TRANSACTING FACTORS ESSENTIAL FOR PLANT
ORGANELLE RNA EDITING

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
In Partial Fulfillment of the Requirements for the Degree of

Doctor ofPhilosophy

by
Tao Sun

August 2014



© 2014 Tao Sun



TRANS-ACTING FACTORS ESSENTIAL FOR PLANT ORGANELLE
RNA EDITING
TAO SUN, Ph.D.
Cornell University 2014

In higher plants, RNA editing is a1-U conversion that corrects chloroplast and
mitochondrial transcripttat are otherwise defective. Although plant RNA editing has
been known for over two decades, the molecular mechanism is poorly understood.
Until recently, all the knowtrans-actingfactors were members of the
Pentatricopeptide Repeat (PPR) protein fapmlyich serve as recognition factors via
specific interaction witltis-elements upstreawnf the C targets. An additional editing
factor, RIP1, was identified by agieomics study. RIP1 is a dtt@rgeted protein that
selectively interacts with PPR editingctors and affects 14 editing events in
chloroplasts and over 400 editing events in mitochondria. RIP1 belongs to a small
protein family, 5memberof which were later shown to be major editing factors.
Homology searching with the RIP protein led to thecdvery of ORRML1, a hybrid
protein which possesses a Rilke domain at its N terminus and an RNA Recognition
Motif (RRM) domain at its C terminus. Loss of ORRML results in editing defects in
multiple plastid sites. A transient complementation assay itedi¢hat the editing
activity of ORRM1 is carried by the RRM, which places it in a different family than
RIP proteins. Additional members of the ORRM1 family might be wealin plant
RNA editing.A plastidtargetedproteinimmundaorecipitated with dunctional epitope

tagged ORRM1Lossof this proteinleads to editing defects at many plastid sites,



most of which are also controlled by ORRMHomology searches witthis plastid
proteinidentified several relateg@roteins which are all organeltargeted. The
function of thisnewfamily still needs further investigation. So faour types of
trans-acting factors have beereigtified for plant organelle RNA editing, which

reveals an unexpected complexity of the editing machinery.
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Chapter 1

Introduction

First discovered ifrypanosomérucei(1), RNA editing is known to be a
common RNA processing step in various species fromegtosplants and animals
(21 6). Two major forms of RNA editing have been observed: insertion/deletion
editing and nucleotide conversion editing. Trypanosome mitochondreagmd
insertion/deletion editing, in which negzenomically encoded uridines are either
inserted into or deleted from the transcrififs RNA editing is essential for
trypanosome mitochondrial genome expression since massive editing creates
functional codiig sequencethatotherwisewould have beedefective. Guide RNAs
are required to specify editing patterns and the reaction is catalyzed by the RNA
editing core complek7). Nucleotide conversion editing, on the other hand, does
involve alteration oftie RNA backbone$ut rather nucleotide modificatiotisat are
usually catalyzed by a deamination acti\{y 8). Two wellstudied examples are C
to-U editing of ApolipoproteinB (apaB) and Ato-I editing in humansUneditedapdB
is translated into proie APOB100 in liver while editing cipdB creates a premature
UAA stop codon, giving rise to a smaller protein isoform APOB48 in small intestine.
Human Gto-U editing requires the deaminase Apolipopro8imRNA-editing
enzymel (APOBEC1) and a cofactor ABBEC1-Complementatioifactor (ACF)
which binds to the 306 rbldyRecenflyasothgqeuence of
factorcalledRNA-Binding-Motif-proteind7 (RBM47) was shown to be required for

this process and it can substitie ACF in the editing omplex(11). A-to-1 editing is



catalyzed by Adenosineeaminase#cting on RNA (ADARS). Inosines created by
editing are recognized as Guaninetihgtranslation machinery. Ao-1 editing in the
nervous system affects many mRNAs that encode neurologiogilyriant membrane
channels and receptdiB2i 14). An explosionn the numbepf editing sites has been
reported recently, implicating a more general role 4bA editing in regulating gene
expressior(15).

RNA editing inhigher plants i& Gto-U typeconversionwhich only occurs in
plastids and mitochondr{@6). Typical land plant plastids have around 30 edited Cs
while mitochondria have over 50@ueto thesensitive next generati@equencing
technique37 plastid and19 mitochondrial editing sitehave beeidentified inthe
model plantArabidopsis thaliangd17). Although the editing enzyme remains elusive,
plant RNA editing idelievedto be deamination or transaminati@d®).

With amajority of editing events resulting in n@ynonymous substitions,
RNA editing restores a codon focanserved amino acid or createstart codon or a
stop codonHowever,unlike Gto-U editing in humans, no evidence supptits
hypothesighat plant RNA editing contributes thversification of functional orgaaile
proteins. So it is believed that the purpose of plant RNA editing is to correct defective
transcripts at the RNA level.

Loss of editing can be deleterious for ptait9, 20) while off-target editing
could theoreticallyntroduce undesirable mutatis. The proper C target is selected by
a sophisticated combination cis-elemens andtrans-factors.Editing cis-elemens are
short RNA sequensadjacent to the C target. Bathvivoandin vitro studies have
mappecdediting cis-elementsisuallyto between @ nucleotidesipstream and a few

nucleotides downstreaof the target G211 24). All known trans-factors arenuclear
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encoded protein@5, 26) The first identified editing factpChlororespiratory

Reduction 4 (CRR4was found through a genetic seneof mutagenized Arabidopsis
based onmNADH dehydrogenasghenotype. CRR4 encodes a Pentapégdide

Repeat (PPR)rotein, loss of which disrupts editing at one particular site of the
chloroplastndhDtranscript(27). This breakthrough was followed bymerous

reports of other PPR proteins playing a role in RNA editing. So far, approximately 20
plastid PPR proteins and 10 mitochondrial PPR proteins have been established as

editing factors.

Pentatricopeptide Repeat proteins

PPR proteis carryPPR maotis, which aredegenerate ~35 amino agdquence
present as repeailhe Arabidopsis genome encodés8 PPR proteins, making it one
of the largest protein families in pla{8, 29) PPR proteins act as site recognition
factors for editing via the interamn betweernthe PPR tract and the editiras-element
(30, 31) Depending on the similarity acrosis-elements, one PPR protein can
recognize one to sever@k-elements, thus specifying 1 to several editing events. Loss
of a PPR editing factor can resur loss of editing for these particular sites. Recently,
botha code for PPRRNA recognition and the crystal structure of a PPR prptein
PPR10Qhave been reportg82i 35). They agreed with each ottierthat the & amino
acid in one PPR motif and th& amino acid in the next motif recognize one specific
nucleotide on the RNA&is-element. In addition, the binding region is always four
nucleotides upstreaof the targetC, implicating the presence of a molecular ruler for
editing. Theidentificationof the code is expected to bring abauevolutionary

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

screening.

The PPR Protein Family

2 F ==
2 B B =200

Figure 1.1.Schematic diagam of PPR protein family. Blocks represent PPR motifs.
Color variation indicates various lengths of PPR motif-io-B class. E and DYW
domains are indicated by arro(&8).

PLS-Class

Based on the length ¢tie PPR motif andhe presence of @erminal domains,
PPRproteins are divided into two subclas$®slass and{R-S class (Figure 1.1).
While P class proteins have canonical 35aa repedtsS Pproteins have variable
length motifs and always contaamadditional C terminal domain. All identified
editing PPR prteins belong to the-B-S classwhich possesthe E domain and
sometimes DYW domain.

