STUDIES ON TRANS-ACTING FACTORS INVOLVED IN CHLOROPLAST
RNA EDITING IN ARABIDOPSIS THALIANA

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

Doctor of Philosophy

by
Jessica Ann Wagoner

February 2016



© 2016 Jessica Ann Wagoner



STUDIES ON TRANS-ACTING FACTORS INVOLVED IN CHLOROPLAST
RNA EDITING IN ARABIDOPSIS THALIANA

Jessica Ann Wagoner, Ph. D.
Cornell University 2016

RNA editing is a post-transcriptional process that changes specific cytidines to uridines in
the organelles of most land plants. Although members of the editosome have begun to be
elucidated, the identity of the deaminase is still unknown. Members of the pentatricopeptide
repeat (PPR) protein family are known to be the site-recognition factors in RNA editing. Most
PPR editing factors also carry extra C-terminal motifs called the E domain and the DYW
domain, where the DYW domain features amino acids conserved with the active site in other
cytidine deaminases. | examined the DYW motifs of two chloroplast PPR-DYW editing factors:
REQUIRED FOR ACCD RNA EDITING 1 (RAREL), which is responsible for editing a single
site in the accD transcript, and QUINTUPLE EDITING FACTOR 1 (QED1), which is
responsible for the editing of five plastid sites. Truncation of the DYW motifs greatly decreased
the editing efficiency of RARE1 and QED1 when transfected into protoplasts. Using site-
directed mutagenesis, the conserved deaminase residues were targeted along with a highly
conserved potential second zinc binding site. The mutant proteins could not efficiently
complement the RNA editing phenotype when expressed in mutant protoplasts, indicating that
these deaminase residues may be important for RNA editing efficiency for certain PPR editing
factors. Since QED1 affects five different chloroplast sites including sites that changes the
coded protein sequences of matK, ndhB, and rpoB, | further examined the functional
consequences of these sites not being edited in ged1 mutants. gedl mutants feature a stunted

growth phenotype, the presence of yellow patches that increases with age, a lack of NA(P)H



dehydrogenase (NDH) activity, and an abnormal chloroplast morphology as well as a smaller
average cell size which can be observed in mutant protoplasts. These phenotypes were found to
be at least partially complemented using ged1 mutant lines which have a stably integrated QED1
with a 3XFLAG-Strepll tag attached to its N-terminus. The line carrying one stably integrated
allele, though not able to complement the mutant phenotypes to wild-type levels, was able to
partially complement the mutant phenotypes, likely due to the presence of only one allele rather

than two.
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Chapter 1:

Introduction

RNA editing is a co- or post-transcriptional process that changes the RNA sequence from
what was originally encoded in the genome. This phenomenon was first observed in the
mitochondrial transcripts of trypanosomes where the insertion of four uridines was found to
restore the reading frame of a frameshifted coxll gene (Benne et al., 1986). Since then, RNA
editing has been found to occur in the tRNAs, mMRNAs, rRNAs, and microRNAs of a wide
variety of organisms, including viruses, yeast, plants, and humans (reviewed in Chateigner-
Boutin and Small, 2011). Two major forms of RNA editing have evolved: insertion/deletion
editing, and substitution editing which most commonly converts adenosine (A) to inosine (1) or
cytidine (C) to uridine (U) (reviewed in Chateigner-Boutin and Small, 2011).

RNA EDITING IN PLANTS

In land plants, RNA editing was first discovered in the coxll gene in wheat mitochondria
when differences were observed between the generated cDNA sequence and what was encoded
in the genomic DNA (Covello and Gray, 1989). Soon after, RNA editing was also observed in
the chloroplast when it was found that a C to U conversion created a start codon in maize plastid
rpl2 transcripts (Hoch et al., 1991). Since then, RNA editing has been found to occur in the
majority of plant lineages (bryophytes, gymnosperms, angiosperms) with the exception of
Marchantia liverworts (Steinhauser et al., 1999; Sugita et al., 2006; Takenaka et al., 2008; Wolf
etal., 2004). Because RNA editing is not observed in algae or cyanobacteria, the RNA editing
process in land plants appears to have evolved independently from the RNA editing processes
that are observed in other organisms (Hiesel et al., 1994; Malek et al., 1996).

