA sequences that is similar to the code developed for the P subfamily 15. The PLS 

subfamily of PPR proteins also includes characteristic C-terminal domains known as the 

E and DYW domains  14,17. While the E domain contains two degenerate PPR repeats 17 

whose function remains unclear, it does not appear to contribute to RNA binding 16. The 

E domain is, however, involved in PPR-RIP/MORF interactions and therefore the 

formation of high molecular weight RNA editing complexes 18,19. The DYW domain has 

key features of editing deaminases. These features include canonical zinc binding motifs 

(HXE, CXXC), the presence of a zinc prosthetic group, and a conserved catalytic 

glutamate residue of the HXE motif 20. The conserved glutamate residue is catalytically 

involved in the deamination mechanism of bacterial cytidine deaminase. Requirement of 

this conserved glutamate residue is a key characteristic expected for an editing 

deaminase 21–24. 

The function of the DYW domain in the editing reaction remains controversial 

because several observations defy a simple role for the DYW domain as the editing 

deaminase. First, in Arabidopsis, there is considerable diversity in the protein architecture 

of the PLS subfamily—intact DYW domains are present in about 40% of these proteins, 

while the remaining members have a C-terminus that includes the E domain but 

completely lack the deaminase-like features of the DYW domain 17. Second, of the 20 

PPR proteins characterized as chloroplast editing factors, 6 (30%) are E type and lack 

the DYW domain, while the remaining 14 include a DYW domain. Third, several 
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investigators have reported on truncated PPR genes that maintain the PG box 21,94, 

eliminate the deaminase features of DYW domain, and ultimately lead to genes that are 

fully functional in editing in a null background. Fourth, the DYW domain is unstable in 

evolution. Truncation of the DYW domain occurred in a chloroplast PPR gene, OTP82, in 

the lineage to the Brassicaceae 107. In addition, MEF3 experienced a similar truncation of 

the DYW domain 108. Thus, the DYW domain is dispensable based on experimental and 

evolutionary observations, and the remainder of the PPR gene is sufficient to supply gene 

function for RNA editing.  

Our labs and others have posited a resolution of these observations. We propose 

the recruitment of a deaminase that acts in trans to supply the deamination activity in an 

editing complex 23,104,109. In this model, the N-terminal PLS repeat domain functions in 

RNA binding and sequence recognition to provide editing site specificity. The catalytic 

activity could be provided by the C-terminal DYW domain in cis by the same protein, or 

in trans by another protein recruited to an editing complex 7. This model assumes PPR 

proteins could participate with distinct and potentially separable functions of site 

specificity and deamination, which was partially demonstrated in the editing of ndhD C2 

by CRR4 and DYW1 37 in Arabidopsis chloroplasts. CRR4, an E-type PLS PPR lacking a 

C-terminal DYW domain, acts as an editing site recognition factor, while DYW1, a DYW 

domain PPR with a degenerate PLS repeat domain, has key features of an editing 

deaminase 22,37.  

In this work, we have performed a detailed analysis of the role of MEF8 in 

mitochondrial editing in Arabidopsis. MEF8 was selected for this analysis because it has 

an unusually small PLS repeat domain composed of five repeats, and the domain may 
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be too small to effectively act in editing site recognition. MEF8 was previously shown to 

affect editing of two mitochondrial editing sites in Arabidopsis 110. In this report, we utilize 

strand- and transcript-specific PCR-seq (STS PCR-seq) 5, to comprehensively analyze 

editing in the Arabidopsis mitochondrial and chloroplast transcriptomes and show that 

mef8 T-DNA insertional mutant plants (hereafter, mef8 mutant) exhibit decreased editing 

at 38 mitochondrial editing sites, including the two previously discovered sites, and 

increased editing at 24 mitochondrial sites. In the overwhelming majority of cases, the 

MEF8 mutant phenotype is characterized by a partial loss in editing; in contrast, T-DNA 

insertion into most PPR genes required for RNA editing in plastids or in mitochondria 

results in a complete loss of editing activity at a small number of sites. Mutagenesis of the 

glutamate residue in the conserved HXE motif, which is proposed to be catalytically 

required for deamination activity, recapitulates the partial losses in editing activity 

observed in mef8 mutant plants except for the defective sites on the matR transcript. The 

glutamate residue in the HXE motif is dispensable for the inhibitory effect of MEF8 on 

mitochondrial editing—the majority of sites showing an increase in the mef8 mutant plant 

experience a decrease of editing extent in the transgenic lines transformed with the 

mutated MEF8 (HXA). Thus, MEF8 participates in the editing of approximately 11% of the 

mitochondrial editing sites. Based on the requirement for glutamate in the HXE motif and 

the direction of the effect on editing extent, MEF8 appears to participate in three different 

ways in mitochondrial editing: stimulatory on its main targets and glutamate-dependent, 

stimulatory and glutamate-independent on the matR transcript, and inhibitory and 

glutamate-independent.  

Results 
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MEF8 Mutation Causes Both Mitochondrial Decrease and Increase of Editing Extent 

We used a next-generation sequencing based methodology named STS-PCRseq 

to survey the editome in the mef8 mutant and the wild-type plants 5. Two biological 

replicates were assayed per genotype. The statistical test to declare the presence of an 

editing site has been outlined previously 5,41 and resulted in the identification of 612 editing 

sites, among which 576 are mitochondrial and 36 are plastid (Table S-4.1). The insertion 

of the T-DNA in the mef8 mutant is located upstream of the PPRs and results in a null 

allele, as no detectable level of MEF8 expression was observed by qRT-PCR in the mef8 

mutant (Figure S-4.1).  

 

FIGURE 4.1 
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Thirty-eight mitochondrial sites, or 7% of all the mitochondrial sites surveyed, 

exhibited a significant reduction of editing extent in the mef8 mutant plant when compared  

to the wild-type plant (cf experimental procedures for an explanation of the statistical 

tests, Figure 4.1 A, Table S-4.2). Surprisingly, 24 sites, or 4% of all the mitochondrial 

surveyed, showed a significant increase of editing extent in the mef8 mutant plant (Figure 

4.1 B, Table S-4.3). Combining both of these categories, 62 mitochondrial sites, or 11% 

of all the sites surveyed. experienced a significant variation of their editing extent in the 

mef8 mutant plant. Examination of the sites whose editing extent is decreased in the mef8 

mutant plant reveals an enrichment in sites belonging to the matR transcript. Among the 

13 sites showing the most pronounced decrease of editing extent in the mef8 mutant, 4 

sites belong to the matR transcript (Figure 4.1 A). That observation prompted us to focus 

our attention on the effect of MEF8 mutation specifically on the editing extent of the sites 

found on the matR transcript. Seven of the 11 sites of the matR transcript have their 

editing extents significantly reduced in the mef8 mutant plant (Figure 4.2 A). The 

reduction of editing extent is not constant along the matR transcript, as it shows three 

peaks at position 1596, 1751, and 1807, and is not significant towards the extremities of 

the transcript (Figure 4.2 B). 
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To examine how MEF8 affects editing, we analyzed the distribution of the affected 

C targets on different transcripts by calculating the percentage of affected edited sites per 

transcript in the mef8 mutant plant. This distribution was reported according to which 

complex the affected transcript belongs (Figure S-4.2 A). Examination of Figure S-4.2 A 

shows that even though there is variation within a complex, the average of the percentage 

of affected sites/complex is quite similar to the overall average of ca. 10%. MatR stands 

out as the only noticeable outlier with around 60% of its sites affected in the mef8 mutant. 

MEF8 mutation affects the editing extent of sites distributed on 23 transcripts (Figure S-

4.2 A). We also divided the sites that show editing changes upon MEF8 mutation into two 

subgroups: the group that experiences reduced editing, and the group that exhibits 

increased editing in the mef8 mutant (Figure S-4.2 B, S-4.2 C). The reduction of editing 

extent is rather evenly distributed and occurs on 19 transcripts, while an increase of 

editing is restricted to 9 transcripts (Figure S-4.2 B, S-4.2 C). The majority of transcripts 

affected by the mef8 T-DNA insertional mutation experienced either a reduction of editing 

extent of all their sites like matR or an increase of editing extent of all their sites like ccmB. 

FIGURE 4.2 
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Only 5 transcripts, ccmFc, nad2, nad4, nad7, and rpl16 possess both sites experiencing 

either a reduction or an increase of editing extent in the mef8 mutant. 

Although MEF8 is predicted to be targeted to the mitochondrion by both TargetP 

111 and Predotar 112 and that most of the editing variation in the mef8 mutant occur in the 

mitochondrial editome, we found 3 plastid sites with a significant change of editing extent 

in the mef8 mutant plant (Figure S-4.3). It is likely that this effect is indirectly caused by 

altered mitochondrial function, as these sites tend to show significant variation in other 

mitochondrial mutants, accD C1568 and ndhD C2 in orrm4 41, rpoC1-488 in rip3-2 5. 

 

A Mutated MEF8 is Able to Complement Only a Quarter of the Defective Editing 
Sites 
 

We transformed the mef8 mutant with a construct expressing a mutated version of 

the MEF8 protein under the control of a 35S promoter. The mutation replaced the 

putatively catalytic glutamate of the HXE motif found in the DYW domain by an alanine 

(HXE HXA), hence the transgenic plant will be referred as HXA in what follows. We 

analyzed two independent transgenic events. The level of expression of the transgene in 

the transformed mutants was around six times higher than the wild-type gene (Figure S-

4.1). Among the 38 mitochondrial defective sites that show a reduction of editing extent 

in the mef8 mutant, only ten sites, or about a quarter, exhibit a significant increase of the 

editing extent in at least one HXA transgenic plant (Table S-4.2). The HXA mutation has 

no effect on the majority of the sites with reduced editing in the mef8 mutant, in particular 

ccmFc C333, the main target of MEF8 (Figure 4.3). The editing extent at ccmFc C333 

FIGURE 4.3 
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remains at 3% (HXA) transgenic plants, the same value as in the mef8 mutant (Table S-

4.2, Figure 4.3). In contrast, all seven sites with reduced editing on the matR transcript 

are partially or fully complemented by the mutated MEF8 (HXA) (Table S-4.2, Figure S-

4.4). Three sites, nad5-intron C141949, cox2 C557, and nad5 C676, show a significant 

reduction of their editing extent in the HXA transgenic plants when compared to the mef8 

mutant plant (Table S-4.2, Figure 4.3). As a positive control for the ability to complement 

the decreased editing in the mef8 mutant, we transformed this mutant with the wild-type 

MEF8. In each case, the wildtype MEF8 gene partially or fully restored editing extent in 

the mef8 mutant (Figure 4.3). 
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Two-thirds of the Editing Sites Showing an Increase of Editing Extent in the mef8 
Mutant Are Complemented by the Mutated MEF8 
 

The behavior of the 24 sites whose editing extent was significantly increased in the 

mef8 mutant was analyzed in the HXA transgenic plants. Thirteen of these sites (54%) 

showed a significant reduction of their editing extent in both HXA transgenic plants, while  

 

sixteen sites (67%) exhibited a significant reduction in at least one HXA transgenic plant 

(Table S-4.3, Figure 4.4). Contrary to what was observed with the sites with decreased 

editing on the matR transcript, which were all complemented by the overexpression of the 

mutated MEF8 (HXA), the effect of the complementation on these sites depends on the 

transcript considered. All the sites on rpl16 exhibit a significant reduction of their editing 

extent in the HXA transgenics, while some sites on ccmB, and none of the sites on nad3 

are complemented by the mutated MEF8 (HXA) (Table S-4.3). 

 
Overexpression of a Mutated MEF8 Reduces the Editing Extent at Many Sites 

Another striking observation is the number of mitochondrial sites whose editing 

extent is significantly reduced in the HXA transgenic plants when compared to the mef8 

T-DNA insertional mutant. This is an important observation because overexpression of a 

FIGURE 4.4 
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catalytically non-functional MEF8 (HXA) could result in the formation of editing complexes 

with a non-functional DYW domain and a reduction of the extent of editing. The editing 

extent of 72 sites is reduced in at least one HXA transgenic plant; among those, 16 

showed a significant increase in the mef8 T-DNA insertional mutant plant when compared 

to the wild-type, while 56 were invariant in the mef8 T-DNA insertional mutant plant (Table 

S-4.4, Figure S-4.5). The reduction of editing extent in the HXA transgenic plant occurs 

mostly on transcripts belonging to the complex I and ribosomal proteins (Figure S-4.5). 