The function of Gterminal domainswhich exist in all editing PPR proteiris
largely unknownThe E domain has been shown to be essential to editing, disruption
of which affectsediting (36). Recently, the essential region for this domain has been
further mapped to a 1&mino acid region designatdte PG region(37). Although
both organelles employ PPR proteins as editing factors, the E domains across

organells are not well conserved and in some camesnotexchangabl€38).



TheDYW domain shares sequence similarity with canorggatline
deaminases, thus is considered as the best candid#te édiiting enzyme. Indeed,
expansion othe DYW domainin the PPRfamily is tightly correlated with emergence
of new RNA editing site§39). GiventhathePPR t r act bi nd®net o
edting evend one PPR protein m owadspadstulatedanalogous téthehuman Cto-

U editosomewhich contains an RNA binding famtand a catalytic factor. However
this model was challenged by several observatibneDYW domain has been shown
to have endoribonuclease activityvitro instead of deaminase activiig0). Not alll
editing PPR proteins have a DYW domain. More sunpgisi, deletion otheDYW
domain from CRR22 and CRR28 doex affect their function in RNA editing41).
Apparently, a more sophisticated machinery is involved in plant RNA editing. One
possibility is thathe DYW domain can be supplied transby anothe PPR protein.
Discovery of a truncateBPR protein named YW1 strengthened this theo(%2).
BothDYW1 and a PPR recognition factor CRR4equired fondhD-2 editing

While CRR4 contains an E domain, DYWL1 lacks PPR motifs and possedgas
partial Edomain and a DYW domain. CRR4 interacts with DYW)lantaand a
CRR4DYW?1 hybrid protein complementscrr4/dywldouble mutant. This discovery
demonstrates th& YW can be provideth transif it is missing from thecis-element
binding PPR protein. It ab raises the questiovhetherthis is a common scenario for
organelle editing. AtECB2 and RARE1 have both been reported to affelot794
editing (43, 44) However, according to the PHRNA recognition code, only RARE1
is thebona fiderecognition factofor this particular sit€45). It will be of interest to
examinewhetheAtECB?2 is actually a DYW donor instead. However, the donor is

expected to be less specjfggven that very few PPR proteins have been shown to

5
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control the same editing events. letfavith the first PPR protein providing
specificity, the second PPR protein could potentially be any B¥Mtaining partner.
Anotherpiece ofevidence supportinthe DYW motif as the deainase comes from a
biochemicaliscovery. Recombinant DYW1 and Elptoteins bind two zinc ions
(37), as is expected for cytidine deamira@E). One of the zinc ions is sitting in the
active centethat isshared by most cytidine deaminasebichis coordinated in a
tetrahedral configuration by a histidine or cystaesidue ((H/C)XE) and two
cysteine residues (CXXCThe bnding site of the other zinc ion is still unknown.
Incorporation of zinc ions intthe DYW domain implieghat theDYW motif may be

the catalytic factqralthough more direct evidence is needed.

RIP/MORF protein family

The complexity othe plant editing mechanism was further derswated by
several biochemicaxperiments. RARE1 (Required fAccDRNA Editing 1) is a
PPR protein that specifies editing of chloropkstD-794 (43). While RAREL from
which the transit sequence has been removed is around @&k exclusion
chromatography assay showed that it is in a complex 200kD to 48Gkie(47).
Similarly, whenamaize chloroplast extract was fractionated by size exclusion
chromatography, &ctions corresponding to 200kD~400kD had editing activity for
rpoB-467 substrate in am vitro editing assayGharles Bullerwellunpublished).
These observations provideidence that plant organelle RNA editing is carried out
by a proteincomplexi ed s o meo r at her than a single PPF

The first discovered neRPR components of the editosome are RIP/MORF

proteins(47, 48) RNA editing factor Interacting Protein 1 (RIP1) was found by a

6



proteomics study o RARE1 co-immunoprecipitag, while Multiple Organeller RNA
editing Factorl (MORF1) was found through an EMS mutant screening for
mitochondrial editing defects. RIP1 and MORF1 belong to the same favhilgh has

10 family members in Arabidopsis. All family members are predicted to be organelle
targeted, except for RIP10 which is likely to be a pseudogene.

The first member of thRIP family was identified a®AG (Differentiation and
Greening) from a transposon mutanfintirrhinum majug49). The unstable
mutagenized plants have white leaves wabertant green sectors. Chloroplasts in the
white sectors are defectii@AG encodes a plastid targeted protein which is required
for the chloroplastpoB expression. SimilarlyRIP2was characterized &AL (DAG-
like) in other reports as welb0, 51) Mutation of RIP2resuts in analbino phenotype
and arole in rRNA processing was implicatéB).

Strikingly, loss of one single RIP/MORF protein ledol defective editing at a
massive scale, different from any PPR editing fagtehich only control oe to
several editing eventénalysis of aRIP1knock-down mutanby next generation
sequencing of RIPCR productshowed editing defects at over 400 mitochondria sites
and 11 chloroplast sites, among which over 200 mitochondrial sites have a major loss
of editing. In chloroplagt almost every editing event is affected by mutatioR Iéf2
or RIP9 indicating both proteins are very important components of the plastid
editosome. Another remarkable difference between PPR $actdrRIP/MORF
factorsis thatediting at particular sites is generally completely lost in PPR mutants
while editing defects caused by RIP/MORF mutation vary from complete disruption to
mild reduction. Teexamine the editing dfundreds of sites, a Strand and Transcript

Specific PCR sg (STSSeq) methodhattakesadvantage of next generation
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sequencing technology was invented and shown to be pov@rnalysis of large

numbersof editing siteg17). In summary, RIP1 is the major mitochondrial editing

factor while RIP3 and RIP8 areaaerately important factors for mitochondria. In

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

members othe RIP/MORF family only mildly affectvery small portion of editing

sites, suggesting they might not haveradirole in RNA editing.

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

RIP/MORF

Nomenclature

Accession
number

Predicted
Localization

Mutant phenotype

Role in editing

RIP1/MORF8 At3g15000 plastids+ Knock-down dwarf; Major mitochondria editing Cobalt binding
mitochondria MNull mutant probably  factor; minor plastid editing protein
lethal factor
RIPZ/MORF2 At2g33430 plastids Yellow seedling Major plastid editing factor First known as DAL,
in rRNA processing
RIP3/MORF3 At3g06790 mitochondria Slightly delayed Moderate mitochondria
development editing factor
RIP4/MORF4 At5g44780 mitochondria No macroscopic Minor effecton
defect mitochondrial editing, may
be indirect
RIP5/MORF5 Atlg32580 mitochondria No macroscopic Minor effecton
defect mitochondrial editing, may
be indirect
RIP6/MORF& At2g35240 mitochondria No macroscopic Minor effect on
defect mitochondrial editing, may
be indirect
RIP7/MORF7 At1g72530 mitochondria No macroscopic Minor effect on
defect mitochondrial editing, may
be indirect
RIP8/MORF1 Atdg20020 mitochondria Null mutant lethal Moderate mitochondria
editing factor
RIP9/MORF3 Atlg11430 plastids Green cotyledon Major plastid editing factor Interacts with RIP6
white true leaves
Veriagation
RIP10/MORF10 At1g53260 N/A no Possibly pesudogene