Many RNA editing events in land plants involve the conversion of specific cytidines to
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uridines (C-toU) in the protein-coding regions of organelle mMRNAs. However, C-to-U editing is
also known to occur in non-coding RNA sequences such as tRNAs, introns, and 5’ and 3 UTRs
but not in rRNAS (Binder et al., 1994; Borner et al., 1995; Kudla and Bock, 1999; Maréchal-
Drouard et al., 1993). Plants are not limited to C-to-U editing however; U-to-C changes have
also been observed in mosses and hornworts (Grewe et al., 2009; Kugita et al., 2003; Oldenkott
et al., 2014; Yoshinaga et al., 1996, 1997). Adenosine-to-inosine editing can also occur in
nuclear and plastid tRNAs and recently the editing enzyme has been identified for this process
(Zhou et al., 2013, 2014). Recently evidence of C-to-U editing of nuclear encoded tRNAs has
been observed in plants, indicating that C-to-U editing may not be strictly limited to the
organelles, although it is unlikely that this editing process proceeds in the same manner as
organellar C-to-U editing (Zhou et al., 2014).

Unlike C-to-U RNA editing of apolipoprotein B in mammals, which serves to create
functionally diverse proteins from one transcript, C-to-U editing in plant organelles appears to
have evolved as a correction mechanism, as editing tends to restore a codon to evolutionary
consensus (Covello and Gray, 1989; Koito and Ikeda, 2012; Maier et al., 1992, 1992). RNA
editing can also create start codons as well as stop codons (Hoch et al., 1991; Kudla et al., 1992;
Neckermann et al., 1994; Wintz and Hanson, 1991). Some experiments have demonstrated that
changing a nucleotide in a codon from T to C results in impaired activity of the affected protein.
For instance, tobacco, which genomically encodes a T at a particular location in plastid psbF,
was modified to match the corresponding spinach psbF site which is normally edited. No editing
of that site occurred in the tobacco mutant and the resulting plants were impaired in growth and
photosynthesis (Bock et al., 1994). The petB gene, which is edited in maize, was introduced in

the algae Chlamydomonas reinhardtii, which does not edit its RNA, therefore naturally



containing a genomically encoded T at the homologous position. The resulting transformed
cells, containing a C instead of a T, were non-photosynthetic (Zito et al., 1997).

The number of editing sites in plant species can range from zero, such as in Marchantia
liverworts, to very few, like in the moss Physcomitrella patens containing only two plastid
editing sites and eleven mitochondrial editing sites, to 1000-1500 mitochondrial editing sites and
over 3400 plastid editing sites in lycophytes, which include firmosses, clubmosses, and
spikemosses (Grewe et al., 2009; Ohyama, 1996; Oldenkott et al., 2014; Ridinger et al., 2009).
Arabidopsis has 43 editing sites in the plastid and over 600 editing sites in the mitochondria
(Bentolila et al., 2008, 2013a; Ruwe et al., 2013). Though editing in the organelles appears to
occur through a similar process, the inability of a chloroplast RNA sequence to be edited in the
mitochondria indicates that organelle-specific processes have evolved (Sutton et al., 1995; Zeltz
et al., 1996).

Other experiments revealed that land plant RNA editing is a post-transcriptional process,
opposed to the co-transcriptional RNA insertion editing found in the slime mold Physarium
polycephalum (Gott et al., 1993; Visomirski-Robic and Gott, 1995, 1997), because partially
edited transcripts have been observed and exogenous synthesized RNAs added to editing
competent extracts are able to be edited (Hayes and Hanson, 2007; Lu and Hanson, 1992;
Neuwirt et al., 2005). RNA editing was found to be independent of other RNA processing steps
as well; for example, it can occur before the splicing of organelle mRNAs (Freyer et al., 1993;
Sutton et al., 1991).

Chloroplast RNA editing events are thought to affect the stability of the encoded protein.
In the cases of petunia atp6 and wheat atp9, despite observation of partially edited transcripts,

only proteins from fully edited transcripts accumulate, even though transcripts in various editing



states have been associated with polysomes (Bégu et al., 1990; Graves et al., 1990; Lu and
Hanson, 1994, 1996; Williams et al., 1998). However, using antibodies and mass spectrometry,
proteins from unedited transcripts were observed to accumulate in the case of the mitochondrial
rpsl2 gene (Lu et al., 1996; Phreaner et al., 1996). Editing efficiencies in the plastid tends to be
high while there is more variation in editing efficiency in the mitochondria. However, editing
efficiency can be tissue dependent, particularly for plastid ndh genes, where the high editing
efficiency observed in leaves drops drastically in non-green tissues; also, editing efficiency can
be developmentally dependent. For example, the extent of RNA editing in the mitochondrial
nad3 gene increases as the development of maize seedlings progressed (Chateigner-Boutin and
Hanson, 2003; Grosskopf and Mulligan, 1996; Peeters and Hanson, 2002). Interestingly, editing
efficiency can also be affected by growth conditions or environmental stress, though there is
currently no evidence that this variation can result in functionally diverse proteins in response to
these stresses (Karcher and Bock, 1998, 2002; Nakajima and Mulligan, 2001).