For instance, rps3, rps4 and rps7 possess several sites whose editing extent is 

significantly reduced in the HXA transgenic plant, while the difference in editing extent at 

those sites between the mutant and the wild-type was not significant (Table S-4.4, Figure 

S-4.5). At these sites, overexpressing the mutated MEF8 HXA causes a reduction of 

editing extent which is more pronounced than the one observed in the wild-type. As an 

illustration, if we consider rps3 C603, the average editing extent in the wild-type is 83% 

vs. 89% for the mef8 mutant; however, the editing extent drops to 73% in the HXA plants 

(Table S-4.4). 

In contrast, overexpression of the mutated MEF8 HXA does not have the same 

impact on the number of sites whose editing extent is significantly increased in the HXA 

transgenic plants. Sixteen sites show an increase of editing extent in at least one HXA 

plant; among these sites, 10 showed a significant decrease in the mef8 mutant plant when 

compared to the wild-type, while only 6 were invariant in the mef8 mutant plant (Table S-

4.5). If the impact of overexpressing the mutated MEF8 HXA on increasing the editing 

extent of certain sites was the same as the effect on decreasing the editing extent of other 
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sites, we would have expected 35 sites (according to the ratio 56/16 x 10) with an increase 

of editing extent in the HXA transgenic while invariant in the mef8 mutant. 

 

The Steady State Level of Mitochondrial Transcripts is Similarly Increased in Both 
the mef8 Mutant and the HXA Transgenic Plants Compared to the Wild-type Plants 

 

Because RNA editing extent and transcript abundance have been correlated 

before 113, we analyzed the level of expression of seven mitochondrial genes by qRTPCR 

assay. The choice of the mitochondrial genes assayed reflected the different classes of 

transcript in relation to the effect of the MEF8 mutation on their editing extent. CcmB 

transcripts experienced an increase of editing extent only at 10% of its sites, while matR, 

nad5, and rps3 exhibited only a decrease of editing extent on some of their sites (Figure 

S-4.2). None of the sites on rps4 showed a significant variation of editing extent in the 

mef8 mutant, whereas ccmFc and rpl16 possess sites that showed either a reduction or 

an increase of editing extent in the mef8 mutant (Figure S-4.2). In addition, nad5, rps3, 

and rps4 were selected because they contain a high number of sites that showed a 

decrease of editing extent in the MEF8 HXA transgenic plants while invariant in the mef8 

mutant plant (Figure S-4.5).  

We tested two pairs of primers per gene to ascertain the validity of the qRT-PCR 

assay. The first result is the good agreement between each set of primer pairs for all the 

mitochondrial genes assayed (Figure S-4.6). The second noticeable result is the overall 

increase of transcript abundance, both in the mef8 mutant and HXA transgenic plants 

when compared to the wild-type plant. The level of MEF8 expression in the transgenic 

plant was significantly higher than in the wild-type plant for all the genes measured, while 
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2 genes, ccmFc and nad5, showed a level of expression significantly higher in the mef8 

mutant than in the wild-type plant (Figure S-4.6). Given the results of this experiment, it 

is unclear how the effect of the mef8 mutation on the transcript abundance can explain 

the different outputs on the editing extent. The overall increase of transcript abundance 

is not correlated with editing extent, because the variation in transcript abundance is 

entirely in one direction, increasing, while the variation in editing extent both increases 

and decreases. As an illustration, the increase in transcript abundance in the mef8 mutant 

vs. the wild-type plant is similar in the ccmB and matR transcripts (1.5-2X, Figure S-4.6); 

however, the variation in editing extent is in opposite direction (Figures 4.1 B, 4.2 A). 

 
Discussion 
 

Based on the analysis of the mitochondrial editome in the mef8 mutant and in the 

HXA transgenic plants, we propose that MEF8 acts on editing through three processes 

that can be defined depending on the requirement of the glutamate in HXE and the effect 

of MEF8 on editing—either an increase or a decrease of editing extent.  

 

MEF8 Requires E in HXE to Positively Control the Editing Extent of Its Main Targets 

The use of STS-PCRseq allowed the survey of 576 mitochondrial sites and the 

identification of many mitochondrial sites whose editing is impaired in the mef8 mutant. 

Two of these sites have been previously reported 110. The larger number of MEF8 targets 

identified in this report comes from the power of the STS-PCRseq, a methodology which 

is much more sensitive than bulk-sequencing of RT-PCR products 5. Secondly, our screen 

covers more sites than the 369 annotated editing sites probed in the original report 110. 

Among the 38 defective sites showing an impaired editing in the mef8 T-DNA insertional 
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mutant, the mutated MEF8 (HXA) could not complement about 75% of these sites. In 

particular, the main targets, or the six sites with the most pronounced reduction of editing 

extent in the mef8 mutant, did not show any recovery in the HXA transgenic plants. 

There is mounting evidence that the DYW domain acts as the catalytic component 

of the editing reaction. This region contains signature motifs of known cytidine deaminase 

active sites, HXE and CXXCH 87. Mutagenesis of these conserved residues, in particular 

the glutamate residue, have prevented RNA editing from occurring in transgenic plants 

22,23, a finding that is also observed by transient expression in protoplasts 24. Our results 

further support an active role of the glutamate residue in the HXE motif as being crucial 

for the editing reaction; the majority of the defective sites in the mef8 mutant, with the 

exception of the sites on the matR transcript, require the presence of the HXE in the DYW 

domain of MEF8 to be complemented in the transgenic plants. A faulty expression of the 

transgene cannot be the reason for a lack of complementation by the mutated MEF8 

(HXA), as the level of expression of the transgene is around 6 times higher in the 

transformed mef8 plant than in the wild-type plant. The residual extent detected in the 

mef8 mutant for some targets of MEF8 ‒cox2 C557 is edited on 50% of the transcripts in 

the mef8 mutant (Figure 4.1 A)‒ suggesting that other editing factors are able to 

contribute to their editing extent by supplying a functional DYW domain, as was proposed 

in the previous report describing MEF8 110. 

 

The Recognition by MEF8 of Its Main Targets Likely Involves Binding to Other Trans 
Factors 
 

The recognition of MEF8 for its main target is site-specific; the C at position 333 

on ccmFc is drastically reduced in the mef8 mutant, while the next C one nucleotide away 
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at position 334 is fully edited (Table S-4.1). This site specificity is true for all the sites 

whose editing extent could not be rescued by the mutated MEF8. Recent co-

crystallization studies determined that the succession of PPR repeats form a solenoid like 

structure that wraps around single-stranded RNA 13,114. The recognition between the PPR 

protein and its RNA ligand involves a one-to-one relationship between a ribonucleotide 

and a repeat, in which the identity of two amino acids at certain position in the repeat is 

critical for RNA recognition 8–10. The specificity recognition between MEF8 and its main 

targets is puzzling, as this protein has a short track of 5 consecutive repeats which is not 

long enough to convey a tight specificity. Moreover, the identity of the amino acids at the 

two critical positions of the repeats does not fit the recognition code. Nevertheless, the 

alignment of the sequences around the target C for editing reveals some conserved 

nucleotides, suggesting that MEF8 might still recognize and bind its RNA targets (Figure 

4.5). 

MEF8, with its short track of PPR repeats, belong to a small subfamily of PPR-

DYW proteins. One of its members, DYW1, contains only a plastid target sequence and 

a DYW domain without any PPR motif. Editing of ndhD C2 is completely obliterated in the 

dyw1 mutant, phenocopying the editing defect of the crr4 mutant 37,82. CRR4 is a PPR-

PLS protein lacking a DYW domain that recognizes and binds to the sequence 

surrounding the ndhD C2 site 73. CRR4 and DYW1 were shown to interact in planta by 

bimolecular fluorescence complementation 37. Furthermore, a functional chimeric CRR4- 

DYW1 protein was able to complement the ccr4 dyw1 double mutant, suggesting that 

DYW1 by interaction with CRR4, provides in trans the essential function carried by its 

DYW domain 37. 
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In this report, MEF8-HXA plants are shown to experience reduced editing at a large 

number of sites relative to the mef8 null mutation (Figure 4.4, Table S-4.4). This 

observation suggests that MEF8-HXA may act in a partial dominant negative manner to 

interfere with the formation of functional editosomes through the incorporation of a 

catalytically incompetent DYW. Thus, the CRR4/DYW1 model may extend to MEF8, 

which could interact with other PPR-PLS recognition factors lacking the DYW domain. 

Unfortunately, the limited knowledge of mitochondrial editing factors does not allow us to 

further test this hypothesis. None of the recognition factors for the main targets of MEF8 

(the nine sites in Figure 4.1 A excluding the sites on the matR transcript) has been 

identified.  

An alternative hypothesis is that binding to the RNA target and to other recognition 

factors is not exclusive. MEF8 could somehow use a hybrid approach to recognize its 

targets by binding to the RNA, like normal recognition trans factors, but also to the trans 

factors themselves, as DYW1 binds with CRR4.  

 

  

FIGURE 4.5 



	 56 

The Glutamate in HXE is Dispensable for the Editing Function of MEF8 on the Sites 
Located on the matR Transcript 
 

All the defective sites located on the matR transcript were either partially or fully 

complemented by the mutated MEF8, thus supporting that the glutamate residue in HXE 

is not required for this particular role of MEF8. The partial complementation of certain 

sites might be due to an inadequate level of expression of the transgene. Full 

complementation could possibly have been obtained in transgenic lines with higher 

expression of the mutated MEF8, since the mutated protein likely has less activity than 

wild-type MEF8. The effect of MEF8 on the editing of the matR transcript is reminiscent 

of what was reported for ORRM4, a mitochondrial editing factor that broadly affects 

mitochondrial RNA editing 41. All the known editing sites on the rpl5 transcript exhibited a 

reduction of editing extent in the orrm4 mutant. However, the reduction of editing extent 

caused by ORRM4 mutation was still site-specific, as it was not constant along the rpl5 

transcript. Northern blots showed that the abundance of the rpl5 transcript was not 

affected in the orrm4 mutant, thus strengthening the hypothesis of a site-specific effect 

41. This particular role of MEF8 in editing, positively controlling editing extent 

independently of the glutamate residue, is not restricted to the matR transcript. Two of 

the sites on the rpl5 transcript at position 35 and 47 and the ccmC C270 site were 

complemented by the mutated MEF8 (Table S-4.2). The mechanism by which MEF8 

exerts its effect on matR editing is unclear. Because an earlier study has shown that a 

change in transcript abundance could have a pleiotropic effect on editing 113, we checked 

the steady state level of some mitochondrial transcripts, including matR, by qRT-PCR. 

Our data show a general increase of transcript abundance in the mef8 mutant irrespective 

of the direction of the variation of editing extent, increase or decrease. Therefore, a 
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change in transcript abundance for the matR transcript in the mef8 mutant cannot explain 

the effect of the MEF8 mutation on the editing extent of this transcript. It is still possible 

that the MEF8 mutation could affect the turnover of the matR transcript, and thus, 

pleiotropically reduce the editing extent of its sites. Increasing the turnover of matR 

transcript might kinetically prevent the editing machinery from carrying out its role. 

 

The MEF8 Protein Plays an Inhibitory Role on Mitochondrial Editing 

A T-DNA insertional mutation in MEF8 resulted in increased editing at 4% of the 

mitochondrial sites when compared to the wild-type. This effect is not negligible, as the 

editing extent of ccmB C576 almost doubles, increasing from 34% in the wild-type to 67% 

in the mef8 mutant (Figure 4.1 B). This event might not have functional significance, since 

the editing at that position does not change the encoded amino acid (FàF, 192) . 

However, some of the targets for the inhibitory role of MEF8 are non-silent sites, upon 

which editing changes the encoded amino-acid, for instance ccmB C379 (PàS, 127). 

The inhibitory action of MEF8 maintains the editing of ccmB C379 at around 60% in the 

wild-type (Figure 4.1 B). 

The accepted dogma in the plant organelle RNA editing field posits that RNA 

editing is a corrective mechanism, allowing the production of functional proteins by 

restoring the presence of conserved amino-acids 6,81. In other editing systems, both edited 

and unedited transcripts are translated, giving rise to proteins with different biological 

properties 115,116. The occurrence of partial RNA editing in plant mitochondria 117,118 raises 

the possibility that editing could generate protein polymorphisms. By probing them with 

antibodies specific to each form, both unedited and edited RPS12 proteins have been 
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shown to be present in maize and petunia mitochondria 119,120. Furthermore, both 

unedited and edited RPS12 proteins were found in the petunia mitochondrial ribosome 

fraction; thus, both versions of the RPS12 protein could be assembled into ribosomes 119. 