RIP/MORFproteinscan promiscuously interact with PPR editing factors,

which may reflect how these proteins interaceditosomesThe PPR motifs of


http://interactome.dfci.harvard.edu/

RARE1, but not the E domain or DYW domamediateste interaction with RIP1. In
fact, only a few PPR motifs from the N terminus are sufficient for this interaction
(Chapter 2)However, it is not known yet whether this holds true for all #RPR
interactions. Another intriguing feature of RIP proteindat they can form
homodimes or heterodimes, which might explain some genetic interactions between
RIP genes. For instance, both RIP2 and RIP9 can form homaiimgzast and
interact with each other as well. Almost every plastid editing site is affedien
RIP2 or RIP9 is mutated. AidhD-2, mutation of either RIP2 or RIP9 leadsattotal
disruption of editing. It is possible a RIP2/RIP9 heterodimer is required for this
particular editing event. On the other hapetL-5 editing is lost intherip9 mutant
while intherip2 mutant 65% editingof petL-5 remains One explanation is that RIP9
is an essential component tbe petL-5 editosome and both RIP2/RIP9 heterodimer
and RIP9/RIP9 homodimer are functidgatompetentbut the heterodimer is
prefered. Howeverwhy and how RIP protegare distributedcross different
editosomes isot yet understoad

Although no known domain is found withRIP/MORF proteis, a motif
scanning prediction showed that themntain motifs of unknown function. In addm
to the conserved N termini, some RIP proteins have extended C termini. RIP1 has a
150 amino acid prolinech region at the C terminughile RIP8 has a glycineand
prolinerich region. The unique C terminus is not required for RIP1 interaction with
RAREL (47). So far it is not known whether the unique C termini in RIP proteins are

necessary for editing.



ORRM family

Organelle RNA Recognition Motif protein 1 (ORRM1), anlmutof the RIP
family was found through homology search. Compared to otiedBmain
containing proteins, ORRML1 is strikingly different. It possesses two duplicated but
truncated RIP domains ongl terminus, and an RNA Recognition Motif (RRM)
near its C terminus. Targeted to plastids, ORRML is an essential factor for most
plasid editing event$52). An Arabidopsis null mutant @dRRM1has major loss of
editing at 12 sites and various defects of editing at 9 other sites. Surprisingly, this
particular mutant doasot exhibita macroscopic phenotype under greenhouse growth
conditions. This is largely explained by the fact that most affected editing sites reside
within the transcripts encoding subunitsioé NADH DehydrogenaseNDH)
complex. A plant withoutheNDH complexhas normal appearanaader regular
conditions. In an orttlogous mutant in maize, loss©RRM1lleads to a more severe
phenotype-pale green leaves drseedling lethality52). Different Cs areselected for
editingin maize chloroplasts than in Arabidopsis chloroplastshoughthe function
of ORRM1is highlyconserved in two speciesaize ORRM1 affects editing of some
sites which are only editable in maiZéhe severe defect in maiberm1is likely
caused by defective editid maize C targets that are important for the function of
the affected maize preins

Although first identified through the RIRIP domain, ORRM1 was shown to
carry its editing activity at its RRM motif. In a transient protoplast complementation
assaythe RRM motif alone rather than th&IP-RIP portion, was able to rescue the
mutanb s e di t (58).dgrhigluaekpeated sesult placed ORRML1 in a different

category of editing factor family from RIP proteims fact, involvement of RRIin
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RNA editing is nounprecedentedn humans, the APOBEC1 Complementation
Factor (ACF) containthree RNA Recognition motifs that bind tapoBmooring
sequence during the-16-U editing(9, 10) In plans, RRM-containing protein CP31
has also been implicated in plastid RNA editing. Immunodepletion of CP31 inhibited
psbLandndhBin vitro editing (53), and null mutants also showed plastititiag

defects at multiple sitg®4). However, a direct role of CP31 in editing is questioned.
First, editing everst aresite-specific, but defects iop3lare transcriptiependent.
Second, none of the sites coetply loses editing iop31(54). Third, plastid

transcript abundance is greatly reducedp1, and CP31 was later shown to be an
RNA stability factor(55). Thusthe editing defect seen ap31lis likely to be a
secondary effect due to transcript inslipi Conversely, no obvious change of
transcript abundance was observethgorrm1 mutant. In addition, the editing sites
ORRML1 controls are ndtanscriptspecific. For exampledeing of ndhB-467is
disrupted inrorrm1 butndhB14810n the same trangpt is not affected. On the
contrary, editing sites recognized by the same PPR factor are similarly affected in
orrml. For instance, two sites recognized by CRR2BB467andndhD-878are

both affected byrrm1, while none of the three sites recognizgdOTP84(ndhF~290,
ndhB-1481, psbZ50) is affected imrrm1l. ThusORRML is believed to play a direct
role in plastid editing52).

Throughthe RIP-RIP domain, ORRML1 selectively interacts with PPR editing
factors.The RRM increases binding affinity withree@ PPR proteins but RRM alone
is not sufficient for the interactiaf®2). It is not yet knowrhow the RRM motif
without the RIP-RIP regionis fully competent focomplementation oéditingin an

orrm1 mutant TheRRM of ORRM1may beinteracing with some ther critical
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components of the editosonmeorder to function.

RRMs areknown to be able to bind to RNAs. ORRML1 binds near some, if not
all, cis-elementsn vitro (52). Whether RRM binding is relevait vivoto RNA
editing is not knownORRM1 affects eding at24 plastid sites. It is unlikely that
ORRML1 has specific affinitjor 24 cis-elements. It is possibtéatthe binding partner
of ORRML1 is proteimrather han RNAs.

TheArabidopsisgenome encodes 196 RRM containing proteirisle
ORRML1 belongs ta distinct clade in which many are glycineh proteins and small
RNA binding proteins. ORRML1 is the only one with a ®RFP domain(52). It is
unknown yet if ORRM1 acquired this domain through recombination or other GRRM
like proteins lost their RIP parduring selection. Nevertheless, the importandbef
RRM domain in editing raisghe question whether other RRM proteins are also
important components of the editosor8ereeningof ORRM family mutants should

provide more information otieir possiblénvolvement in RNA editing.

Accessory component®PO1 and OCP3

Recently, a protoporphyrinogen IX oxidaséPPQL) in the tetrapyrrole
biosynthesis pathway was shown to have a surprising role in plastid RNA €8&jng
In theppol null mutants, defecte editing was seen &8 plastid siteanost of which
encode subunits @ie NDH complex. PPQinteracts with plastid RIP/MORF
proteins as well as two PPR editing faci@BRR28andOTP82.What is interesting is
that the function of PPOih editing is irdependent of its function as an oxidasace
PPAQL without the enzyme region is able to complement editing defects in the mutant.

Thisfinding implicatesPPQL as playing a direct role in plastid editing. Notably,

12



except fomdhD-2 site, none of the afféed sites completely loses editing. This
indicates that PPOis not an essential editing factbut rather an acceay factor
thatfacilitates editing ohdhtranscriptsperhaps thusegulaing NDH complex
function.

Another regulatory factor for NDH #eity, OCP3 (Overexpressor of Cationic
Peroxidase 3might also be involved in plastid RNA editifg7). In theocp3mutant
and silenced plants, multiple editing sites onrtibBtranscript showed reduced
extentof editing Cyclic electron flow is impaed in the mutanindicating
compromised NDH activity. This might be caused by the less efficient editing of
ndhB although it is only mildly affected in the mutaAn intriguing observatiois
that inocp3as well asn some PPR editing factor mutaétscrr2 andcrr21, impaired
NDH activity accompaied enhanced resistance to funigdééction(57). Although
how OCP3 associates with the editing apparatus is still unkribese observations
in the mutant lineprovide new insights into the unexpected comipyeof plant RNA

editosome.
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Figure 1.2. Schematic diagram of current modelagflant RNA editosome. Red line
representsis-element. Star represents editatyfédine. One PPR protein recognizes
the ciselement and a second PPR protein provides DYWain. Two RIP/MORF
proteins exist in the complex and interact with PPR protein. Accessory factoits PPO
andOCP3 are not included in the core compMkich is circled in dashed line

Strategy to identify unknown trans-acting factors

At least 3 types oéditing factors areaquired for plastid RNA editiriy PPR
proteirs, RIP/MORF proteisand ORRM, which presumably constitute the core
complex of editing. However, whether they are sufficient for editing is still an open
guestion. In Chapter 4, | will desise another novel editing factbiVARS, a zinc
finger protein that wasnmunoprecipitated wit©ORRM1 andound to berequired for
plastid editing. Apparently, unknown factors still exist in the editing complex.
In order to identify unknown factors, reseathhave employed various strategies.
Forward genetics is powerful in identifying many mitochoridedditing factorg48,
58). However, it is laborious and has limiespecially for lethal mutations.