The actual C to U conversion is known to proceed via a deamination reaction rather than
a base excision or a nucleotide replacement (Blanc et al., 1995; Rajasekhar and Mulligan, 1993).
The alpha-phosphate in cytidine was radioactively labelled and incorporated into mMRNA
sequences in intact mitochondria. After RNA purification, the RNA was digested to
mononucleotides and analyzed by one-dimensional thin-layer chromatography where some of
the radioactive signal was observed to co-migrate with uridine monophosphates (Rajasekhar and
Mulligan, 1993). This retention of the alpha-phosphate indicated that plant RNA editing does
not occur via base excision or replacement as the radioactive signal would not have been
observed to co-migrate with uridine monophosphates in these situations. Thus the results of

these experiments suggested that the editing enzyme is a cytidine deaminase. In later



experiments, the addition of zinc chelators to editing competent extracts was found to inhibit
editing, supporting the role of a zinc-dependent cytidine deaminase in plant RNA editing
(Hegeman et al., 2005). However, the known cytidine deaminases encoded in the Arabidopsis
genome do not seem to be involved in organellar RNA editing, leaving the exact factors involved
in the deamination reaction a mystery (Faivre-Nitschke et al., 1999)
CURRENT MECHANISTIC MODEL: RNA EDITING INVOLVES CIS-ELEMENTS AND
MULTIPLE TRANS-FACTORS

The simple view of plant RNA editing holds that editing occurs through the interaction of
sequence elements encoded around the edited C target, known as cis-elements, and nuclear-
encoded protein trans-factors (Figure 1.1). Using petunia lines which exhibited “high-editing
extent” or “low-editing extent” of the mitochondrial nad3 transcript due to an unknown nuclear
factor and using petunia lines which contained nad3 in different transcriptional contexts
(transcribed with an abnormal pcf gene in cytoplasmic male-sterile (CMS) lines versus wild-type
lines where this pcf gene is not present), it was observed that selection of C-targets depended on
the sequence surrounding the C to be edited and was not dependent on nuclear genotype or
transcriptional context (Lu and Hanson, 1992; Wilson and Hanson, 1996). In certain CMS lines
missing a 10 nt sequence 5’ of a nad3 editing site, that particular nad3 site is never edited,
although another editing site 5 of the deletion is always edited in both lines, providing further
evidence that site selection depends on the sequence immediately around a C-target (Wilson and
Hanson, 1996). Subsequent work to define the sequence around the C-target important for

editing which was termed the ‘cis-element’ was initially performed using transformation of
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Figure 1.1: Simple model of RNA editing. Nuclear-encoded protein sequence recognition
trans-factors interact with RNA sequence (termed the cis-element) encoded around the
targeted C to perform the editing reaction in plastid and mitochondrial RNASs

tobacco plastids with transgenes that expressed different lengths of RNA sequences surrounding
the editing site of interest. Later, expression of exogenous RNAs in competent editing extracts
allowed further dissection of cis-elements, identifying important residues through mutational
analysis (Bock et al., 1996, 1997; Chateigner-Boutin and Hanson, 2002; Chaudhuri and Maliga,
1996; Farré et al., 2001; Hayes and Hanson, 2007; Hayes et al., 2006; Reed et al., 2001;
Verbitskiy et al., 2008)

In general, around 20-25 nt upstream and 5 nt downstream of the C-target is sufficient for
site recognition. For example, only 16 nt upstream and 5 nt downstream of the psbL C2 target in
tobacco is necessary for editing and about -12/+5 nt around a site in tobacco ndhB was sufficient
for editing of that site (Bock et al., 1996; Chaudhuri and Maliga, 1996). -20/+6 nt around a C-
target in tobacco rpoB was also sufficient to specify the target site, although in these cases, a
greater amount of sequence was necessary to obtain editing efficiencies near wild-type level
(Hayes et al., 2006). Some variation does exist in the length of these cis-elements required for

editing, though. For example, two tobacco ndhB sites were not edited even when transformed



with 42 nt upstream and 42 nt downstream sequences present (Bock et al., 1996). Mutating
specific nucleotides or blocks of nucleotides helped to further define cis-elements of particular
editing sites and indicate specific nucleotides within the cis-element that were particularly
important for efficient editing function. These studies indicated that most of the sequence
important for editing lies 5° of the editing site, though a few nucleotides 3’ of the edited C also
appeared to have some importance in the efficiency of the editing reaction (Hayes et al., 2006;
Heller et al., 2008; Miyamoto et al., 2002; Sasaki et al., 2006). Interestingly, in vitro
experiments in tobacco assaying the editing extent of chimeric RNAs where one RNA had the 5’
region of psbL and the 3’ region of ndhB and the other RNA had the 5’ region of ndhB and the 3’
region of psbL resulted in greatly reduced editing of these RNAs compared to wild type psbL and
ndhB RNAs, indicating that editing extent also relies on the proper combination of 5° and 3’
sequences around the edited C (Hirose and Sugiura, 2001).
EARLY WORK ON RNA EDITING PROTEIN TRANS-FACTORS