While there is no evidence of useful protein polymorphism created by translation of 

incompletely edited transcripts, only a few proteins encoded by partially edited transcripts 

have been analyzed to date. The inhibitory function of MEF8 on mitochondrial RNA 

editing maintains a certain amount of unedited transcripts; further analysis would be 

needed to determine whether any of the proteins thus encoded are relevant to 

mitochondrial function. We have recently reported the identification of ORRM5, which has 

also a marked inhibitory effect on mitochondrial editing. The absence of ORRM5 results 

in an increase of editing extent in 14% of the mitochondrial sites surveyed, while only 3% 

of the mitochondrial sites show a decrease of editing extent 42.  

 

The Inhibitory Role of MEF8 Does Not Need the Glutamate in HXE for the Majority 
of Its Targets 
 

Forty-three mitochondrial sites, or 8% of the whole mitochondrial editome 

surveyed, show a decrease of mitochondrial editing extent in both HXA transgenic plants 

when compared to the mef8 mutant plant. The size of this population reaches 72 sites, or 

12% of the whole mitochondrial editome, when the decrease of editing extent affects at 

least one HXA transgenic plant (Figure S-4.5). Approximately 75% of the sites exhibiting 

an increase of editing extent in the mef8 T-DNA insertional mutant were complemented 

by the mutated MEF8 (HXA). A full complementation was observed for the all the sites on 

the rpl16 transcript, while only one site was partially complemented on the ccmB transcript 

(Table S-4.3).  
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All the sites on nad3 that exhibited an increase of editing extent in the mef8 mutant 

failed to show a significant decrease in the HXA transgenic plants (Table S-4.3). The 

simplest explanation is the glutamate in HXE motif of MEF8 is required to restore the 

editing extent to the wild-type level. However, examination of the level of editing extent in 

the mef8 TDNA insertional mutant of the sites complemented by the mutated MEF8 (HXA) 

indicates that most of them are edited at a low-to-medium level in wild-type (Table S-4.3). 

Conversely, the sites not complemented by the mutated MEF8 (HXA) are edited at a high 

level in wildtype. Therefore, the failure of the mutated MEF8 (HXA) to complement some 

FIGURE 4.6 
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sites might not be caused by the substitution of the glutamate, but rather due to a dosage 

effect. This hypothesis could explain why some sites on ccmB and nad2 transcripts are 

complemented while others are not. If mutated MEF8 (HXA) had been expressed at 

higher levels in the HXA transgenic plants, complementation of sites on the nad3 

transcript might have occurred. 

In conclusion, we have shown that a single PPR-DYW protein affects the editing 

extent of an unexpected number of targets. As a comparison point, among the recognition 

factors with a high number of targets, we can cite the rice OGR1, another PPR-DYW 

mitochondrial editing factor, and the Arabidopsis SLO2, a PPR-E+ editing factor , both of 

which affect the editing of seven sites 65,121. To this date, MEF13, an E-type PPR protein, 

recognizes the highest number of targets, as this protein is required for RNA editing at 

eight sites in six different mRNAs in the mitochondria of Arabidopsis thaliana 122. We have 

also demonstrated that MEF8 could have antagonistic effects on editing extent, and that 

some of these effects required the glutamate in HXE, while others did not. We propose 

several different models to explain the diverse and antagonistic roles of MEF8 on 

mitochondrial editing extent (Figure 4.6). The stimulatory effect of MEF8 on editing extent 

requiring the glutamate residue can be modeled from the report on the CRR4-DYW1 

interaction 37 (Figure 4.6 A). In the models presented in Figures 4.6 B and 4.6 C, MEF8 

brings the DYW domain to Cs targeted for editing recognized by PPR trans factors lacking 

this domain. This function can be supported by other PPR-DYW proteins explaining the 

residual extent in the mef8 TDNA insertional mutant for most of its targets (Figure 4.6 C). 

We also offer a model for the inhibitory effect of MEF8 on editing extent, in which this 

protein competes with other recognition factors better fitted to sustain the editing reaction 
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(Figure 4.6 D). More work is necessary to support these models and to understand the 

determining factors contributing to the specificity of the recognition of MEF8 for its targets.   
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Chapter 5: Oxidative Stress During RNA Editing Dysfunction: A Model For Lipid-

Mediated Retrograde Signaling  
 

Abstract 
 
RNA editing in plants is a post-transcriptional process that converts cytidines to uridines 
(C-to-U) in transcripts expressed from chloroplast or mitochondria genomes. 
Pentatricopeptide repeat proteins (PPR) have been identified as critical for RNA editing. 
In addition, non-PPR genes have been identified to affect editing, several of which have 
been demonstrated to interact with PPRs. Lastly, there is mounting evidence that PPRs 
can edit in trans, whereby one PPR supplies the DYW deaminase domain for editing, 
while another PPR provides RNA binding and site specificity. Given the large number of 
proteins thought to be involved in RNA editing, and growing evidence for a trans-editing 
model, we became interested in understanding how RNA editing is regulated. We 
investigated the possibility that reactive oxygen species (ROS)-mediated signaling 
drives an organelle-to-nucleus response to regulate RNA editing. To test this 
hypothesis, we confirmed that ROS accumulates in plants during RNA editing 
dysfunction. We observed over 2,000 genes that are differentially expressed in the RNA 
editing mutant lpa66 in comparison to wild type. Many of these DEGs are involved in 
mitigating oxidative stress (ROS network) and retrograde signaling (RSN network). In 
addition, over 90 PPRs are differentially expressed, which suggest a significant PPR-
specific shift in gene expression. We performed lipidomics on PPR mutants lpa66 and 
dot4 as well as wild type plants, and found that in the PPR mutants, lipid unsaturation 
and oxidized lipid formation were a consistent trend. Among the lipidomics dataset, we 
observed high levels of Arabidopside E and G production and phytoprostane 
production, which are potent retrograde signaling molecules. In addition, the  
observation of Arabidopsides and Phytoprostanes suggests enzyme-mediated and 
ROS-mediated lipid peroxidation is occurring in the editing mutants, respectively. From 
this data, we propose a model where RNA editing dysfunction triggers ROS formation, 
which results in lipid peroxidation and the formation of potent retrograde signaling 
molecules that trigger the expression of ROS- and RSN-network genes, as well as a 
significant number of PPR genes.   
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Introduction 

RNA editing in plants is a post-transcriptional process that converts cytidines to 

uridines (C-to-U) in transcripts expressed from chloroplast or mitochondria genomes 

8,36,123. Over 630 editing sites have been identified in Arabidopsis organelles, and C-to-U 

conversion generally results in non-synonymous substitutions in protein coding 

sequences 5,124,125. Editing in plants appears to be a genetic correction mechanism, which 

reestablishes the evolutionarily conserved amino acid sequence of a polypeptide 6,28; in 

contrast to other eukaryotic editing systems in which editing performs a regulatory role 

25,28. The editosome has been shown to be a large complex of 0.8 to 5MDa126 with a 

number of proteins including RIP/MORFs38,39, OZ proteins43, ORRMs41,42,127, and P-type 

PPRs and PLS-type PPRs34,35, among others128. A wealth of genetic, molecular, and 

biochemical data has identified proteins that appear to participate as generalists 

5,34,35,38,40–44,77,127, i.e. an editing factor required for many sites, or specialists 36,2,26, i.e. an 

editing factor required for a single or few sites. Significant strides have been made in 

understanding one group of editing factors in particular—the pentatricopeptide repeat 

protein family.  

Pentatricopeptide repeat (PPR) proteins are found in all eukaryotes, but the 

explosion of PPR in plants is the most striking, with upwards of 500 genes present in 

Arabidopsis. With few exceptions, members of each clade of plant evolution have PPRs 

and exhibit RNA editing 17,25,26. The number of PPR genes varies among different taxa, 

but editing site and PPR numbers show strong correlation, starting with basal 

angiosperms, and marching on through higher plants, with losses exhibited over time 27.  



	 64 

Pentatricopeptide repeat proteins are predominately single exon nuclear-encoded genes 

and mainly localize to the chloroplasts and mitochondria. There are two classes of 

PPRs—the P-type which are primarily involved in RNA stabilization 2 and PLS-type which 

are involved in RNA editing. PLS-type PPRs are modular in terms of structure. The N-

terminus contains a tandem array of repeats called P (pure), L (long), and S (short), which 

contain varying numbers of amino acids and confer binding specificity to RNA substrates. 

Each repeat, in association with neighboring repeats, bind to specific nucleotides on RNA 

in a region upstream to an edited cytidine termed the cis-element, which is supported by 

computational, genetic, molecular, and structural data 11,8,17,12,9,10,13,129. In addition to 

conferring binding specificity, the PLS repeat region positions the C-terminus of PPRs to 

the edited cytidine. The C-terminus is referred to as the DYW-deaminase Domain, which 

our lab and others have demonstrated this domain confers the capacity to edit RNA in 

planta 22–24. Editing PPRs can be further divided into E-type, which lack a C-terminal 

deaminase domain, and degenerate DYW-type, which have a highly reduced PLS repeat 

domain that often include degenerate PLS repeats. These degenerate repeats are 

thought to act as trans-editing factors to complement editing of other PPRs, and support 

for this argument has been recently bolstered 34,35,77. 

Despite not appearing to have a direct regulatory role in protein expression, 

several editing PPRs  are critical for organelle biogenesis, and null mutant plants exhibit 

a range of macroscopic phenotypes, from apparently indistinguishable in comparison to 

wild type, to embryo lethality 14,26,106,130,131. Our lab and others have posited a possible 

explanation to this conundrum. In situations where insufficient levels of a PPR are present 

to edit its target transcript, trans-acting PPRs can complement these losses. In cases 
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where a trans-editing factors are unavailable, lethality is unavoidable. Recently, a few 

PPRs have been identified that may occupy this role as general trans-acting factors with 

the ability to catalyze the deamination of cytidine nucleotides34,35,77, yet this scenario has 

not been demonstrated directly and still more factors have yet to be characterized110. 

Furthermore, several non-PPR proteins that affect numerous editing sites have been 

identified, adding to the growing list of trans-acting editosomes factors5,38,39,41–44,127,128,132. 

This complexity brings into question how RNA editing is regulated, since maintaining 

constitutive expression of many trans-acting factors would be energetically costly.  

A majority of RNA editing events in plant mitochondria and chloroplasts occur in 

transcripts that encode polypeptides in 

the electron transport chain (Table 5.1) 

and disruption of electron transport is 

expected to be a common consequence 

of RNA editing dysfunction. Pathways 

that mitigate oxidative stress caused by 

ETC disruption may overlap with pathways that regulate RNA editing. For example, 

Photosystem II is a potent producer of singlet oxygen (1O2) and superoxide anion (O2 • —

) and hydrogen peroxide (H2O2) are mainly produced around photosystem I. In contrast, 

O2 • — is the main reactive oxygen species (ROS) in mitochondria under normal metabolic 

conditions, and effectively processed to non-reactive products by organelle ROS network 

proteins 46,47. However, when electron transport is disrupted, upstream redox centers may 

become highly reduced and result in high levels of ROS production. Moderate levels of 

ROS production can be managed by stress acclimation and signal transduction, but 

Table 1. Editing sites located in electron transport genes 
TAIR ID Number of Sites
Chloroplast Photosynthetic Electron Transport Chain
Photosystem II 3
Photosystem I 0
Cytochrome b6/f complex 1
NADH dehydrogenase-like complex 20
ATP synthase 1

Total 24/37 (65%)
Mitochondria Electron Transport Chain
Complex I (NADH dehydrogenase) 266
Complex II (Succinate dehydrogenase) 0
Complex III (cytochrome bc1 complex) 65
Complex IV (cytochrome c oxidase) 136
Complex V (atp synthase) 0

Total 467/619 (75%)

Table 5.1 
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higher levels may significantly overwhelm metabolic scavenging mechanisms, and ROS 

can be cytotoxic and lead to programmed cell death 48.  