Comparative genomics has been another way to iderRiR &liting factors, which is

14



based on the variation of C targets across sp&te<3) Now, with the recently
released RNAPPR recognition code, finding PPR editing factensot as great a
challengeas it was previousl{32). What ismore difficultis identifcation ofthe
other components of the editing complex.

ORRM1 was found through homology search against RIP faaitlyough it
turned out to be a different type of editing faq®2). A similar strategy can still be
applied. For instanc@homology search can be performed against the unique RRM
domain of ORRM1land a mutant screening for this set of candidates might identify
more similar factors.

With more and more editing factors available;espression analysis will be
more powerful and accate. CREF3, CREF7 as well as OCP3 were all found based
on this strategy45, 57) However, one drawback is that if the query protein is multi
functional, it will be difficult to filter out the noise from the real editing candidates.

Epitopetaggingd immunoprecipitatiod proteomicanalysiss another
powerful strategyespecially for mulicomponent complees RIP1 and VAR3 were
identified through this approa¢{¥7) and Chapter 4 Importantconsideations are
howto produce a protein that is functionagpite an epitope tag ahdw to
distinguish top candidates from proteins that have boondpeciftally.

Although many proteins might be involved in plant RNA editing, only a
limitednumber of them are expected to be essential compofethie core complex,
given the 200400kD molecular size of editosome. A full set of essential components
should be able to reconstitute editing activityitro. Plant RNA editing is an
important processing step for organétknscripts.Elucidation of the plant editn

machinery willundoubtedly help us better understg@haht organelle gene expression
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Both the RNA recognition factor and the unknown enzymatic factor in the editing
complex are potentially reprogrammable. Thus the editing complex can be engineered

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

purposes.
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Abstract

Transcriptf plant organelle genes are modified byoJ RNA editing,
often changing the encoded amino acid predicted from the DNA sequence. Members
of the PLS subclass of the pentatricopeptide repeat (PPR}coatdining family are
site-specific recognition faats for either chloroplast or mitochondrial C targets of
editing. However, other than PPR proteins and theleients on the organelle
transcripts, no other components of the editing machinery in either organelle have
previously been identified. The Analopsis chloroplast PPR protd®AREL specifies

editing of a C in the@ccDtranscript. RARE1 was detected in a complex of >200 kD.
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We immunoprecipitated epitogagged RARE1 and tandem MS/MS analysis
identified a protein of unknown function lacking PPR ifisptve named it RNA
editing factor Interacting Protein 1 (RIP1). Yeasttwydrid analysis confirmed RIP1
interaction with RARE1, and RIPGFP fusions were found in both chloroplasts and
mitochondria. Editing assays for all 34 known Arabidopsis chlorofdagets in aipl
mutant revealed altered efficiency of 14 editing events. In mitochondria, 266 editing
events were found to have reduced efficiency, with major loss of editing at 108 C
targets. Viruanduced gene silencing &1P1confirmed the alteredditing efficiency.
Transient introduction of a WRIP1allele intoripl improved the defective RNA
editing. The presence of RIP1 in a protein complex along with chloroplast editing
factor RAREL indicates that RIP1 is an important component of the RNiAgdit

apparatus that acts on many chloroplast and mitochondrial C targets.

Introduction

Posttranscriptional @-U RNA editing occurs in plastid and plant
mitochondrial transcripts. In a typical vascular plant, approximately 30 C targets in
chloroplasts ad over 500 C targets in mitochondria are targeted for editing) The
majority of the editing events results in encoding of a different amino aanictiie
one predicted from the genomic sequence. The eedtiegded amino acid is usually
more conserved relative to residues present in homologous proteins in other organisms
than the genomically encoded amino acid. Because there is presently no knewn cas

which useful genetic variation results from partial editing of a transcript population,
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the current concept is that editing is a correction mechanismt@CImutations that
have arisen in plant organelle genor(ies3, 4)

Little is known about the molecular apparatus that is responsible for
recognizing the correct C target for editing and converting it to U, although plant
mitochondrial RNA editing was diseered over 20 years a56-7). Cis-elements for
recognition of editing sites have been
be modified(8-10). As few as 22 nt of sequence surrounding the C target is sufficient
to specify RNA editind9). In 2005, a pentatricopeptide repeat (PPR) ruaiiftainng
protein termed CRR4 was discovered to be required for editing of the chloroplast
ndhDstart codor{(11) and it binds to cielements omdhDtranscriptsn vitro (12).

Since that the, members of the PPR protein family have been identified as site
specific recognition factors for a number of C targets in either chloroplasts or
mitochondria. PPR proteins consist of a tandem array of degeneraser8peats and
can be divided into twmajor subfamilies based on the nature of their PPR motifs, the
P and PLS subfamiligd3). The P subfamily contains a-3& motif, whereas the PLS
subfamily exhibits longer (L) or shorter (S) variant PPR motifs withéntandem
arrays. The PLS subfamily, which is specific to the plant kingdom, can be further
separated into smaller subclasses based on #teon@nal motifs, the E and DYW
motifs (14). All of the wellcharacterized orgeelle editing factors that are required for
editing at specific sites are members of the PLS subfamily of PPR pr(itéink>

29),

Other than the cielements and sigpecific PPR proteins, the components of

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

unidentified, although the DYW domain found in about half of the At PPR
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editing factors does contain a sequence similar to the conserved
cytidine/deoxycytidylate deaminase mdBD). To identify additional components of
the chloroplast editing apparatus in Arabidopsis, we immpregipitated an epitope
tagged PPADYW protein named RARE1, which is responsible for recognition of a C
target in the chloroplastccDtranscript(21). MS/MS analysis of the eo
immunoprecipitated proteins resultedthe identification of a protein of unknown
function lacking PPR motifs. Yeast twiybrid analysis confirmed the interaction of
RAREL1 and the novel protein, which is nanidA-editing factor nteractingProtein

1 (RIP1). Although RIP1 was identified bg iinteraction with a chloroplast PPR
protein, GFP localization experiments revealed its presence in both plastids and
mitochondria. Viruanduced gene silencing &1P1resulted in defective editing of

both chloroplast and mitochondrial C targets. A hongomgripl mutant line

exhibited altered editing of 14 Cs in chloroplast transcripts and impaired editing of
266 of 368 mitochondrial editing sites that were assayed, with major loss of editing of
108 mitochondrial Cs. Transient introduction of a viijge RIP1allele into the

mutant resulted in improvement in the defective RNA editing. Our findings indicate
thatRIP1, which belongs to a Xember gene family, is required for efficient editing
at most Arabidopsis mitochondrial editing sites and plays anrtantaole in

chloroplast editing as welldentification of RIP1 is a significant step that will aid

additional efforts to understand the mechanism of plant organelle RNA editing.
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Figure 2.1.RAREL is part of a protein complex. (A) Immunoblot of wiyghe and

rarelpr ot ei n e x-RARE1L s an fRAREG aniibody féacts with a 75

kDa protein in wildtype stroma and leaf, which is absentarel leaf. Arrow

indicates RARE1 protein. Loading for all plant protein samples is 20 pg/lane. (B) Size
exclusion chromatography fractions of wildy pe st r o ma-RARElobed wi t h
ant i b oRupiscolSU antibody. An equal volume of each fraction was loaded.