Work on the cis-elements of editing sites also indirectly provided information about the
then unidentified trans-factors involved in plant RNA editing. These trans-factors were
determined to be site-specific when the over-expression of exogenous mMRNA carrying a psbL
editing site caused editing at the corresponding endogenous site to be decreased but did not
affect editing frequency of other editing sites (Chaudhuri et al., 1995). To test if RNA was a
component in these site-specific trans-factors, chloroplast extracts were pre-treated with
micrococcal nuclease, and it was observed that the editing activity was not affected even when
the nuclease was in high concentrations suggesting that RNA, like guide RNA for instance, was
not a component in these site-specific trans-factors. AMT (4'-aminomethyl-4,5’,8-trimethyl

psoralen) was also used to attempt to cross-link any RNAs potentially interacting with psbL



MRNAS, but these attempts resulted only in negative data. These micrococcal nuclease and
AMT cross-linking assays indicated that the site-specific trans-factors were likely to be proteins
and not RNAs (Hirose and Sugiura, 2001). Using UV cross-linking experiments, the site-
specificity factors were confirmed to be proteins after the organelle extract was found to contain
proteins that were able to bind upstream of editing sites (Hirose and Sugiura, 2001). A 56 kD
protein was identified as a site-specific factor for the psbE editing site in tobacco when mRNA
substrates containing the editing site were incubated in editing competent tobacco extract and
subjected to UV cross-linking. This 56 kD protein was not found and editing did not occur when
the same mRNA substrate was incubated in pea extract where the corresponding psbE site is not
normally edited and instead a T is encoded in the genome (Miyamoto et al., 2002). A 70 kD
protein was also found to bind to a petB editing site in tobacco using the same methods. When
this tobacco petB mRNA was incubated in pea extract and subjected to UV cross-linking, the
MRNA was edited and a 70 kD protein was cross-linked to the RNA. In this case, the
corresponding petB site is also edited in pea, and these results indicated that trans-factors and
editing sites likely co-evolve (Miyamoto et al., 2002).

Though the cis-elements of C-targets generally do not exhibit much sequence consensus
when compared to other editing sites within the same species, cis-elements tend to be conserved
amongst species that edit a specific site and there are examples of cis-elements within a species
that are similar in sequence to each other. When a portion of rpoB RNA containing a particular
editing site was over-expressed in tobacco chloroplasts, not only was editing at the endogenous
rpoB site decreased, editing at four other sites was reduced; two of these sites were strongly
affected and the editing of the other two sites was affected albeit less severely. The cis-elements

of these sites were found to have sequence similarities to that of the targeted rpoB editing site’s



cis-element, where the cis-elements of the sites that were more drastically reduced had greater
consensus to the rpoB cis-element than the sites that were less affected (Chateigner-Boutin and
Hanson, 2002). Cross-competition was also observed between maize plastid editing sites rpoB
C467 and rps14 C80 when exogenous RNAs carrying these editing sites were added to editing
competent extracts in excess, causing reduced editing at not only the endogenous site but also the
other site. Mutation of these cis-elements, which also had sequence similarities, helped identify
nucleotides critical for efficient editing (Heller et al., 2008). The cis-elements of tobacco ndhF
C290 and ndhB C1481 also have moderate sequence identity and UV cross-linking experiments
revealed that the same 95 kD protein bound to both cis-elements (Kobayashi et al., 2008). All of
this evidence together indicated that trans-factors can sometimes recognize multiple cis-
elements.
THE PPR PROTEIN FAMILY: SEQUENCE RECOGNITION FACTORS IN RNA EDITING
The first evidence that these trans-factors were encoded in the nucleus and not the plastid
came from the observation that C-targets in maize and barley rpoB were still able to be edited in
plastid ribosome-deficient plants (Zeltz et al., 1993). Editing trans-factors were confirmed to be
nuclear-encoded was when it was found that all plastid editing sites were able to be edited
efficiently in iojap mutant maize that completely lacked plastid ribosomes (Halter et al., 2004).
However, the identity of these trans-factors was elusive until the discovery of
CHLORORESPIRATORY REDUCTION 4 (CRR4) through an EMS (ethyl methanesulfonate)
mutagenesis screen aiming to identify plants deficient in NDH (NAD(P)H dehydrogenase)
activity. CRR4 was discovered to be essential in the editing of the second C in plastid ndhD,

effectively creating a start codon (Kotera et al., 2005).