Reactive oxygen species have been extensively documented as retrograde 

signaling molecules in plants outside of RNA editing dysfunction49–55—retrograde signals 

originate in a subcellular compartment outside the nucleus, and drive changes in gene 

expression in the nucleus. ROS are unlikely candidates for signaling molecules during 

RNA editing dysfunction because ROS are rapidly detoxified in the chloroplast and 

mitochondria, and would not be expected to move through the cell even over short 

distances 48, although it is important to note that ROS molecules can move out of, or 

between, organelles via aquaporins or stromules 56,57. Instead, ROS acting on other 

molecules is a more likely source of retrograde signaling. Since the majority of edited 

transcripts are destined for membrane bound protein complexes (Table 5.1), we 

hypothesize lipid peroxidation is increased in editing mutants, which would result in 

production of lipid-derived signaling molecules. Indeed, ROS generation in chloroplast 

provokes the formation of potent lipid-derived retrograde signaling molecules 58,59. We 

expect the identity of these signals depends on what compartment is affected by RNA 

editing dysfunction, since ROS production can be site-specific  50,52,58,60. ROS production 

and upregulation of ROS network genes has been documented in PPR mutants, but this 

was contextualized as mitigating oxidative stress due to loss of editing or RNA stability 

61–66, rather than addressing the possibility that ROS or other retrograde signaling 

molecules can mitigate RNA editing dysfunction directly. Some evidence suggests that 

PPRs involved in RNA editing are regulated by ABA. 
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Several publications have shown that mutations in PPRs affect the abscisic acid 

(ABA) response. However, these investigations focused on global plant physiological 

responses and how disruption of PPRs impact abiotic and biotic responses 62–69, and not 

how ABA influences RNA editing in the cases where editing PPRs were studied 62,65,67,69. 

A growing body of research has demonstrated oxylipins and cardiolipins, oxygenated 

lipids from the chloroplast and mitochondria, respectively, play important roles in 

retrograde signaling from the organelles and that free-radical catalyzed as well as 

enzyme-catalyzed lipid oxygenation occurs during abiotic and biotic stress 70,71. In this 

study, we analyzed the influence of RNA editing dysfunction on ROS accumulation, 

transcriptomic changes,  and lipidome modulation of the low psII accumulation 66 (lpa66) 

PPR mutant. LPA66 is responsible for editing the thylakoid membrane-associated PSII 

subunit PsbF 133 and loss of editing of psbF transcript negatively inhibits photosynthetic 

electron flow 133. In addition, PSII is a well-established site of ROS production 50,134. 

Therefore, we reasoned an early messenger of a retrograde signaling cascade would be 

an oxylipin, as is the case in several abiotic and biotic stress responses 48,50,52,54,58,70,72. 

In this study, we demonstrate that ROS accumulates to higher levels in lpa66 mutants 

versus wild type. Commensurate changes in gene expression are observed in the lpa66 

mutant: a suite of ROS and retrograde signaling network responsive genes 46,135 are 

upregulated; 20% of nucleus-encoded PPRs are upregulated, including 49 genes that are 

considered trans-acting editing factors, and genes for eight non-PPR editing factors. In 

addition, oxylipins that are known to be produced under oxidative stress, Arabidopsides 

A and G, accumulate to high levels in the mutant as well as a two putative phytoprostanes. 

Both the Arabidopsides and the phytoprostanes are lipid-derived signaling molecules, the 
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former of which also serve as precursors to Jasmonic Acid, a well-known hormone and 

signaling molecule 71,136. These data suggest a model that oxidative stress during RNA 

editing dysfunction triggers oxylipin production, which results in the activation of potent 

retrograde signaling pathway and a concomitant PPRome-wide shift in nuclear 

expression and oxidative stress response. Lipid-derived signaling molecules may 

communicate chloroplast-to-nucleus RNA editing dysfunction to recruit needed trans-

acting editing factors.  

Results 
 
RNA Editing Dysfunction Increases ROS and Expression of ROS Responsive 
Genes 

Reactive oxygen species (ROS) act primarily as signaling molecules and, under 

severe oxidative stress, can cause cell death 46,50.The photosynthesizing chloroplast is a 

major source for ROS, including singlet oxygen (1O2), superoxide 

anion radical (O2 • —), hydroxyl radical (OH•), 

and hydrogen peroxide (H2O2), produced as 

a consequence of metabolism or as secondary 

messengers in response to stress 50,137. LPA66 is 

responsible for editing the psbF transcript, 

which encodes the β-subunit of cytochrome 

b559 in photosystem II, and loss of editing of 

psbF transcript negatively affects PSII 

function by ~40% as measured by maximum 

chlorophyll fluorescence (Fv/Fm), resulting in a pale green phenotype133. Furthermore, 

lpa66 mutant plants exhibit developmental delays, resulting in smaller plants in 

Figure 5.1. H2O2 detection by H2DCFDA. 
H2DCFDA substrate was added to whole cell 
extracts from wild type, lpa66, and lpa66 + 
CATALASE samples, and fluorescence 
accumulation was detected with a plate reader 
at 595nm over a 30-minute time course. Data 
represent biological triplicates and technical 
duplicates. Error bars represent standard 
deviation. 



	 69 

comparison to wild type plants, under laboratory conditions. We hypothesize that loss in 

editing of psbF mRNA results in higher production of ROS. A sensitive method for 

fluorometric detection of ROS is the reaction with dichlorodihydrofluorescein (H2DCFDA) 

as a substrate. H2DCFDA is reactive with ROS 80, as well as other redox active molecules, 

and is generally used as an indicator of the oxidative environment of cells and tissues80. 

lpa66 extracts were much more reactive with H2DCFDA than wild type extracts with an 

8x difference after 30 minutes (Figure 5.1). Treatment of the lpa66 samples with catalase 

resulted in a dramatic reduction in fluorescence, indicating that H2O2 was a major 

component of the ROS detected in these samples (Figure 5.1). Since H2DCFDA is 

reactive toward a number of non-ROS oxidants including cytochrome c, Fe2+, and copper 

ions, ROS reactivity was also measured in planta. While H2O2 has a relatively long half-

life of approximately 30 ms, other species exhibit much shorter half-lives of <4 µs 48. We 

sought to detect  O2 • — , since O2 • — production occurs at photosystem I 134 and 

photosystem II 137 , in effect enabling us to capture ROS production at the entry and exit 

points of the photosynthetic electron transport chain. Using Nitroblue tetrazolium dye, 

which reacts with O2 • — to produce a blue formazan precipitate, we determined that lpa66 

mutants produced approximately 3x more O2 • — (Figure 5.2). Formazan precipitation was 

observed in the both wild-type and lpa66; however, wild type formazan precipitation was 

present mostly in younger leaves, whereas formazan in the lpa66 mutant was present in 

almost all leaf stages (Figure 5.2). When ROS production overwhelms ROS scavenging, 

nuclear gene expression programs are initiated to mitigate oxidative stress48. Therefore, 

we next sought to determine if ROS network genes were responsive to the accumulation 

of O2 • — and H2O2 in the lpa66 mutant. 



	 70 

 ROS are considered unavoidable byproducts of aerobic and photosynthetic 

metabolism, and it is therefore not surprising that plants have evolved to manage these 

reactive compounds. To determine if ROS detoxifying genes are upregulated in the lpa66 

mutant, we selected a subset of ROS network genes46 to assay by qPCR. These genes 

include iron superoxide dismutase 1-3 (FSD1-3), copper/zinc superoxide dismutase 1-2 

(CSD1-2), stromal ascorbate peroxidase (SAPX), thylakoid ascorbate peroxidase 

(TAPX), peroxiredoxin-2E (PRXIIE), plastid terminal oxidase (PTOX), and ascorbate 

peroxidase 1 (APX1). All of these ROS network genes are chloroplast targeted, with the 

exception of APX1 and CSD1. APX1 and CSD1 are cytoplasmic proteins and were 

selected as proxies for ROS production outside the chloroplast, since H2O2 can 

translocate through the chloroplast envelope via aquaporins56. FSD1, FSD3, CSD1, 

Figure 5.2. Superoxide anion detection by nitroblue tetrazolium dye. Wild type and lpa66 samples were excised 
from 5 week old plants. Leaves were submerged and incubated in a buffered NBT/NaN3 solution. A) 
Representative image of formazan precipitate in leaf samples.  Images were taken with a Canon T3 camera. B) 
Area density measurements of NBT reduction into formazan. ImageJ v. 1.52h was use for area density analysis. 
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SAPX and TAPX were upregulated and CSD2 was downregulated in lpa66 plants (Figure 

5.3 A). The remaining genes were non-responsive (data not shown). The accumulation 

of ROS as detected by H2DCFDA and NBT, taken together with the upregulation of these 

genes, suggests the lpa66 mutants are responding to increased oxidative stress with 

changes in expression of ROS network genes. To address this more comprehensively, 

Figure 5.3 Gene expression changes in wild and lpa66 by qRT-PCR and bulk RNAseq. A) Subset of 
upregulated ROS network genes from Mittler (2004) that responded to RNA editing dysfunction. B) 2,022 
Differentially expressed genes lpa66/wild type with |log2(FC)| >1 . Data represents all genes with p-
adjusted values of <0.05. C) Venn diagram showing overlap of lpa66 DEGs with p-adjusted values of 
<0.01 , expanded ROS network DEGs (‡ Willem et al, 2016), and Retrograde Signaling Network Genes 
(‡‡ Gläßer et al, 2014).  
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we analyzed the transcriptome of lpa66 mutants in comparison to wild type plants (Figure 

5.3 B).  

 
Transcriptome Analysis During RNA Editing Dysfunction 
 

To determine how ROS production, and therefore, oxidative stress, impacts gene 

expression during RNA editing dysfunction, we performed pooled RNA sequencing on 

lpa66 and wild type Col-0 plants. Library construction and RNA sequencing was 

performed by GENEWIZ Inc. (South Plainfield, New Jersey, USA). Using an adjusted p-

Figure 5.4 Gene ontology analysis of lpa66 transcriptome and subcellular distribution differentially expressed PPRs.  
A) GO Cellular Component B) GO Biological Process C) GO Molecular Function. D) Total differentially expressed 
PPRs and chloroplast-targeted enumerated by class. Gene ontologies were determined by using AgriGO, followed 
by summarizing with REVIGO. 
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value cutoff of >0.05 and a |log2(FC)| >1, we identified 2,022 significantly differentially 

Table 2. RNA editing genes upregulated in this study
TAIR ID Gene Symbol PPR Type (Cheng et al., 2016) log2FC(lpa66/wild type) SUBA4 targeting or manual curation
Pentatricopeptide Repeat Proteins
AT4G38010 E2 1.983412022 cytosol
AT1G13630 P 1.097921579 cytosol
AT3G06920 P 1.203854887 cytosol
AT4G26800 P 1.276369678 cytosol
AT5G46100 P 1.499396061 cytosol
AT3G13150 P 1.879850175 cytosol
AT3G11460 MEF10 DYW 1.974793097 mitochondrion
AT1G56690 DYW 1.327226952 mitochondrion
AT1G71420 DYW 1.541734205 mitochondrion
AT2G27610 DYW 1.442863101 mitochondrion
AT3G12770 MEF22 DYW 1.246497477 mitochondrion
AT3G24000 DYW 1.614115036 mitochondrion
AT4G16835 DYW 1.10818249 mitochondrion
AT4G33990 EMB2758 DYW 1.228932265 mitochondrion
AT4G37170 DYW 1.437581256 mitochondrion
AT5G39680 EMB2744 DYW 1.746399406 mitochondrion
AT5G52850 DYW 1.431131654 mitochondrion
AT1G33350 E+ 1.207009956 mitochondrion
AT3G13880 OTP72 E+ 1.367999629 mitochondrion
AT4G19191 E+ 1.329786854 mitochondrion
AT5G08305 E+ 1.782153638 mitochondrion
AT5G27110 E+ 1.191730767 mitochondrion
AT1G74400 E+ 1.996612 mitochondrion
AT2G39620 E1 2.920985389 mitochondrion
AT1G09190 E2 1.215000785 mitochondrion
AT3G49740 E2 1.444865088 mitochondrion
AT1G09220 E2 1.292626746 mitochondrion
AT2G02750 E2 1.346071018 mitochondrion
AT2G03380 PPR596 E2 1.386280295 mitochondrion
AT2G34400 E2 1.3128823 mitochondrion
AT4G08210 E2 2.170070102 mitochondrion
AT5G37570 E2 1.264478034 mitochondrion
AT5G39350 E2 1.172707423 mitochondrion
AT5G61800 E2 1.577777563 mitochondrion
AT5G66500 E2 1.204924033 mitochondrion
AT1G02370 P 1.333043895 mitochondrion
AT1G16830 P 1.810200637 mitochondrion
AT1G22960 P 1.055583633 mitochondrion
AT1G26500 P 1.326558229 mitochondrion
AT1G61870 PPR336 P 1.142917064 mitochondrion
AT1G71210 P 1.001332431 mitochondrion
AT1G77405 P 1.515143257 mitochondrion
AT1G79490 EMB2217 P 1.402756988 mitochondrion
AT1G80150 P 1.667054331 mitochondrion
AT2G01740 P 1.518995665 mitochondrion
AT2G02150 EMB2794 P 1.18075452 mitochondrion
AT3G02650 P 1.149886308 mitochondrion
AT3G07290 P 1.735400121 mitochondrion
AT3G13160 RPPR3B P 1.0558412 mitochondrion
AT3G14580 P 1.30013127 mitochondrion
AT3G15590 P 1.287139275 mitochondrion
AT3G46870 P 1.004189563 mitochondrion
AT3G48250 BIR6 P 1.8191144 mitochondrion
AT3G60960 P 1.273128263 mitochondrion
AT3G61520 P 1.093444062 mitochondrion
AT4G01990 P 1.218439536 mitochondrion
AT4G04790 P 1.116922689 mitochondrion
AT4G11690 ABO8 P 1.390379097 mitochondrion
AT4G35850 P 1.055117578 mitochondrion
AT4G38150 P 1.523483918 mitochondrion
AT5G08310 P 1.276187383 mitochondrion
AT5G11310 SOAR1 P 1.18580364 mitochondrion
AT1G09680 P 1.088456211 mitochondrion
AT1G13800 FAC19 P 1.43319461 mitochondrion
AT1G62720 NG1 P 1.259141972 mitochondrion
AT2G26790 P 1.346376403 mitochondrion
AT2G40240 P 1.403637175 mitochondrion
AT3G56030 P 1.321269005 mitochondrion
AT3G60980 P 1.02785234 mitochondrion
AT5G16420 P 1.066429247 mitochondrion
AT5G61370 P 1.337394582 mitochondrion
AT1G62350 P 2.127790527 mitochondrion