An arrow indicates the fraction containing the greatest amount of each size standard.

Results

Identification of RIP1 as a RAREinteracting Protein
Our previous work reported the identification of RAREL, a plastid editing
factor that controls the editing atcD-794(21). We determined that RAREL is

present ira protein complex by performing size exclusion column chromatography on
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chloroplast stroma (Figure 2.1). To identify members of this complex, we produced
transgenic plants that express RAREL protein carrying a 3x FLAG tag (RBRE1
B(Figure 2.2). Leaf protein extract from

FLAG agarose to idate the RARE1 complex (Figure3).

U 0
0o = =
o W
T3 0
S s83¢%
A -— — — E
accD-794 . U
PPE
P
170
RARE1-3FS — 130
RARE1 —95
—72

Ponceau-S WS _ -

Figure 2.2. A tagged version of RAREL patrtially restores #oeD-794 ediing defect

in therarel mutant.(A) Acrylamide gel separating the poisoned primer extension
(PPE) products obtained from the wtlgpe, therarel mutant, and two transgenic

rarel lines transformed with different versionsRARE] 35S ::RARE1 wild-type

allele under the control of the 35S promoRARE13xF: taggedRARE lwith

3XFLAG under the control of the native promoter. The PPE products E (edited), U
(unedited), and P (Primer) are 34, 30 and 22 nt, respectively. The two constructs, 35S
- RARE1andRARE13xF, restoreaccD-794 editing extent with a decreasing

efficiency, as shown by the increasing intensity of the unedited band in the respective
lanes. (B) Immunoblot in which 26 total leaf protein fsm each sample was probed

wi t-RARB1 antibody taletermine the relative abundance of RAREL1 protein in the
individual lines. (C) Poncea8 stain of Rubisco large subunit demonstrates
approximately equal loading.
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Figure 2.3.Separation and Immunoprecipitation of the RARKE complex(A)
Extracts & chloroplast stroma in RIPA buffer contain a RARBIF complex of
similar size as the previously observed RARE1 complex extracted in KEX Buffer
(Figure 1). Size exclusion chromatography fratsiof wildtype stroma were probed
wi t-RLAGantibody, with the peak fraction indicated where the size standards
eluted. Due to the different buffer used for the RAREE extracts, the particular
fraction(s) in which size standards and RARE1 complekssdare not identical to
the chromatography with the native compl ex
FLAG antibody, immunoprecipitates were separated by-BBRSE, and the

i mmunobl ot wa-BLA® antibbdg. As ewpiedte, ndither the wijgbe
nor the mut anRLAG aetivady. The RARBEBXE prateinls present in
the input (IN) and immunoprecipitate (IP) fractions from the transgenic line and
depleted in the unbound (UB) fraction. Ponc&astain of Rubisco shows equal
loading of ontrol and transgenic samples.

The MS data indicated that the protein encoded by At3g15000 was the top candidate
RAREZ-interacting protein present in the immunoprepitate, because it had the largest

number of matches of MS/MS spectra other than RAREL éTah)).
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Table 2.1MS/MS based identification of RIP1 (At3g15000.1) in the co
immunoprecipitate from FLAG -tagged RARE1 (At5g13270.1)

# matched

Peptide (a) Modification (b) SearchType (c) MS/MS

spectra
RAREL1 - At5g13270.1
ACASLEELNLGK Full_Tryptic 7
AGLCSNTSIETGIVNMYVK Oxidation (M) Full_Tryptic
AGVSVSSYSYQCLFEACR Full_Tryptic 4
AVGLFSGMLASGDKPPSSMYTTLLK 2 Oxidation (M) Full_Tryptic 2
ELSCSWIQEK Full_Tryptic 4
FIVGDKHHPQTQEIYEK Full_Tryptic 1
HVSLVTGHEIVIR Full_Tryptic 6
KLNEAFEFLQEMDK Oxidation (M) Full_Tryptic 1
KPVACTGLMVGYTQAGR Oxidation (M) Full_Tryptic 7
LAIAFGLISVHGNAPAPIK Full_Tryptic 3
LFDEMSELNAVSR Oxidation (M) Full_Tryptic 4
LKEFDGFMEGDMFQCNMTER 3 Oxidation (M) Full_Tryptic 2
LNEAFEFLQEMDK Oxidation (M) Full_Tryptic 4
NLELGEIAGEELR Full_Tryptic 7
SGLLDEALK Full_Tryptic 3
SLIGSQYGESALITMYSK Oxidation (M) Full_Tryptic 4
TTMISAYAEQGILDK Oxidation (M) Full_Tryptic 5
RIP1 - At3g15000.1
TLAQIVGSEDEAR none Full_Tryptic 10

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

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

(b) Variable peptide methione oxidation

(c ) Only full tryptic peptide are allowed

The gene encodes a membeth&Differentiationand Greening (DAG)

family; mutants in members of this gene family exhibit chloroplast biogenesis defects
(32, 33) Yeast two hybrid analysis confirmed the interaction between RARE1 and the
protein encoded by At3g15000, which was therefore ndriied (Figure 2.4). Serial
deletions of both RARE1 and RIP1 establisttezlportions responsible for the

interaction on the N termini of the proteins (Figure 2.5).
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pDEST32 pDEST22 Interaction
A empty RIP1FL 0
B empty RIP1AcTP 0
C RARE1ACTP |empty 0
D RARE1AcTP |RIP1FL 0
E RARE1AcTP |RIP1AcTP 4+
F Krev1 RalGDS-m2 0
G Krev1 RalGDS-m1 *
H Krev1 RalGDS-wt HEE

Figure 2.4 RIP1 interacts with RAREI vivo. (A) X-gal reporter assay of lacZ
transcriptional activation as proof of interaction in a yeasthwlwid expennent. (B)
Table describing the constructs tested for interaction in the yeastytwim analysis

and relative degree of lacZ expressiofH Eontain control plasmids included with
ProQuest kit for a negative, weak and strong prepeatein interaction i, G and H,
respectively. Unless otherwise indicated, pDEST22 and pDEST32 are empty vectors
used to demonstrate that there is no autoactivation of lacZ expression when only
RAREZ- or RIPZXfusion proteins are expressed. RIP1FL denoteddntith RIP1

without c¢cTP removal and RI P1mpcprdéictedb@laac at e s
cTP.
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Figure 2.5.Specific regions of RARE1 and RIP1 are responsible for their interaction
in vivo. (A) Diagram of the serial deletions of RAREL1 (left) that were tested in by
yeast twehybrid analysis with RIP1 (right), which is divided intet®rminal (purple)
and Gterminal (yellow) regions. Pentatricopeptide motifs« L @ SB . All the
proteins were expressed without predicted transit peptiridative degree ddcZ
expression indicated by + signs.