CRR4 is a member of the pentatricopeptide repeat (PPR) family which is defined by a
degenerate 35 amino acid motif that tends to be organized as tandem repeats within a protein
(Small and Peeters, 2000). PPR proteins are present in most organisms; the first PPR protein that
was identified was the yeast protein Pet309 which participates in translation of mitochondria
COX1 (Manthey and McEwen, 1995; Small and Peeters, 2000; Tavares-Carredn et al., 2008).
Though most organisms only have a handful of PPR proteins, this family has significantly

expanded in land plants, with 458 members in Arabidopsis compared to only 39 in

Land plants
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Figure 1.2: Number of PPR proteins found in a variety of species. Land plants are indicated
by the purple bar. D. melanogaster (fly) , H. sapiens (human), S. pombe (fission yeast), C.
reinhardtii (algae), S. cerevisiae (budding yeast), T. brucei (trypanosomes), P. patens (moss),
M. truncatula, A. thaliana (thale cress), O. sativa (rice), G. max (soybean), S. moellendorfii

(spikemoss)
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trypanosomes, (Figure 1.2) (Aphasizhev and Aphasizheva, 2013; Aubourg et al., 2000; Baggio et
al., 2014; Colcombet et al., 2013; Fujii and Small, 2011; Herbert et al., 2013; Lightowlers and
Chrzanowska-Lightowlers, 2013; O’Toole et al., 2008; Pusnik et al., 2007). In angiosperms
specifically, the PPR gene content appears fairly similar in number across species as orthologous
pairs are formed by more than 80% of rice and Arabidopsis PPR proteins (O’Toole et al., 2008).
This expansion of the PPR family in plants is most likely due to the role of PPR proteins in
nuclear and organellar gene expression (Chateigner-Boutin and Small, 2011; O’Toole et al.,
2008). Indeed, the vast majority of PPR proteins in plants are targeted to either organelle and
though a few are reported to be found outside of the organelles, the physiological consequence of
this localization is not clear (Colcombet et al., 2013; Ding et al., 2006; Hammani et al., 2011).

In plants, the PPR protein family can be divided into two subclasses: the P class which is
defined by the presence of the canonical 35 amino acid motif and the PLS class which not only
has the 35 aa motif (P) but also up to 38 aa long (L) motifs and 32-34aa short (S) motifs, usually
organized in P-L-S blocks within the protein (Lurin et al., 2004). The PLS class is further
characterized by the presence of additional C-terminal motifs; most PLS class proteins have what
is termed the “E motif” and many of these E motif proteins carry an additional DY W motif,
named for the three amino acids found at the end of this motif (Figure 1.3) (Lurin et al., 2004).
Members of the PPR protein family serve a variety of functions in many organellar RNA
metabolism processes such as transcription, splicing, cleavage, stabilization, translation and
editing (Figure 1.3) (reviewed. in Barkan and Small, 2014). P-class PPR proteins participate in
many of these RNA metabolic processes but PLS class PPR proteins appear to be primarily
involved in RNA editing, as all PPR proteins known to be involved in RNA editing are members

of the PLS class (Barkan and Small, 2014). However, there are a few examples of PLS class
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PPR proteins that do not function in editing: the PLS class proteins CRR2 and OTP70 are
involved in RNA processing and splicing, respectively (Chateigner-Boutin et al., 2011,
Hashimoto et al., 2003). In rare cases, P class proteins have been shown to influence editing
extent but this could be a secondary effect from changes in RNA turnover or accessibility

(Doniwa et al., 2010).

A.
P-class PPR protein

RNA stabilization CRP1, PPR10, HCF152, MCA1

RNA splicing THAS, PPR4, PPR5, OTP51
P . ~35 aa

RNA cleavage RPF1, RPEF2, RPF3, RPF5

Transcription pTAC2, DG1

Translation PPR10, PGR3, CRP1

B.
PLS-class PPR protein

40 80 88~

P . ~352a  RNA editing CRR4, CRR21, RARE],
- . 36.38 QEDI1, OTP80, OTPS2
~30- aa

RNA splicing OTP70
S ((]~3234aa

E/E+ RNA cleavage CRR2, PDM1
DYW

Figure 1.3: Architecture and function of P and PLS class PPR proteins. A. P-class proteins
consist of ~35 aa (P) motifs often present as tandem repeats and function in RNA
stabilization, splicing, cleavage, transcription and translation. B. PLS-class proteins consist
of ~35 aa P motifs, ~36-38 aa L motifs, and ~32-34 aa S motifs often organized as repeating
PLS blocks with S motifs occasionally interspersed and often have additional C-terminal E or
E-DYW motifs. PLS PPR proteins mostly function in RNA editing though a few proteins
function in RNA splicing and cleavage.
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PPR PROTEIN STRUCTURE AND FUNCTION: THE PPR CODE