Table 5.2 
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expressed genes (DEG) of which 1,960 are predicted protein coding genes (Figure 5.3 

B, Table S-5.1). We applied a more stringent adjusted p-value of <0.01 lpa66 DEG 

dataset, and compared to an updated ROS network gene list 47 and comprehensive 

retrograde signaling network gene list 135. Sixty genes are shared between lpa66 DEGs  

ROS network DEGs, and 177 are shared between lpa66 and the retrograde signaling 

network DEGs (Figure 5.3 C). Surprisingly, none of the ROS responsive genes assayed 

by qPCR were observed in the RNAseq dataset, however lack of concordance is often 

observed in borderline genes whose fold change does not differ substantially138. 

 For these DEG, there is a significant enrichment in organelle gene ontology (GO) 

terms with regard to cellular component (Figure 5.4 A). Furthermore, several gene 

expression, signaling, and hormone response GO terms are significantly enriched 

Table 2 continued. RNA editing genes upregulated in this study. 
TAIR ID Gene Symbol PPR Type (Cheng et al., 2016) log2FC(lpa66/wild type) SUBA4 targeting or manual curation
Pentatricopeptide Repeat Proteins
AT2G39230 LOJ P 2.093227097 mitochondrion
AT5G62370 P 2.439056566 mitochondrion
AT3G21470 E2 1.505894085 plasma membrane
AT2G29760 OPT81 DYW 1.437861079 plastid
AT3G49170 EMB2261 DYW 1.119354559 plastid
AT4G18750 DOT4 DYW 1.408416822 plastid
AT2G33760 DYW 2.313692673 plastid
AT1G08070 OTP82 DYW 1.359724411 plastid
AT1G15510 VAC1/atECB2 DYW 2.495941759 plastid
AT3G62890 DYW 1.386401409 plastid
AT4G14820 DYW 1.712505568 plastid
AT4G35130 DYW 1.704469356 plastid
AT5G48910 LPA66 DYW -1.154004871 plastid
AT5G59200 OTP80 E+ 1.579947964 plastid
AT1G43980 E1 1.287638168 plastid
AT4G18840 E2 1.960118246 plastid
AT5G15300 E2 1.420612788 plastid
AT2G17670 P 1.824715524 plastid
AT2G37230 RPPR5 P 1.10763339 plastid
AT4G20090 EMB1025 P 1.200469437 plastid
AT5G39980 PDM3/EMB3140 P 1.195199608 plastid
AT5G46580 SOT1 P 1.431183835 plastid
AT1G31840 P 1.904106071 plastid
AT1G08610 P 2.01675304 plastid
AT1G31790 PLS 1.750912554 plastid
AT2G37310 E+ 1.415138599 plastid, mitochondrion
AT3G15930 E+ 1.449222548 plastid, mitochondrion
AT1G80270 PPR596 P 1.228702531 plastid, mitochondrion
AT2G15690 DYW2 DYW 1.323850084 plastid, mitochondrion 
Non-PPR Editing Factors
AT3G49240 NUWA N/A 1.78360268 plastid, mitochondrion
AT5G61030 ORRM3 N/A 1.788136309 mitochondria
AT5G54580 ORRM2 N/A 1.224125988 mitochondria
AT4G20020 RIP8/MORF1 N/A 1.371018516 mitochondria
AT3G06790 RIP3/MORF3 N/A 1.312331489 mitochondria
AT1G32580 RIP5/MORF5 N/A 1.079728124 mitochondria
AT2G35240 RIP6/MORF6 N/A 1.388496915 mitochondria
AT2G33430 RIP2/MORF2 N/A 1.078368322 plastid
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(Figure 5.4 B and 5.4 C, Table S-5.3). Notably, RNA binding is one one of the most 

signficantly enriched molecular functions (Figure 5.4 C), albeit likely underrepresented 

given that PPRs account for ~5% of DEG in this dataset (Table S-5.1). This 

underrepresentation is most likely due to misannotated entries of PPRs in public 

databases as used in AgriGO and REVIGO for this analysis, as previously noted 17. In 

total, 51% of differentially expressed PPRs are P-type PPRs (Table 5.2), which are 

demonstrated to be involved in RNA metabolism but not directly in RNA editing 2. The 

remaining 49% of PPRs are predicted or known RNA editing factors17 (Table 5.2). PPR 

distribution and subcellular targeting in this dataset is similar to PPR distribution in the 

Arabidopsis genome 17,139. In other words, there is no obvious enrichment for P-type or 

PLS-type PPRs, nor is the overrepresentation for chloroplastic or mitochondrial PPRs, 

however the proportion of differentially expressed editing type PPRs is greater in the 

chloroplast (Figure 5.4 D). Surprisingly, of the differentially expressed PPRs, all were 

upregulated in comparison to wild type, with notable exception of lpa66 since the T-DNA 

insertion likely leads to destabilization of the transcript (Table 5.2). In addition, several 

non-PPR RNA editing factors were upregulated (Table 5.2). This PPRome-wide 

concomitant shift in expression suggest a possible link between oxidative stress sensing 

and RNA editing. Changes of peroxisomal genes was observed in our dataset (Table S-

5.1) and suggest the peroxisome may integrate stress signals during organelle 

dysfunction140. However, proteomics data supports the chloroplast and mitochondria as 

playing a dominant role in the abiotic stress response—of 279 unique stress-responsive 

proteins, 73% and 22% were chloroplast and mitochondria localized, whereas 5% were 

from the peroxisome.  
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Chloroplast Polar Lipid and Oxylipin Levels are Modulated During RNA Editing 
Dysfunction 
 

As an initial screen for lipid modification, we analyzed five week old lpa66 and wild 

type Col-0 plants for changes in polar lipid composition, using multiple reaction mode 

mass spectrometry as previously described 141. The polar lipid panel included 

phosphatidylglycerols (PG), phosphatidylinositols (PI), phosphatidylserines (PS), 

phosphatidylethanolamines (PE), phosphatidylcholines (PC), 

monogalactosyldiacylglycerols (MGDG), digalactosyldiacylglycerols (DGDG), 

phosphatidic acid (PA), and their lysophospholipid forms. The abundance and distribution 

of polar lipids in Arabidopsis is well documented in the literature, which facilitates the 

analysis of these species142 . Several trends emerged from this analysis. The galactosyl 

Figure 5.5 Concentration of chloroplast-specific polar lipid species in wild type (white) and lpa66 
(red) mutants. Five-week-old plants of each genotype were harvested for lipid analysis by ESI-
MS/MS, which include A) monogalactosyldiacylglycerols (MGDG) and B) digalactosyldiacylglycerols 
(MGDG). Data are represented as mean concentration. Error bars represent the standard deviation 
(n=5). Asterisks represent significant differences in lipid species concentration between wild type 
and lpa66 (adjusted p-value <0.01). Numbers to the right of the colon represent double bonds.  
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lipids, MGDG and DGDG, are the most abundant lipids found in plant cells and are only 

found in chloroplast membranes. We observed both classes of the chloroplast-specific 

galactosyl lipids to have several species with changes in saturation (Figure 5.5). Changes 

in fatty acyl chain saturation was seen in the phospholipid pool outside the chloroplast 

(here referred to as extrachloroplastic) (Figure 5.6 C-E) and lipids that are found in both 

the chloroplast and extrachloroplastic space (Figure 5.6 A-B). With the chloroplast-

Figure 5.6. Concentration of chloroplast and extrachloroplastic polar lipid species in wild type and lpa66 
mutants. Five-week-old plants of each genotype were harvested for lipid analysis by ESI-MS/MS, which 
include A) phosphatidylethanolamines (PE), B) phosphatidylcholines (PC), C) phosphatidylglycerols 
(PG), D) phosphatidylinositols (PI), E) phosphatidylserines (PS). Data are represented as mean 
concentration. Error bars represent the standard deviation (n=5). Asterisks represent significant 
differences in lipid species concentration between wild type and lpa66 (adjusted p-value <0.01). 
Numbers to the right of the colon represent double bonds. PE and PC are found in the chloroplast and 
extrachloroplastic space; PG, PI, and PS are strictly extrachloroplastic.   
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specific lipids, DGDG and MGDG, there is a general decrease in lipid saturation and a 

Figure 5.7. Oxylipin analysis and identification of putative lipid-derived RNA editing dysfunction signaling molecules. 
A) Heatmap analysis of 79 oxylipins, significantly modulated in lpa66 mutant when compared to wild type. Lipid 
concentrations were log2 transformed. Rows were centered around the median. A Euclidean distance similarity 
metric was applied, and columns and rows were clustered by complete linkage using Cluster 3.0. Samples were 
visualized using TreeView3. B-D) Mass spectrometry analysis of putative phytoprostanes.  
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concomitant increase in lipid unsaturation (Figure 5.5 A and 5.5 B). This mimics the 

protective role the chloroplast membranes serves during stress 143. Overall, there is a 

trend toward unsaturation, and this trend extends to the extrachloroplastic phospholipid 

pool including PG, PI, and PS (Figure 5.6 C-E), mitochondrial-derived cardiolipins 

(Figure S-5.2) and, to a smaller extent, to lipids that are represented in both the 

chloroplast and extrachloroplastic space (5.6 A and 5.6 B).  

These results prompted us to interrogate further the observed lipid changes. 

Specifically, during RNA editing dysfunction, we suspect the chloroplast may create a 

strong oxidizing environment that causes the production of oxidized fatty acids (or 

oxylipins). To test this hypothesis, we determined the concentration of all oxylipins in the 

cell. In this analysis, we added a second RNA editing mutant to our pipeline to assess 

whether the molecular phenotype of lipid modulation can extend to other editing mutants.  

We selected defectively organized tributaries 4 (dot4) for this analysis for two 

reasons: 1) dot4 is also a chloroplast-targeted editing factor, and 2) it exhibits a more 

dramatic macroscopic phenotype than lpa66, which may improve our threshold of 

detection of oxylipins produced during RNA editing dysfunction. In total, we identified 79 

oxylipin species that were significantly modulated between wild-type, lpa66, and dot4 

(Figure 5.7 A), with a large percentage of MGDG and DGDG containing oxidized acyl 

modifications (Figure S-5.1, Table S-5.6). Notably, the most abundant oxylipins in both 

mutants include Arabidopsides A and G, and putative phytoprostanes, PE(18:3/18:3-3O), 

PE(16:0/18:3-3O), that are both dramatically higher in the lpa66 and dot4 mutants than 

in wild type plants (Figure 5.6 B). The identity of the putative phytoprostanes were further 

interrogated by ESI-TOF-MS without fragmentation (Figure 5.6 B, 5.6 C, 5.6 D). The two 
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previously identified putative phytoprostanes, PE(18:3/18:3-3O), PE(16:0/18:3-3O), were 

confirmed as well as phytoprostane-like oxylipin, PE(18:2/18:3-3O) (Figure 5.6 D). Lastly, 

ESI-TOF-MS with fragmentation was performed on these analytes and they produced the 

expected lysoPE fatty acid tails as determined by negative scans (data not shown). These 

results demonstrate that an extraordinary increase in lipid oxidation occurs in these two 

editing mutants, and is consistent with high levels of ROS (Figure 5.1 and Figure 5.2), 

and robust ROS network and retrograde signaling network transcriptome responses 

(Figure 5.3, Table S-5.1). 