T-DNA Insertional ripl Mutant Exhibits a Dwarf Phenotype and Atered
Chloroplast RNA Editing

Two mutant lines with insertions in tiRdP1locus (Figure 2.6) were obtained
from theINRA FLAGdb T-DNA collection(34). Homozygous mutants could not be
recovered from the FLAG_607HO09 line; possibly thR®NA insertion in
FLAG_607H09 might be lethal because of the complete loss of expression.
Homozygous FLAG_150D11 ntants, which have a-DNA inserted 140 bp upstream
of theRIP1coding region, exhibit a dwarf phenotype (Figure 2.6D). We measured the
level of RIP1transcript in the homozygous FLAG_150D11 mutant line and
homozygous wiletype siblings by quantitative RPCR. The expression of tH&P1

ORF was found to be increased 4 to 6 fold in tHeNJA mutant compared to the

31



wild-type (Figure 2.6E). Nevertheless, the proximity of tiBNA insertion to the
open reading frame may result in impaired production of RIPteipraabnormal
phenotypes have previously been reported-DNA insertional mutants that

exhibited increased rather than reduced target gene transcript abuf@tgnce

A At3g15000 = RIP1

FLAG_150D11 FLAG_607H09 2 2
F1 R1 F3 R3
> <

___________

2089

-140 +172 R2 1059 1689 1801

I H
TMMEMMIMMMMMMI [Hf e

M1 M2 W1 W2 M1 M2 W1 W2 M1 M2 W1 W2 M1 M2 W1 W2
RIP1F1R1 RIP1F2R2 RIP1F3R3 RIP1F4R4

Figure 2.6.A ripl mutant exhibits dwarf phengte and increases RIP1transcript.

(A) Map of At3g15000 RIP1) with exons shown as black rectangleDNA

insertions shown as triangles, the region used for VIGS indicated, and the location of
primers used for quantitative RACR shown as facing arrow®-D) WT,

heterozygous, and homozygous progeny of a heterozygous plant carrying the
FLAG_150D11 insertion. Plants are 32 days old. (Scale bars: B and C, 10 mm; D, 1
mm.) (E) The expression &IP1is increased fourto sixfold in the TDNA mutant
compard with WT. Quantitative RIPCR measured the level RfP1transcript in

two homozygous mutants (M1 and M2) and two homozygous WT siblings (Wland
W2). Quantitative RIPCR assays were replicated three times for each plant. The
expression level was arbitrariset at 100 for W1. SDs are indicated (n=3).
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Because RIP1 eonmunoprecipitates and interaatsvivowith RARE1, a chloroplast
editing factor, we surveyed the editing extent of all known Arabidopsis chloroplast
editing sites in segregating progeny foe -LAG_150D11 IDNA insertion. A
poisoned primer extension (PPE) assay is shown in Figure 2a¢db¥794 and the 3
sites showing the most pronounced editing extent variation in the mutant relative to
WT. Petl-5 andndhD-2 exhibit a significant reductioof editing extent in the mutant
(60% and 55%, respectively), whereps12(i1)58, a site in the first intron ops12
shows a significant increase of editing extent in the mutant (Figure. 2.7). PPE data for
accD-794, the site under the control of RARHKidicate that editing in the
homozygous mutant is reduced relative to viyige as observed faretl-5 andndhD-
2, but to a lesser extent (83% in mutant compared with 98% in WT or a 15%
reduction). The mutation is clearly recessive, because the editeny ex the
heterozygous plant for these sites is similar to the homozygous wild plants (Figure.
2.7).

Of the 34 known chloroplast-@rgets of editing present in Arabidopsis, 14 C
targets exhibited significant changes in RNA editing extent between thezlygous
WT and the homozygous mutant plants (Table 2.2). 11 of the 14 sites exhibit a
decrease in editing extent in the mutant, whereas an increase of editing extent in the
mutant is observed for only 3 sites (Table 2.2). The editing extent of the heiatezy
was not significantly different from the homozygous WT at any of the chloroplast

sites.
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Figure 2.7.Mutation inRIP1affects the editing extent of plastid sites. (A)

Acrylamide gels separate the PPE products obtained from sibling plants, 2
homozygous WT (+/+), 2 heterozygouh+j mutants and two homozygous mutants
(-/-).E: edited; P: primer; U: unedited. The name of the site assayed is given above
each gel. (B) The quantification of editing extent, derived from the measure of the

b a n diténsity,iis represented by a bar below each lane of the acrylamide gels. The
average is given for each genotypic class with SD. Thesttiss, ndhD-2, and

accD-794 show a significant decrease of the editing extent in the mutant,
representative of the ajority of the plastid sites showing an effect of Ri@1

mutation. The siteps12(i1)-58 shows a significant increase of editing extent in the
mutant compared with the WT and heterozygous plants as observed only in two other
plastid editing sites.
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Table 2.2.Effect of FLAG_150D11 insertion on RNA editing of chloroplast Gtargets,
ranked by degree of change in editing and grouped by known trargctors

Trans- (04)
factor Chloroplast Genotype P value Editing
if
I(<nown) C-target +/+ -/+ -/- -[-H+
rps12(il)58 16 1 18 42 0.001 ** 162.5
petL-5 87 x1 871 35 0.0008 ***  -60.0
CRR4 ndhD-2 57 +2 58 26 2 0.004* * -55.4
CRR28 ndhB467 851 85+3 68 +2 0.006 ** -20.6
CRR28 ndhD-878 91 +1 91 +1 70 £9 0.08 ns -23.0
rpoC1-488 62 +2 57 x1 74 4 0.002 * * 18.4
RARE1 accD794 98 # 98 # 834 0.015 * -14.9
ndhB586 94 931 84 0.0004*** -10.8
rpoB-2432 832 85+3 91+1 0.03 * 9.6
OTP84 ndhB1481 94 96 89 +1 0.04* -5.4
OTP84  ndhF290 98 98 +1 95 +1 0.029* -3.6
OTP84  psbz50 94 +1 94 +2 90 +3 0.27 ns -3.5
CRR21  ndhD-383 98 98 +1 94 +1 0.049* -3.6
OTP82 ndhB836 95 95 +1 92 0.03* -2.8
OTP82 ndhG50 77 £3 82 +1 72 +1 0.18 ns -5.9
ndhB-830 98 +1 98 95 0.03* -2.7
CRR22 ndhB746 98 97 x1 96 0.02* -1.2
CRR22 ndhD-887 88 +2 88 +2 7319 0.16 ns -16.7
CRR22  rpoB-551 50 +9 50 +3 50+13 0.99ns 1.0
OTP80  rpl23-89 69 +2 70 £8 60 +3 0.07 ns -13.3
OTP85 ndhD674 92 +1 92 +1 82 +6 0.15ns -108
CLB19 rpoA-200 72 £4 67 +8 80 +3 0.16 ns 10.2
CLB19  clpP-559 92 +1 92 +2 93 0.33 ns 1.2
ndhB-149 98 +4 97 1 90 +4 0.1ns -8.0
rps14-80 79 £1 77 £1 731 0.05 ns -7.6
matK-640 69 +6 64 +6 73 +7 0.58 ns 5.9
LPAG6 psbF77 83 83 3 86 +1 0.078 ns 3.6
ndhB-1255 91 +5 93 +1 88 £ 0.5ns -3.2
ndhB-872 87 +3 86 +1 85 0.39 ns -2.7
psbE214 98 98 96 +2 0.21 ns -2.3
atpF92 93 +3 97 95 +1 0.44 ns 2.3
accD-1568 60 +2 58 +7 61 +1 0.57 ns 2.2
YS1 rpoB-338 97 +1 97 95 +1 0.22 ns -1.5
OTP86  rpsl4149 80 80 +1 80 0.25ns -0.7
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The variation in editing is = 100* (editing extent/in editing extent in +/+)/editing extent
in +/+. Minus sign indicates that the editing extent is decreased in the mutarfic&ngni
editing extent variation is given in bold.

RIP1 is Duaktargeted to Both Chloroplasts and Mitochondria.