The PPR protein family likely evolved from the closely related tetratricopeptide repeat
(TPR) family which is known to mediate protein-protein interactions (Blatch and Léssle, 1999).
Early structural predictions of PPR proteins based on known TPR motif structure suggested that,
like TPR motifs, PPR motifs consisted of two antiparallel alpha-helices and the tandem
organization of the motifs would result in a binding groove (Jinek et al., 2004; Small and Peeters,
2000). However, based on the properties of the residues predicted to project into the groove,
PPR proteins were hypothesized to be RNA binding proteins instead of protein-binding proteins
like their TPR protein counterparts (Small and Peeters, 2000). Subsequent experiments using gel
shift assays, co-immunoprecipitation, and in vitro binding assays with recombinant proteins
proved this RNA binding hypothesis to be true (reviewed in Nakamura et al., 2012). For
example, CRR4 was found to bind the RNA near the site that it edited, which suggested that
editing PPR proteins acted as the site-specificity factors. Furthermore, CRR4 lacking its C-
terminal motifs was still able to bind RNA, indicating that interaction was mediated through the
PPR motifs but not the C-terminal motifs (Okuda et al., 2006a). Since the discovery of CRR4,
other PPR proteins involved in RNA editing have been identified, some of which are responsible
for more than one editing site (Chateigner-Boutin et al., 2008; Wagoner et al., 2015; Zhou et al.,
2009). In many cases, the cis-elements of editing sites under the influence of a single PPR factor
shared significant sequence similarity, consistent with what was observed in earlier experiments
involving cis-elements of editing sites, supporting the hypothesis that PPR proteins serve as site-
specificity factors in RNA editing (Hammani et al., 2009; Okuda et al., 2009).

Despite strong evidence that PPR proteins function as RNA binding proteins with the

PPR motifs mediating the protein-RNA interaction, the mode by which the PPR motifs
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recognized specific RNA nucleotides was unknown until a combinatorial amino acid code by
Barkan et al (2012) was published (Figure 1.4). The PPR code dictates that the particular
combination of amino acids at position 6 of one PPR motif and the first amino acid of the
following PPR motif (1°) work in conjunction to preferentially recognize certain RNA
nucleotides (Figure 1.4A); a tandem arrangement of multiple PPR pairs give rise to a sequence
specific recognition of a SSRNA. For example, a threonine (T) at position 6 and an asparagine
(N) at position 1’ will preferentially recognize an A in the RNA, whereas an asparagine (N) at
position 6 and an aspartic acid at position 1” will preferentially recognize a U (Barkan et al.,
2012). Using this combinatorial code, P class protein PPR10 was successfully recoded to bind
RNA sequences other than its natural target (Barkan et al., 2012). When this code was tested
with PLS class proteins, while L motifs could not be incorporated into the code as it was then
developed, it was observed that a conserved five nucleotide space between the edited C and the
beginning of protein binding was present, probably to accommodate the additional C-terminal
motifs (Barkan et al., 2012). Further study on the L motifs and the final S motif in PLS class
proteins served to refine the combinatorial code and improve target site recognition for editing
factors (Takenaka et al., 2013). Indeed, this refined code enabled a new mitochondrial editing
factor, MEF32, to be identified based on the binding sites predicted by the PPR motifs of an
uncharacterized protein which was then confirmed through mutant analysis (Takenaka et al.,
2013). A three amino acid code was developed that indicated that amino acids at position 1, 4
(position 6 in the two-amino acid code) and ii (position 1’ in the two-amino acid code) were
responsible for target site selection (Figure 1.4B) (Yagi et al., 2013). Though it appeared that
positions 4 and i1 (6 and 1°) were the more important amino acids in determining binding sites,

the addition of the 1 position amino acid again improved predictions for binding sites. This three
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amino acid code was also used to find the RNA editing site for which PPR protein abscisic acid

hypersensitive germination

A.

Barkan et al. Two-amino acid recognition code

6+ 1 1°
A Y N 1
5. AUGGCCUUAUGCCCAUUAUACCCGCAUU-3’

B.

Yagi et al. Three-amino acid recognition code

14(6) ii(1)

i ~

'\\ ~ ”

5’-AUGGCCUUAUGCCCAUUAUACCCGCAUU-3’

Figure 1.4: Schematics of the two- and three-amino acid PPR codes A. The Barkan et al two-
amino acid recognition code holds that particular RNA nucleotides are recognized by the sixth
amino acid in a PPR motif (6) and the first amino acid of the next PPR motif (1’). B. The Yagi
et al three-amino acid code consists of particular RNA nucleotides recognized by the first (1)
and fourth (4) amino acids of one PPR motif and what is termed the ii amino acid in the next
PPR motif. The 4 and ii amino acids of the three-amino acid code correspond to the 6 and 1’
amino acids of the two- amino acid code.
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11 (AHG11) was responsible (Yagi et al., 2013).