 

Discussion 

 In the study, we demonstrated that lpa66 mutants accumulate higher levels of H2O2 

and superoxide anion in comparison to wild type Col-0 plants, as measured by reactivity 

with H2DCFDA and nitroblue tetrazolium dye, respectively. These results demonstrate 

lpa66 mutant plants experience a strong oxidative cellular environment and implicate 

H2O2 and superoxide anion as elevated redox active species (Figure 5.1 and Figure 5.2). 

LPA66 is required for editing PsbF transcripts, which encodes an essential component of 

Photosystem II complexes in oxygenic photosynthetic organisms. PsbE and PsbF encode 

the alpha and beta polypeptides of cytochrome B559, which dimerize to form a redox 

active center that is closely associated with the core. Although cytochrome b559 is not 

directly involved in photosynthetic electron transport, it may be involved in secondary 

electron transfer reactions that helps to protect PSII from photodamage144. Arabidopsis 

plants with a lpa66 null allele have a strong phenotype, which includes high chlorophyll 

fluorescence with impaired photochemical reactions associated with Photosystem II133.  
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Earlier investigations have reported elevated ROS production in editing mutants62–69, but 

these investigations focus mostly on whole plant physiological responses, and not how 

abscisic acid influences RNA editing in the cases where editing PPRs were studied 

62,65,67,69. In this study, gene expression and transcriptomic responses to editing 

dysfunction were analyzed by qPCR and RNAseq. A subset of ROS-responsive genes 

were assayed by qPCR (Figure 5.3 A), and a number of genes directly involved in ROS 

metabolism and oxidative protection were upregulated in lpa66 mutant plants. In addition, 

RNAseq analysis of lpa66 mutants revealed a substantial response of 66 ROS-

responsive genes, which represents approximately 10% of all genes part of the ROS-

responsive network (Figure 5.3 B, 5.3 C, and Table S-5.1)47. This result is highly 

significant because the ROS-responsive gene network was developed by Willems et al. 

as a large scale meta-analysis of redox perturbations from 79 microarray studies, and 

represents a reproducible reference set of ROS responsive genes47. Thus, elevated ROS 

detected in mutant plants leads to changes in gene expression that upregulates ROS 

network genes, and further emphasizes that ROS production is an important process in 

editing mutants, and results in massive changes in gene expression. Transcriptomic 

analysis of the lpa66 mutant and the massive upregulation of PPRs and editing related 

genes highlights an important link between editing and nuclear gene expression not 

previously reported.  

 Thus, there appears to be a signaling pathway that links editing dysfunction to 

changes in gene expression that include both ROS responsive genes and editing-related 

genes. While the editing mutant lpa66 had a robust ROS network response, ROS are 

highly reactive and short-lived, and make unlikely candidates for signaling molecules48. 



	 82 

ROS are highly reactive with other molecules such as proteins and lipids, and secondary 

products derived from cellular components are much more likely signaling molecules. We 

reasoned that these would primarily be lipid-derived, given that most RNA editing targets 

are membrane-associated proteins in electron transport, and disruption of a number of 

these complexes would elevate ROS production (Table 5.1). A general trend of lipid 

unsaturation was detected in the polar lipid pool that includes chloroplast-specific 

galactosyl lipids and cellular phospholipids (Figure 5.5). We also identified 79 modulated 

oxylipins, which are produced from lipid oxidation reactions (Figure 5.7 A). From this 

dataset, we identified four oxylipins, Arabidopside A and G and two putative 

phytoprostanes, which are strong candidates for retrograde signaling molecules. 

Arabidopsides A and G are MGDG derivatives that contain two or three cis-12-oxo-

phytodienoic acid (OPDA) moieties. OPDA is produced enzymatically by LOX3, a 

chloroplast lipid peroxidase, that initiates the Jasmonic Acid (JA) biosynthetic pathway145. 

OPDA has been shown to directly act as a growth regulator, and JA is a potent stress 

response hormone146; thus, Arabidopsides may function as a storage pool to release 

OPDA for signaling, or as a substrate for JA biosynthesis 147,148. 

In addition to the enzymatically produced OPDA containing Arabidopsides, a non-

enzymatic route of oxylipin formation is triggered by ROS to produce oxidized lipids 

including phytoprostanes and hydroxy fatty acids149–151. Singlet oxygen production has 

been shown to be an important source of ROS for phytoprostane production in 

chloroplasts59. Two putative phytoprostanes were highly elevated in the 

phosphoethanolamine pool in the editing mutants, PE(18:3/18:3-3O), PE(16:0/18:3-3O). 

Phytoprostanes are structurally similar to OPDA , but include an α,β-unsaturated carbonyl  
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Figure 5.8. A model for trans-acting RNA editing interactions and retrograde signaling during RNA editing 
dysfunction. A) In wild type plants, PPRs are able to edit RNA unabated. (1) When the chloroplast experiences 
oxidative stress (lpa66 mutant which is a high-light stress mimic), (2) ROS accumulates, which can (3) generate 
oxylipins. These oxylipins in turn (4) drive retrograde signaling recruited anti-ROS genes, as well as trans-editing 
factors to support RNA editing.  B) Classic model (Top) of RNA editing where a PPR binds to a cis-element ahead 
of the edited cytidine which is converted to uridine by deamination. (Bottom) The trans-editing model involved an E-
type PPR that lacks a catalytic domain and a DYW type PPR that lacks an RNA binding domain. Together these 
proteins can support at sites new sites, or sites edited by other factors. In this example, AT4G18840 and DYW2 
support editing at psbF, the target sites for LPA66. 
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structure that renders them highly reactive electrophilic species (RES). Phytoprostanes 

induce production of secondary metabolites and activate stress response genes that 

protect cells from subsequent oxidative stress152–154. In addition to the ROS responsive 

genes, we observed a robust retrograde signaling network response of 183 genes. In 

future studies, it will be interesting to delineate the relationship between the production of 

these potent lipid-derived signaling molecules, and the robust retrograde signaling 

response. It will be important to distinguish whether the Arabidopsides are directly 

involved in signaling or serve as a source of JA synthesis. Alternatively, signaling may 

rely on OPDA146. It will be interesting to determine the functional consequence of the 

putative phytoprostanes produced in our dataset. In addition to the biochemical detection 

of ROS production (Figure 5.1 and 5.2) and the transcriptome changes (Figure 5.3), 

production of putative phytoprostanes is a direct confirmation of lipid reactivity with ROS 

in the chloroplast, since phytoprostanes are produced by a non-enzymatic, free radical-

catalyzed pathway155, unlike Arabidopsides. Furthermore, it will be important to analyze 

several editing mutants from Arabidopsis as well as editing mutants in other land plants 

to see if this relationship is evolutionary conserved. Since Arabidopsides are only found 

in Arabidopsis, it will be important to determine the concentration of free OPDA and 

phytoprostanes. An Arabidopside-independent response is conceivable since OPDA can 

serve as a signaling molecule and enzymes involved in the synthesis of JA from OPDA 

are found from algae up through higher land plants155,156.  

Potential signaling pathways are shown in Figure 5.8. In Figure 5.8 A, the top 

chloroplast depicts RNA editing under non-stressed circumstances. The chloroplast 
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experiences intermediate levels of stress and does not require a robust ROS response 

and editing is managed by the extant editing factors. During increased stress (Figure 5.8 

A, middle chloroplast), chloroplast function is disrupted, including RNA editing, and 

requires retrograde signaling to the nucleus to mitigate oxidative stress and recover 

homeostasis in RNA editing. In this model, oxylipins serve as the primary retrograde 

signaling factor, although other retrograde signaling factors may be involved. Under these 

circumstances, the nuclear expression of trans-acting editing factors are important as 

they are capable of supporting editing at many editing sites. In addition to site specific 

editing factors, e.g. PPPR1/LPA66 (Figure 5.8 A, 5.8 B), ePPR and PPR3 are expressed 

which together can complement the function of PPR1 (Figure 5.8 A, bottom 

chloroplast). In this model, ePPR is an e-type PPR that lacks a functional deaminase 

domain (Figure 1.1 A), where PPR3 is a PPR with a reduced RNA binding domain 

(Figure 1.1 A). Perhaps one or both pathways are involved in the RNA editing dysfunction 

response. Both ODPA and phytoprostanes can be synthesized to purity155,157, which 

should be tested alongside JA, which is commercially available, to test if PPRome 

responses can be modulated, since editsome formation appears to be dynamic34,35. In 

addition, the consequence of polar lipid acylation (Figure S-5.1) should be investigated 

further as head group acylation may serve as a storage for signaling precursors, 

subsequently released by phospholipase family enzymes158. 

  Researchers recently identified that disruption of DYW2, a DYW-type PPR with a 

degenerate RNA binding domain, affects editing at numerous E+ editing sites 34. This was 

an intriguing observation, since E+ PPRs lack the ability to edit their target sites because 

they do not possess a DYW domain. Instead, it was hypothesized at the time, that a 
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deaminase domain would need to be recruited in trans, to support editing and it appears 

DYW2 fits this role. These researchers demonstrated that DYW2, in complex with the E-

type PPR, CLB19, and an accessory protein, NUWA, interact with one another to form a 

complex. This prompted us to search for possible trans editing factors in our dataset. We 

identified 49 editing type PPRs in our dataset, of which 17 are targeted to the chloroplast. 

From this subset, 6 PLS type PPRs lacking a DYW domain were identified. According to 

the updated PPR Code129, AT4G18840 could identify a region upstream of the psbF cis-

element—the editing target of LPA66. Interestingly, DYW2 was also upregulated in our 

dataset, suggesting the possibility that AT4G18840 and DYW2 can support editing of 

psbF in the absence of LPA66 (Figure 5.8 B). However, we were unable to detect editing 

of psbF in our samples and have not tested this interaction directly. It is possible that 

there is a spatiotemporal window which we are unaware of, and it would be prudent in 

future studies to comprehensively assay editing activity in mutants where trans-editing is 

thought to occur, especially since differential editing has been observed, at least in a 

tissue-specific manner 159. Overall, we propose a model where, in cases of RNA editing 

dysfunction, ROS accumulation drives oxylipin production, triggering a potent retrograde 

signaling response that help ameliorate oxidative stress, but also drives PPRome 

response to support RNA editing in trans (Figure 5.8 A and 5.8 B). These results open 

a new avenue of research for the plant RNA editing field.  

 
Statement of contribution 
 This chapter is in preparation for publication. I generated all the plant materials for this study. I generated 
the data for this study.  I wrote the chapter with Dr. Michael Mulligan.   
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Chapter 6: Concluding Remarks and Future Directions 
 
Concluding Remarks 
 

RNA editing was discovered in plants in 1989, with the simple observation that 

mitochondrial messenger RNA sequences did not match the genomic sequence6. 

Instead, cytidines were converted to uridines in the mature transcript. This had important 

implications, as the nucleotide polymorphism led to a non-synonymous substitution, 

which corrected the polypeptide sequence so that it maintained protein sequence 

conservation among plants. For this reason, and because of the absence of a compelling 

example to the contrary, RNA editing in plants appears to be a genetic correction 

mechanism. It is possible that RNA editing has a regulatory role in protein diversity as 

seen in other RNA editing systems 115, since both edited and unedited translation 

products have been reported in plants 119,120. However, unedited translational products 

have not been reported to accumulate in mature complexes 1 and have no established 

role and function, a regulatory role for RNA editing remains a formal possibility.  

Nonetheless, substantial progress has been made in understanding RNA editing 

in plants since the 1980s. Researchers identified many instances of RNA editing in the 

mitochondria, culminating in the discovery of over 400 unique editing sites 124. RNA 

editing as a biochemical phenomenon of the mitochondria was later extended to 

chloroplasts 160. By the 2000s, researchers began searching for trans factors involved in 

the editing reaction. In 2005, the first RNA editing trans factor was identified 82. 