RIP1 has been previously reported to be located in mitochondria, according to
characterizations of the Arabidopsis mitochondrial prote(86e37) In addition, the
dwarf phenotype of the FLAG_150D1X0NA insertional mutant could be indicative
of mitochondrial dysfunction. We therefore determined the location of RIP1 by
transienty expressing a construct encoding the full lerigiR1 attached to GFP under
the control of a 35S promoter into Arabidopsis protoplggd$ Our observations
indicate that RIP1 is dually targeted to chloroplasts andamondria (Figure 2.8).

Most of the Arabidopsis protoplasts showed RIP1 to be localized in mitochondria
(Figure 2.8C). Occasionally we observed RIP1 both in mitochondria and chloroplasts
(Figure 2.8G). This observation is reminiscent of a recent rep@P&2263, a maize
PPRDYW that is dually targeted to mitochondria and chloroplasts, with a preference

for mitochondria(39).
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Figure 2.8.RIP1 is duattargeted to Arabidopsis mitochondria and chloroplasts.
Protoplastprepared from leaves of Arabidopsis accessionQGeere transfected with

a construct encoding an RH&EFP fusion protein under the control of a 35S promoter.
Protoplasts were examined for fluorescence 16 h after incubation with the construct.
(A and D) G-P signal is green (B and E) Mitochondria (red) were labeled with
Mitotracker Orange. (C) Merge of GFP and mitochondrial signal is yellow. (F)
Chlorophyll autofluorescence is shown in blue. (G) Merge-6f §ives turquoise

signals where GFP and chlorophglierlap and yellow images where GFP and
Mitotracker overlap.

To confirm the dual localization of RIP1 to both organelles, we repeated the
previous experiment by transfectihg benthamianarotoplasts. In contrast to
Arabidopsis protoplasts, all of thensfected\N. benthamiang@rotoplasts showed a
dual localization of RIP1 to both mitochondria and chloroplasts (Figure 2.9). DAPI

staining of theN. benthamiangrotoplasts showed that some of the small punctuate

structures targeted by RIFAFP celocalize with nucleoids (Figure 2.9).
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Figure 2.9.RIP1 is dualtargeted td\. benthamiananitochondria and chloroplasts

(A-D) and celocalizes with plastid nucleoids {H). Protoplasts prepared from leaves

of N. benthamianawere transfected with a construciceding a RIPAGFP fusion

protein under the control of a 35S promoter. (A, E) Protoplasts were examined for
GFP fluorescence 16 h after incubation with the construct. (B) Mitochondria were
detected with Mitotracker Orange. (C, G) Chlorophyll autofluorese@nshown as

blue. (D) Merged image shows GFRIlogalization within mitochondria (yellow)

spots or in chloroplasts (turquoise). (F) DAPI staining of DNA in chloroplast
nucleoids (red). (H) Merged images of DAPI and GFP signals (yellow) shows RIP1 to
co-localize with nucleoids

ripl Mutant Exhibits Altered Mitochondrial Editing.

We conducted a bulk sequencing screen of the 33 mitochondrial protein
coding genes known to harbor editing sites by comparing the sequencing
electrophoretograms of the FACR poducts obtained from the homozygou®NA
mutant with the homozygous WT line. A typical result is shown in Figure 2.10A,
where editing extent in thead2transcript is not uniformly affected by tiRdP1

mutation along the transcript.
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Figure 2.10.Editing extent is not uniformly affected along mitochondrial transcripts

in ripl mutants. (A) Portions of electrophoretograms fromMRIR bulk sequencing

of nad2are shown for the homozygousDNA mutant ¢/-) and the homozygous wid

type (+/+). Below the elémphoretograms are given the position of the editing site in
thenad2transcript with the aa change upon editing in between parenthesis, and the
number of sites imad2sharing the same molecular phenotype. The editing phenotype
of the mutant was classi in one of five categories, above the electrophoretograms,
from C=0 (no effect of the mutation on the editing extent) to T=0 (total loss of editing

in the mutant). The C target of editing is highlighted by a black shade for T and a grey
shade for C, anghown according to its position in the codon. (B) Distribution of the
effect of theRIP1mutation on the editing extent of mitochondrial sitesnad2and
nad6transcripts. Each site is represented by a block whose background color indicates
for the strenth of theriplmut ati ondéds effect on the editin
seqiencing. (C) PPE assays confitine reduction of editing extent of mitochondrial

sites incobandnad6transcripts previously detected by bulk sequencing. On top are
shown the PP products run on acrylamide gels, with the name and position of the site
being assayed above the gel; P: primer, U: unedited, E: edited. Below the gels are
shown the electrophoretograms of the editing site.
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Table 2.3. Effect of FLAG_150D11 insertion on RNA editing of mitochondrial C-targets

Gene Effect

C=0 C<T C=T C>T T=0
nadl 14 4 1
nad2 14 2 1 4 1
nad3 3 4
nad4 21 4 3 2
nad4L 2 2 2 4
nad5 16 4 4 1
nad6 3 2 2 4
nad7 14 2 2 3 1
nad9 4 2 1
complex| 82 24 10 22 15
cob -complex il 3 3 2
cox2 5 2 1 1 3
cox3 5 1 1
complex IV " 5" 7 2 2" 3
atpl 1 1 1
atp4 (orf25) 1 3 3 1
atp6-1 1
atp9 2 2
complex V 5 6 1 3 1
ccmB (cch206) 1 4 27
ccmFn-2 (ccb203) 1 5 4
ccmC (ccb256) 1 1 17 7
ccmFn-1 (ccb382) 1 5 7
ccmFc (ccb452) 4 2 4 1
cytochrome c biogenesis 5 2 8 32 45
rpl2 1
rpl5 2 1 3 4
rpll6 2 2 1 1
rps3 2 2 1 2
rps4 3 1 1 5
rps7 1
rpsi2 5 3
rpsl4 1
ribosomal protein 2 10 5 11 16
matR 2 2 5
mttb (OrfX) 6 21
TOTAL 102 52 28 78 108

The five categories of RIP1 mutation effect on mitochondrial editing, from no effect (C=0)
to a total loss of editing (T=0) extent have been presented in text and in Figure 2.10.
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Themajority of thenad2sites, 14 of 22 ss, do not show any reduction in
editing extent in the mutant compared with the WT (Table 2.3). However, editing of
nad290 is not detectable in the mutant, because only a C peak is observed at that
position (Figure 2.10A). Between these two extremeslet@ected sites in which
editing is reduced to less than dmaf of WT, about ondalf of WT, or more than
onehalf of WT as observed imad21091,nad289, andnad2530, respectively
(Figure 2.10A).

Table 1 summarizes the results of the bulk sequencnegs by presenting the
number of sites for each mitochondrial gene that falls into one of five categories
described fonad2transcript, from no effect of tHelIP1mutation to an apparent
absence of editing. Of the 33 mitochondrial genes surveyedatp@iyl, which
contains one reported editing site at position 475, does not show any dependence on a
functional RIP1 for efficient editing. Overall, mutationRiP 1 affects the editing
extent of a very high number of mitochondrial sites; 108 of 368 sitesyad show a
major loss of editing in the mutant (Table 2.3). A very similar number of sites (102
sites) do not show any variation in editing extent in the mutant. A complete list of all
the affected mitochondrial C targets of editing among the 368 sayed is shown
in Dataset S1.

Plant mitochondrial sites in thg1 mutant analyzed can be divided into two
categories, totally RIR@lependent (108 of 368 sites or 29%) and totally RIP1
independent (102 of 368 sites or 28%). Although these categoriap@oximately
equal in size in the entire population of genes analyzed, RIP1 seems to play a larger

role in editing of transcripts for proteins of certain mitochondrial complexes than
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others. For example, transcripts of complex 1 genes exhibit 10% (1®1&8)ets
affected by th&RIP1mutation, and 45% (82/153) unaffected. In contrast, the
cytochrome c biogenesis complex exhibits 49% C targets (45/92) affected and only
5% (5/92) sites with editing extent that is unaffected (Table 2.3). The eff@tPaf
mutation on mitochondrial extent does not seem to be related to the location of the C
target on the transcript, because there is no apparent pattern in the distribution of the
RIP1-dependent andndependent sites along the transcript (Figure 2.10B).