Recently, due to the PPR code, the protein sequence of a PPR protein was able to be
adjusted to predictably alter the binding specificity of that protein and a synthetic PPR protein
has been created and characterized; both of these accomplishments have implications for
designing site-specific RNA binding proteins for practical use via post-transcriptional control of
target RNAs in the future (Gully et al., 2015; Kindgren et al., 2015).

The information gained from the elucidation of the combinatorial amino acid PPR code is
consistent with the early experiments on the cis-elements of RNA editing sites as the code
confirms that the PPR proteins bind to the sequence 5° of the C-target. The code also explains
the results from the earlier experiments showing that editing sites with similar cis-elements were
recognized by the same trans-factor (Bock et al., 1996; Chateigner-Boutin and Hanson, 2002;
Heller et al., 2008). Similarly, the elucidation of the RNA binding targets is congruent with
results from previous experiments which showed that the actual editing status of the C-target
does not affect the binding affinity of the trans-factor to the site it recognizes; for instance, RNA
from ndhF transgenes which encoded a T at the editing site still competed with endogenous
ndhF for trans-factors at the same rate as unedited transgenes (Reed et al., 2001). However, the
code does not explain cases like the two ndhB tobacco sites which are not edited in chloroplast
minigenes even when 47 nt upstream and 47 nt downstream of the editing sites are included, nor
does it explain the requirement for sequence 3’ of the editing site for efficient editing (Bock et
al., 1996). Possibly other factors with RNA binding capabilities besides the PPR proteins are
required to achieve full editing efficiency. The RNA sequence predicted to be recognized by
some PPR editing factors like MEF1, MEF14 and CRR28 do not match their target sequence

very well, suggesting that further refinement of the code may be necessary (Takenaka et al.,
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2013).

Potential refinement of the PPR code could be gleaned from results obtained from crystal
structures of PPR proteins bound to its cognate RNA. Despite the tendency of PPR proteins to
be insoluble, recently the crystal structure of a few PPR proteins, such as P-class protein PPR10
and PLS-class protein THA8L, have been solved in both the apo and RNA-bound forms (Ban et
al., 2013; Gully et al., 2015; Ke et al., 2013; Yin et al., 2013). The resolved crystal structures
confirmed much of what had been predicted from related TPR protein structures such as the
alpha-solenoid tertiary structure and the modular recognition of RNA residues predicted by the
bioinformatic analyses that resulted in the PPR code. Analysis of PPR10 bound to its RNA
confirmed that particular amino acids actually contacted the RNA residues they were previously
predicted to contact via the PPR code, validating the importance of the sixth residue in a protein
repeat in recognizing specific RNA residues with contributions from two other amino acids (Ban
etal., 2013; Gully et al., 2015b; Yin et al., 2013). Structural studies of PPR10 also offered some
new insights. If the first amino acid of a helix is considered the start of the repeat, the currently
established PPR motif boundaries would be shifted either one amino acid upstream or
downstream, resulting in a motif that encompasses all residues potentially engaging in RNA
residue recognition (Yin et al., 2013).

C-TERMINAL MOTIFS OF EDITING PPR PROTEINS: THE E AND DYW MOTIFS

Though the evidence clearly indicates that the PPR motifs in PPR editing factors function
to specifically select the sites to be edited, the role in the editing reaction of the C-terminal
motifs is still unclear. All PPR editing factors are members of the PLS class and also contain the
E motif, and most of these proteins contain an additional E+ or E+ and DYW motif (Lurin et al.,

2004). Truncation experiments determined that the E motif is always essential for editing as

17



editing was lost at the sites controlled by E-class PPR editing factors CRR4 and CRR21 when
CRR4 and CRR21 sans E motifs were transformed into their respective mutant plants to test for
complementation (Okuda et al., 2007). The same result was observed when the E and DYW
motifs were removed from DYW class editing factors CRR28 and CRR22, although editing still
occurred when the DYW motif only was removed (Okuda et al., 2009). E motifs also could be
swapped between CRR4 and CRR21 and the E-DYW motifs could be swapped between CRR22
and CRR28 with no adverse effect on editing, indicating that the E motif serves a general role in
plastid RNA editing instead of a role dependent on specific editing sites (Okuda et al., 2007,
2009). E motifs between two mitochondrial editing factors could also be exchanged with no
effect on editing (Chateigner-Boutin et al., 2013). However, when E motifs were exchanged
between mitochondrial editing factors and plastid editing factors, resulting in chimeric proteins
that could recognize their specific editing sites, but had the E motif from a PPR editing factor
that functioned in the other organelle, editing of their specific target editing sites did not occur
(Chateigner-Boutin et al., 2013). Though the E motifs appear to have a general function in RNA
editing, some organelle-specific specialization appears to have evolved. Chateigner-Boutin et al
(2013) noted that mitochondrial PPR editing factors tend to have longer E motifs than plastid
editing factors, but no specific sequence elements were found to be particularly conserved in
mitochondrial editing factor E motifs versus plastid editing E motifs (Chateigner-Boutin et al.,
2013).