Chlororespiratory reduction 4 (CRR4) was a protein that contained numerous 

pentatricopeptide repeat domains. The structure and function details were unclear at that 

time, but its domains shared architecture with nearly 500 other genes in Arabidopsis of 
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the plant combinatorial and modular protein family, which would later be reclassified as 

the pentatricopeptide repeat protein (PPR) family 14. The PPR family has tremendous 

diversity in domain architecture (Figure 1.1), which initially made it difficult to understand 

how these genes were involved in editing. Approximately 60% (283 genes) of the PPRs 

were P-type and expected to be involved in RNA stabilization, while the remaining 40% 

(213 genes) were PLS-type and involved in RNA editing 17. For the remainder of the 

2000s and into the early 2010s, researchers had identified numerous PPRs involved in 

RNA editing with varying domain architecture 2,36, which began to refine our 

understanding of the role of PPRs in the editing reaction. It turned out that approximately 

40% (91 genes) of all editing type PPRs have motifs in the C-terminal domain that have 

key features in common with other cytidine deaminases 20,87—a highly conserved HXE 

motif bearing a catalytic glutamate residue, and a CXXC motif which is critical for divalent 

cation binding (X is any amino acid)20,88. These motifs are part of the active site of cytidine 

deaminases, which together participate in a proton shuttling mechanism that results in 

cytidine-to-uridine conversion88.  

I first set out to determine if the highly conserved regions of PPRs are critical for 

editing. Our experimental system consisted of transfer-DNA (T-DNA) insertional mutant 

Arabidopsis plants generated by the Salk Institute 161. We bred these plants to 

homozygosity, to generate a null homozygous mutant. Using a null mutant of a given 

PPR, we studied the function of the mutant gene by overexpressing the wild type or 

modified gene in the null plant with a Cauliflower Mosaic Virus 35S (CaMV 35S) promoter-

driven transgene system. With this system, we expressed wild type and variants of the 

wild type gene to determine domain function. In Chapter 3 we investigated the function  
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of chloroplast PPRs, while in Chapter 4 we focused on a mitochondrial PPR.  In Chapter 

3, we generated C-terminal truncations that helped us confirm that the DYW domain is 

Figure 6.1 Model for RNA Editing Reaction and Regulation Via Organelle Derived Retrograde Signals. (Right to 
Left) RNA editing requires several trans-acting proteins. These include PPO1 (pink), NUWA (navy blue), trans-
editing model only), and RIPs (red) are non-RNA binding proteins. Both NUWA and PPOI form interactions with 
RIP family proteins. RIP can form homodimers. PPRs (gray/pink/light blue), ORRMs (green) and OZs (orange) are 
RNA binding proteins. OZs and ORRMs interact with each other and with RNA. PPRs interact with RNA as well as 
non-RNA binding proteins NUWA and RIPs. In addition, PPRs and OZs can form homodimers. Two models for the 
RNA editing reaction are supported by the work in Chapter 3 and Chapter 4. The cis-editing model uses a PPR 
with an intact RNA binding domain and DYW deaminase domain in one protein. In the trans-editing model, an E/E+ 
type PPR without a deaminase domain (nPPR, n means N-terminus) interacts with a DYW-type PPR with a reduced 
DYW deaminase domain to edit together (cPPR, c means C-terminus, e.g MEF8). In each model, several non-PPR 
proteins are thought to function as a scaffold this model is supported by genetic, molecular and biochemical data. 
In Chapter 5, we demonstrated that during RNA editing dysfunction, reactive oxygen species accumulate. Over 
1,500 genes are differentially expressed in an editing mutant when compared to wild type plants using a stringent 
adjusted p-value of <0.001. Hundreds of these genes have been identified as genes involved in retrograde signaling 
and mitigating oxidative stress. In addition, 91 PPR genes are upregulated in the editing mutant, about 50% (49) 
which are considered editing type PPRs, of which 30 genes are thought to participate in trans-editing reactions. In 
Figure 5.8 B, we propose a pair of genes as being able to compensate for losses in the lpa66 mutant background 
under the trans-editing model, based off bioinformatics prediction of RNA binding and upregulation of a DYW2, a 
PPR with similar characteristics to MEF8 (Chapter 4). Lastly, in Chapter 5 we identified 79 oxylipins which are 
modulated in PPR mutant backgrounds  (i.e. dot4 and lpa66). These include Arabidopsides (AraE and AraG) as 
well as phytoprostanes, produced by enzyme-dependent and enzyme-independent (i.e. ROS) mechanisms, 
respectively. These lipid derived molecules are retrograde signaling molecules in their own right, but also serve as 
precursors for jasmonic acid, a potent retrograde signaling molecule. It is well known that Jasmonic acid interacts 
with COI1 in the cytoplasm, and releases a MYC2 transcription factor from JAZ1 repression. MYC2 translocates to 
the nucleus to alter gene expression in response to several stress responses. We hypothesize a similar mechanism 
may underpin organelle-to-nuclear (retrograde) signaling during RNA editing dysfunction. In response, the cell 
increases expression of trans-acting PPRs to support RNA editing.  

Nucleus

ROS SODs/APXs
Lipid Peroxidation

Phytoprostanes
AraE and AraG

RNA editing genes
ROS/stress genes

ePPR

cPPR1

trans-editing model

5’ 3’C

cPPR1

PPR1
5’ 3’C

cis-editing modelPPRs & other editing factors

PPR1 cPPR

Jasmonic 
Acid

COI1JAZ1

MYC2

MYC2

??

nPPR

cytoplasm chloroplast

?



	 90 

critical for RNA editing, in most cases. We followed up this observation in Chapter 3 and 

Chapter 4 by investigating the role of the highly conserved glutamate residue of the HXE 

motif and found that without it, plants could not participate in C-to-U conversion. In 

Chapter 3 we also found that in addition to the N-terminal RNA binding domain and the 

C-terminal DYW domain of PPRs, a highly conserved region which we referred to as the 

PG box, is critical for editing in all our tested cases. We propose that this domain is critical 

for trans factor protein-protein interactions (Figure 1.4, and summarized in Figure 6.1), 

although we were not able to test this hypothesis directly. However, this observation 

helped refine our experimental design for Chapter 4.  

I focused my investigation for Chapter 4 on a PPR with a markedly different domain 

architecture when compared to other PPRs—it had an unusually short N-terminal RNA 

binding domain. At the time, it was clear that the RNA binding domain of PPRs was critical 

for positioning the PPR in close proximity to the edited cytidine in the mature transcript 

2,162. We therefore hypothesized that our unusual PPR, Mitochondrial Editing Factor 8 

(MEF8), would have profound effects on editing in the mitochondria since it had reduced 

RNA binding capacity and might therefore edit many sites (Figure 6.1, cPPR). Of the 

hundreds of editing sites found in the mitochondria, over 10% (60 cytidines) were affected 

by loss-of-function MEF8 mutants, representing an unprecedented number of editing 

defects for a PPR. Simultaneously, two other labs discovered editing defects of many 

sites by DYW2 34,35, which shares a reduced N-terminal RNA binding domain with 

MEF8. In addition, a growing list of non-PPR RNA editing factors were being discovered 

at a rapid pace that also had effects on many sites 7 (Figure 1.5 and summarized in Figure 

6.1). My colleagues and I posited that the non-PPR factors being discovered in 
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combination with the panoply of PPR variants come together to form high-molecular 

editing complexes, with PPRs at the core of the complex and the other proteins serving 

as a scaffold 7,126 (Figure 1.5 and summarized in Figure 6.1) Borne out of these 

hypotheses, I became interested in understanding how such an enigmatic process would 

be regulated.  

RNA editing in plants is restricted to the chloroplast and mitochondria. It is 

therefore not surprising that a majority of the transcripts affected by RNA editing occur in 

genes associated with the electron transport chain (ETC) of each organelle 5 (Table 5.1). 

I suspected that during RNA editing dysfunction, reactive oxygen species (ROS) would 

be produced, as a consequence of unedited transcript accumulation and non-

synonymous amino acid substitutions present in the translational products. Several 

scenarios are possible: either the unedited translation product accumulates in mature 

complexes, the mutant translation product is recognized and degraded by organelle 

machinery, or failure to assemble unedited translation products could cause depletion of 

core complexes. Previous reports suggest that unedited translation products accumulate 

119,120, but they have not been found in mature complexes 163, therefore suggesting that 

ETC would be negatively impacted by the absence of an entire protein and lead to ROS 

accumulation. I speculated that the cell co-opts the intimate association between ETC 

flow and ROS accumulation to regulate RNA editing reactions. For example, several 

organelle lipid-derived signaling molecules are produced during oxidative stress by 

enzyme-dependent and ROS-dependent mechanisms. I hypothesized that similar 

molecules may be produced during RNA editing dysfunction. Indeed, I found ROS 

accumulation occurs during RNA editing dysfunction, as well as the accumulation of 
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several lipid-derived signaling molecules (Chapter 5). In addition, we observed large 

numbers of differentially expressed genes, many of which are involved in mitigating 

oxidative stress, as well as a large number of RNA editing factors. I suspect the cell may 

use these and other retrograde signaling molecules to communicate RNA editing 

dysfunction to the nucleus as a way to recruit additional editing factors and ultimately 

prevent incorrect messages from being produced. This work was the focus of Chapter 5 

and, while it is mostly descriptive, it lays the foundation for investigating nuclear regulation 

of organelle function as it pertains to RNA editing (Figure 6.1). 

 

Future Directions: Characterization of the DYW Deaminase Domain, Regulation of 
RNA Editing, and cis/trans-Network Interactions 
 

The work I present in Chapter 3 and Chapter 4 provide strong support for the DYW 

deaminase domain of PPRs being responsible for C-to-U catalysis. Our lab and others 

have published these observations with similar results, suggesting the highly conserved 

features of the DYW deaminase domain are indeed critical for editing 22–24,77. However, 

some researchers remain skeptical, since a large number of proteins are involved and 

the requirement for the DYW deaminase has not been demonstrated with an in vitro 

biochemical reaction 89. This criticism is not lost on us, and several attempts have been 

made by our lab and others to create an in vitro editing system, although to no avail. 

Researchers have performed in vitro editing in undefined systems of mitochondria or 

chloroplast extracts using synthetic RNA substrates 101,164,165. Not only is editing 

dependent on the addition of cofactors 76,101,164, but it appears it may involve several trans-

acting factors whose stoichiometries remain unknown 7,128 and it is possible additional 
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factors have yet to be discovered. This would explain why attempts to recreate the plant 

editing reaction in vitro have failed—there are too many factors in unknown quantities. 

Attempts to define complex members have been indirect using genetic strategies 

as we and others have done in Chapter 3 and Chapter 4, or qualitative using bait-based 

mass spectrometry techniques 126. Still, other methods are available to delineate protein 

stoichiometries to better inform these in vitro reactions in the future. These include 

cryogenic electron microscopy (cryo-EM), cross-linking mass spectrometry (CX-

MS)166,167 and MS of intact multiprotein complexes (native MS)168 . These strategies in 

combination were successful in elucidating the composition of the 2.5 MDa 26S 

proteasome 169, which is similar in size to the expected range of RNA editing complexes 

(~0.8-5Mda). It addition, the 26S proteasome is heterogeneous in its structural 

composition, which includes up to 25 different subunits in its regulatory particle169, 

suggesting the composition of multitudinous PPR editing complexes can be resolved by 

the same strategy. These biochemical techniques in parallel with two-hybrid studies, pull 

downs, comparative modeling, and bioinformatics were critical for determining the 

structure of the 26S proteasome. Researchers in our community could benefit from using 

the same pipeline simultaneously and collaboratively, instead of in isolation as has been 

done up to this point 11–13,35,38,39,41–43,43,44,126,127,170–172,172,173. Lastly, using a tagging 

strategy may help identify stable and transient interaction partners. One promising 

strategy is the biotin ligase ID (BioID) technique developed in mammalian cells 174,175. 

Briefly, chimeras of PPR-BioID can be developed and expressed as transient or stable 

products, in a constitutive or inducible manner. With this technique, a PPR targeted to the 

mitochondria or chloroplast, and in the presence of native biotin, will biotinylate proteins 
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in close proximity, which can be subsequently resolved using streptavidin-tagged beads, 

2D gel electrophoresis, and mass spectrometry. This strategy has the advantage of not 

employing the specialized proteomic techniques mentioned previously, that may only be 

available at certain institutions.  