Editing events can be divided into two classes:-siteant (when editing
changes the encoded amino acid) or silent (when the amino acid is unchanged). Non
silent sites are predominant in the population of sites surveyed (33%laonsites or
91%, Table 2.4)There are somewhat fewer nsitent sites in the group of sites that
are strongly affected in th@1 mutant than there are in the entire population of
surveyed sites [83 % (90 nailent sites to 108 sites) vs. 91% respectively] (Table
2.4).

We also eamined a small selection of editing sites by the PPE assay, which is
more precise and sensitive than the RIR/bulk sequencing method that we used to
survey the 368 sites in thpl mutant(40). We chose some mitbondrial editing
sites that exhibited either no or complete dependence on functional RIP1 (Figure
2.10A). Although no editing of the C targetsciob-325 andhad6161 was detected by
the less sensitive bulk sequencing method, we found that both exlabitaal
editing extent detectable by PPE (13% and 21%, respectively) (Figure 2.10C). The
negative effect of thepl mutation oncob-325 andhad6161 is greater than its effect
on any chloroplast C targets (Table 2.3). When the editing extent of thesigdsvo

was assayed by PPE in homozygotes, heterozygotes, and WT, we found no difference
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between heterozygotes and WT, indicating the mutation is completely recessive with
respect to editing efficiency at these two C editing targets as well as at other

mitochondrial sites (Figure 2.11).

Table 2.4. Effect of FLAG_150D11 insertion on RNA editing extent of mitochondrial C-targets, evaluated by the belonging of each site
to one of five categories from C=0 no effect, to T=0 total loss of editing in the mutant as detected by bulk sequencing

gene C=0 T>C C=T C>T T=0 Total
# position S NS # position S NS # position S NS # position S NS # position S NS S NS
atpl 1 1292 Y 1 1178 Y 1 1415 Y 3 3
atp6-1 1 484 Y 1 1
atp9 2 83 Y 2 53 Y 4 4
224 Y 167 Y
cch203 1 391 Y 5 176 Y 4 65 Y 10 10
259 Y 208 Y
277 Y 226 Y
320 Y 356 Y
344 Y
cch206 1 137 Y 4 149 Y T27 28 Y 32 2 30
154 Y 71 Y
338 Y 80 Y
428 Y 128 Y
148 Y
159 Y
160 Y
164 Y
172 Y
179 Y
181 Y
193 Y
194 Y
286 Y
304 Y
367 Y
379 Y
380 Y
424 Y
467 Y
475 Y
476 Y
485 Y
512 Y
514 Y
551 Y
554 Y
cch256 1 463 Y 1 133 Y 17 103 Y "7 467 Y 26 1 25
179 Y 473 Y
184 Y 575 Y
331 Y 608 Y
395 Y 614 Y
400 Y 618 Y
421 Y 650 Y
436 Y
446 Y
458 Y
497 Y
521 Y
548 Y
568 Y
619 Y
656 Y
673 Y
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cch382 262 Y 143 Y 104 Y 13 12
269 Y 157 Y
791 Y 289 Y
806 Y 378
955 Y 709 Y
710 Y
779 Y
cch452 4 103 Y 2 160 Y 122 Y 1215 11 10
146 Y 334 Y 155 Y
1172 Y 406 Y
1280 Y 415 Y
cob 3 118 Y 3 286 Y 325 Y 8 8
908 Y 853 Y 568 Y
1084 Y 982 Y
cox2 5 71 Y 2 581 Y 476 Y 557 Y 27 12 10
253 Y 742 Y 138
379 Y 278 Y
698 Y
721 Y
cox3 5 112 Y 257 Y 314 Y 7 7
245 Y
311 Y
413 Y
422 Y
matR 374 Y 1593 1731 9 7
461 Y 1730 Y 1751 Y
1771 Y
1807 Y
1895 Y
nadl ' 14 167 Y 4 265 Y 500 Y 19 17
307 571 Y
308 Y 635 Y
376 Y 755 Y
490 Y
492
493 Y
536 Y
580 Y
674 Y
725 Y
743 Y
823 Y
898 Y
nad2 ' 14 344 Y 2 961 Y 89 Y 341 Y 90 22 20
389 Y 1091 Y 530 Y
394 Y 842 Y
400 Y 1160 Y
427 Y
461 Y
695 Y
821 Y
953 Y
991 Y
995 Y
1279
1280 Y
1309 Y
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nad9 4 167 Y 2 298 Y 1 92 Y 7 o 7
190 Y 328 Y
398 Y
439 Y
orf25 1 89 Y 3 248 Y 3 138 Y 1 3% Y 8 2 6
251 Y 215 Y
416 Y 250 Y
orfl14
orf240
orfX 6 161 Y 21 97 Y 27 5 22
361 Y 144 Y
379 Y 145 Y
409 Y 164 Y
505 Y 173 Y
649 Y 364 Y
406 Y
407 Y
412 Y
440 Y
474 Y
530 Y
538 Y
552 Y
581 Y
587 Y
643 Y
665 Y
693 Y
700 Y
705 Y
pl2 1 212 Y 1 0 1
pl5 2 317 Y 1 35 Y 3 64 Y 4 47 Y 10 1 9
329 Y 169 Y 58 Y
512 Y 59 Y
92 Y
rpl16 2 34 Y 2 61 Y 1 440 Y 1 512 Y 6 0 6
506 Y 209 Y
ps3 2 64 Y 2 603 Y 1 887 Y 2 1470 Y 7 2 5
1598 Y 1571 Y 1534 Y
rps4 3 226 Y 1 992 Y 1 377 Y 5 175 Y 10 0 10
299 Y 235 Y
524 Y 308 Y
332 Y
967 Y
ps7 1 332 Y 1 0 1
ps12 5 104 Y 3 84 Y 8 2 6
146 Y 221 Y
196 Y 269 Y
284 Y
285 Y
rps14 1 194 Y 1 0 1
Total 102 5 97 52 151 28 2 26 78 7 71 108 18 90 368 33 335
Percentage 595 2 98 7 93 9 91 17 83 9 91

# indicate the number of sites found in each of the categories representing the effect of the ripl mutation for each mitochondrial gene, and position
indicate the position of the site relative to the start codon.
S and NS refer to the class to which each site belongs, silent or non-silent respectively.
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Figure 2.11.rip1 mutation is recessive in its effect on mitochondrial editing extent.

(A) Bulk sequencing electrophoretograms following-RTR are shown for 4 sites in
different mitochondrial transcripend for the 3 genotypic classes, top row:

homozygous wiletype (+/+), middle row: heterozygous+), bottom row:

homozygous mutant/f). Above the electrophoretograms is given the name of the
editing site (the position of the site is given after the naftlee transcript to which it
belongs) followed by the aa change upon editing. The edited position is highlighted by
a black shade. No difference can be detected between the electrophoretograms of the
RT-PCR products derived from wiiype homozygous (+Hand the heterozygous (

/+) plants. (B) PPE assay confirmigl mutation to be recessive in its effect on
mitochondrial site editing extent. No significant difference is found between the
editing extent of heterozygous and homozygous wild siblings #srsaid6161 and
cob-325, two sites that show a very strong reduction of editing extent in the
homozygous mutant. P: primer, U: unedited, E: edited
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