In Chapter 3, we also determined that a highly conserved region between the N-

terminal RNA binding domain and C-terminal DYW domain was critical for editing. We 

referred to this region as the PG box21,23. We speculated this region is critical for RNA 

editing, since C-terminal truncations of the DYW domain do not always result in loss of 

editing (Figure 3.2 C). By removing the PG box, we eliminated editing in each of our test 

cases (Figure 3.2). The importance of the PG box in protein-protein interactions was later 

substantiated by other researchers who were interested in studying the role of the E/E+ 

domain (Figure 1.1)—the PG-box is a small region of the somewhat conserved larger 

E/E+ domain. It was discovered the E/E+ domain is critical for PPR-RIP/MORF 

interactions 171. Still, whether PPRs interact with RNA as monomers or multimers needs 

to be clarified. Recently, crystal structures of PPRs have revealed they may interact as 

homodimers 12,13, whereas the solution state structure and designer-PPR structures are 

monomeric 114,170. Either way, it appears RIP/MORF interactions with E/E+ domains of 

PPRs are critical for multimer formation as well as enhancing RNA binding 173. It will be 

important to identify critical residues in the E/E+ that confer protein-protein interactions, 

which will allow us to detangle the complex interaction network that lies ahead. Our lab 

and others have narrowed down the region to focus on with the PG box 23,24. Now, it is 

just a matter of performing scanning alanine mutagenesis on the highly conserved 

residues to nail down the most critical amino acids that support trans interactions. 
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 In Chapter 4, we discovered that MEF8 affects editing at many sites. Since MEF8 

has a reduced RNA binding domain, we speculated that it must interact with other PPRs, 

most likely of the E/E+ type, which lack a deaminase. Support for this hypothesis was 

published simultaneously with our discovery in which a PPR with a reduced RNA binding 

domain was involved in editing many sites and interacting with E/E+ type PPR 34,35. 

These observations provide support for the trans editing model; however, it will be 

important to identify interaction partners for MEF8. This will be challenging, since E/E+ 

type PPRs have not been identified for the sites that MEF8 affects. Researchers will need 

to continue characterizing mitochondrial and chloroplast PPRs to uncover the complex 

network of RNA editing factors.  

 The accepted dogma in the plant RNA editing is that it functions as a genetic 

correction mechanism. It is still possible, however, that it acts as a regulatory mechanism, 

since partially edited sites have been observed in the mitochondria. In addition, we saw 

evidence of increased editing in the absence of MEF8 at several sites, suggesting some 

compensatory regulation (Figure 4.4).  Also, as previously mentioned, unedited 

translation products have been observed in ribosomal fractions119,120. To address the 

possibility that RNA editing is regulatory, researchers will have to analyze proteomes of 

the chloroplast and mitochondria, and selectively enrich fractions that are abundant 

unedited translation products. Fortunately, it is possible to raise antibodies that can 

distinguish between edited and unedited translation products 119,120. By combining 

previously discussed CX-MS with antibody-based enrichment176, one could selectively 

enrich an unedited translation product and determine if it accumulates in mature 
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complexes. This strategy would help resolve the speculation into a possible regulatory 

role for RNA editing in plants.  

  In Chapter 5, we demonstrated that lpa66 mutants accumulate higher levels of 

H2O2 and superoxide anion in comparison to wild type Col-0 plants, as measured by 

reactivity with H2DCFDA and nitroblue tetrazolium dye, respectively. ROS accumulation 

has been reported in other PPR studies 62–69, yet these investigations mostly focus on 

whole plant physiological responses, and not how ABA influences RNA editing in the 

cases where editing PPRs were studied 62,65,67,69. In this study, we assayed a subset of 

ROS-responsive genes 46, and demonstrate that they were upregulated in comparison to 

wild type. In addition, we employed RNAseq to provide a transcriptome snapshot of RNA 

editing dysfunction, which revealed a substantial ROS response of 66 ROS network 

genes as described by Willems et al, 2016 (Figure 5.3 C). It is possible that some 

previously identified ROS-responsive genes were missed in our comparison. However, 

using Willems et al.47 dataset as a reference for comparison was a prudent approach, 

considering they systematically culled data from 79 redox homeostasis perturbation 

microarray studies and identified a reproducible core set of ROS responsive genes to use 

as a reference.  

 Despite having a robust ROS network response, we did not suspect that ROS 

signaling was the primary or only mechanism for retrograde control of RNA editing 

dysfunction, primarily due to the transient nature of ROS48. Instead, we suspected ROS 

reacts with other molecules, such as proteins and lipids, which subsequently drives the 

retrograde signaling response. We reasoned that these would primarily be lipid-derived, 

given that most RNA editing targets are membrane-associated proteins in electron 
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transport, and disruption of a number of these complexes would exacerbate ROS 

production (Table 5.1). We found that unsaturation was a general trend inside and outside 

of the chloroplast (Figure 5.5). We also identified 79 significantly modulated oxylipins 

(Figure 5.7 A). From this dataset, we identified Arabidopside A and G, as well as two 

putative phytoprostanes, all which are signaling molecules, and the former which contain 

OPDA moieties, that can serve as precursors for the potent stress response hormone, 

jasmonic acid (JA) 146. In addition to the ROS responsive genes we observed, there was 

also a robust retrograde signaling network response of 183 genes. In future studies, it will 

be important to delineate the relationship between the production of these potent lipid-

derived signaling molecules and the robust retrograde signaling response. It will also be 

important to determine if the Arabidopside-OPDA sink we observed is consequential for 

JA signaling, or a JA-independent OPDA driven signaling response 146. Lastly, it will be 

interesting to determine the functional consequence of the putative phytoprostanes 

produced in our dataset. Production of putative phytoprostanes confirms that there is 

ROS production in the chloroplast, since phytoprostanes are produced by a non-

enzymatic, free radical-catalyzed pathway155, unlike Arabidopsides. Furthermore, it will 

be important to analyze several mutants from Arabidopsis as well as editing mutants in 

other land plants to see if this relationship is evolutionary conserved. Since Arabidopsides 

are only found in Arabidopsis, it will be interesting to see if free OPDA and/or 

phytoprostanes levels are high in editing mutants since it is known that OPDA can serve 

as a signaling molecule, and enzymes involved in the synthesis of jasmonic acid from 

OPDA are found from algae up through higher land plants155,156. Perhaps one or both 

pathways are involved in the RNA editing dysfunction response. Both ODPA and 
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phytoprostanes can be synthesized to purity155,157, which should be tested alongside JA, 

which is commercially available, to test if PPRome responses can be modulated, since 

editsome formation has been now been confirmed and appears to be dynamic34,35. In 

addition, the consequence of polar lipid acylation (Figure S-5.1) should be further 

investigated, as head group acylation may serve as a storage for signaling precursors, 

subsequently released by phospholipase family enzymes158. 

 Researchers recently identified that disruption of DYW2, a DYW-type PPR with a 

degenerate RNA binding domain, affects editing at numerous E/E+ editing sites 34. This 

was an intriguing observation, since E+ PPRs lack the ability to edit their target sites since 

they do not possess a DYW domain. Instead, it was hypothesized at the time that a 

deaminase domain would need to be recruited in trans to support editing, and it appears 

DYW2 fits this role. These researchers demonstrated that DYW2, in complex with the E-

type PPR, CLB19, and an accessory protein, NUWA, interact with one another to form a 

complex. This prompted us to search for possible trans editing factors in our dataset. We 

identified 49 editing type PPRs in our dataset, of which 17 are targeted to the chloroplast. 

From this subset, 6 PLS type PPRs lacking a DYW domain were identified. According to 

the updated PPR Code129, AT4G18840 could identify a region upstream of the psbF cis-

element—the editing target of LPA66. Interestingly, DYW2 was also upregulated in our 

dataset, suggesting the possibility that AT4G18840 and DYW2 can support editing of 

psbF, in the absence of LPA66 (Figure 5.8 B). However, we were unable to detect editing 

of psbF in our samples and have not tested this interaction directly. It is possible that 

there is a spatiotemporal window which we are unaware of, and it would be prudent in 

future studies to comprehensively assay editing activity in mutants where trans editing is 
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thought to occur, especially since differential editing has been observed, at least in a 

tissue-specific manner 159. Overall, we propose a model where in cases of RNA editing 

dysfunction, ROS accumulation drives oxylipin production, triggering a potent retrograde 

signaling that help ameliorate oxidative stress, but also drives PPRome response to 

support RNA editing in trans (Figure 5.8 A, 5.8 B, and summarized in Figure 6.1) 

.  
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Appendix 
 
Supplemental Figures and Tables 
 

 
Figure S-4.1. MEF8 Expression in the material used in this study. (a) Schematic 
representation of MEF8 with its different domains: the predicted mitochondrial transit 
peptide (TP), the different types of repeats, L, S, and P, the C terminus domains, E, E+, 
and DYW. The location of the T-DNA insertion is indicated by a triangle and the primers 
used for the qRT-PCR are represented by arrows encompassing the T-DNA insertion. 
(b) MEF8 expression measured by qRT-PCR. Two biological samples were measured 
per genotype, and three technical replicates were assayed per biological sample. 
Values represent mean ± SD. 
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Figure S-4.2. Percentage of affected edited sites/transcript in the mef8 T-DNA 
insertional mutant. (a) Percentage of sites affected by MEF8 mutation on each 
transcript. Each bar represents a transcript color-coded according to the complex to 
which it belongs. (b) Percentage of sites experiencing reduced editing extents by MEF8 
mutation on each transcript. (c) Percentage of sites showing increased editing efficiency 
on each transcript as a result of mef8 mutations. The percentage is also given for the 
complex to which the transcripts belong, complex V, cytochrome C biogenesis, complex 
IV, complex I, and ribosomal proteins. 
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Figure S-4.3. MEF8 mutation changes the editing extent of three plastid sites. The 
editing extent of accDC1568 and rpoC1C488 is significantly reduced in the mef8 
mutant, while the editing extent of ndhDC2 is significantly increased. Values represent 
mean ± SD. 

 
Figure S-4.4. A mutated MEF8 (HXA) is able to partially complement all the defective 
editing sites on the matR transcript. Editing extents of the sites found on the matR 
transcript are given for the wild-type (WT), the mef8 mutant, and the HXA transgenic 
plants. HXA plants were obtained by transforming the mef8 mutant with a mutated 
version of MEF8 in which the putatively catalytic glutamate of the HXE motif is replaced 
by HXA. Values represent mean ± SD. 
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Figure S-4.5. Number of edited sites/transcript that show a decrease of editing extent in 
at least one of the HXA transgenic plants. Overexpressing a mutated MEF8 (HXA) 
results in the occurrence of sites whose editing extent is significantly decreased 
compared to the mef8 mutant. For each transcript the number of these sites is split 
between the sites that were showing a significant increase of editing extent in the mef8 
mutant vs. wild-type (blue) and the sites that did not show a significant difference of 
editing extent between the mef8 mutant and the wild-type, invariant (orange). The 
number is also given for the complex to which the transcripts belong, complex V, 
cytochrome C biogenesis, complex IV, complex I, and ribosomal proteins. 
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Figure S-4.6. Mitochondrial gene expression measurement shows a general increase of 
steady state level of transcripts in both the mef8 mutant and the transgenic plant (HXA) 
relative to the wild-type (WT). (a–g). Each mitochondrial gene expression was 
measured by qRT-PCR assay using two different primer pairs represented in red and 
blue. Two biological samples were measured per genotype, and three technical 
replicates were assayed per biological sample. Values represent mean ± SD.  
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Table S-4.1 Number of reads at each editing site (gene-position for each library 
(genotype). X_n_C: number of unedited reads, X_n_T: number of edited reads, X_n_Tfr 
(editing extent): X_n_T/ (X_n_C+ X_n_T). The values of the reads for WT (wild-type), 
mef8, and HXA are obtained by pooling the values of each replicate.  
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Table S-4.1 Continued  
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Table S-4.1 Continued  
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 Table S-4.2. Editing extent of the mitochondrial sites exhibiting a significant decrease 
of editing extent in the mef8 mutant.   
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Table S-4.3. Editing extent of the mitochondrial sites exhibiting a significant increase of 
editing extent in the mef8 mutant.  
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Table S-4.4 Editing extent of the mitochondrial sites exhibiting a significant decrease of 
editing extent in at least one of the HXA transgenic plant.   
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Table S-4.5 Editing extent of the mitochondrial sites exhibiting a significant increase of 
editing extent in at least one of the HXA transgenic plant 
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Table S-4.6. List of primers used in this study. 
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Figure S-5.1. Percent total signal of acylated galactosyldiacylglycerols.  
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Figure S-5.2 Concentration and percent to total signal of mitochondria-derived 
cardiolipins.  
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