The function of the E motifs which render them critical for RNA editing function is still
unknown. Though E motifs between editing factors tend to be more conserved than the PPR
motifs, no amino acids are absolutely conserved amongst all of the E motifs and there are no

recognizable known domains found within the E motif besides what appears to be two
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particularly degenerate PPR motifs (Lurin et al., 2004; Takenaka et al., 2013). However,
amongst the five known plastid editing PPR-E proteins there appears to be some conservation
around what was designated the PGC box by Hayes et al (2013), and in a block of amino acids 5’
of the PGC box (Figure 1.5) (Hayes et al., 2013). Given the conserved spacing between the PPR
binding site and the C target, the E motif could serve as a spacer between the PPR motifs and the
factor that performs the editing reaction, but the C-target/binding sequence spacing appears to be
well-conserved in both organelles and does not seem to reflect the length of the E motif, which
may indicate the E motif has a more active role in the RNA editing process than as a spacer

(Chateigner-Boutin et al., 2013; Takenaka et al., 2013).

CRR4 ------ i I'WRTFLTACSHHKEFETGELVAKHLILQAGYHPSEY KD
CRR21 LLASAGETEKALRLIEEMPFKFDARMIQELVASCHNKORKTELYVDYLSRKLLESEPENSGNY DEV
CLBILO --cvrrrmm e KEHENY EGA
OTP8BO - - - - v v e e e e FOSGTY KES
AEFL - NFSGYE KEy
PGC Box _E*,
CRR4 FRRVETMEMKERKIEKIFPEC ELDG - - RWHERIF WD S I EW e Gr s v v v e e et e e e e e m e emenaenens STL
CRR21 vEMREMMKAKS LKKKPEC QITGEEGWHVEVANDKTHTR INE I OMMLALLLYDMGT - - - - - v e e e GEK
CLB19 skMRERKMKEGLGLKKRFGFESME I DD - - CMHYEMAGDNAHYETTY IREVLEL | S5DLRLAGEYY - -ETLAG-DLLHA
OTP80 TEIRESMRDSG | EKEFPECETMEYDN - - Q IHERLYGD | AHPHKEA | YQRLQELNRILRFKENQI - -D- - - - - I IMGF
AEF1 D0kVERGMREKSLKKEVEREIGIE | A% . - YWNCEVSROQEHPHSSE I YDV I DGLAKDMRGDSFLTTLPTYTPSLELDE

Figure 1.5: C-terminal motif alignment of the five chloroplast PPR-E editing factors. E and
partial E+ motif protein sequences from the five plastid PPR-E editing factors (CRR4
NP_182060.2, CRR21 NP_200385.1, CLB19 NP_172066.3, OTP80 NP_200728.2, AEF1
NP_188854.1) were obtained from the NCBI database, aligned using T-Coffee, and presented
with Jalview. The degree of conservation is indicated by the intensity of shading. The
beginning of the E+ motif is indicated by the purple arrow and the red line indicates the PGC
box designated by Hayes et al (2013).
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PGC Box —p

CRR22 ©IHKNYNFAEKAAERLFELNP------. DDGGYHMLLAN | YRAASMNE KVGOVRVSMLROGLRKTPGCEMVE | KNEVHS
CRR28 KKGASVELSEEIARNIIGTKEDNESSNGNCSGAYMLLSRVYASASRMNDVG IVRKLMSEHG IRKEPGCES IEING | SHE
RVOGNVEMAAYAAEKIQVLAP . - - - - - - ERTGSYMLLSNVYASAGRWNDMAKVRLSMKEKGLRKPPGTES IQIRGKTHE
{%}5\66 RMOGNYEMGKRVAN I LMDMVP - - - - - - . HDSGAYMALSNMYASOGNIMSEVSEMRLRMKEKD IRKDPGCELIDIDGYLHE
RARFE] WTHKNLELGEIAGEELRQLDFP- - ... EDTAGYMLPFNLY TWAGKINEEAAEMMKLMNERMLKKELSCEBWIQEKGK | HR
ED1 KIHANLNLAEMACTRLLELEP- - - - - .. RNDGAHMLLSN I YAKLGKWENYSELRKHMRVTGLKKEPGCEBSIEIDGM | HE
KMHGNVELGESFAENLIKIEP. -« .. ENPGSYMLLSNIYASAGRINEVAKTRALLNDKGMKKVPGCES IEIDSVVHE
§¥B§2{ RIHNNLEIGEIAAQNL |QLEP. -« - - . NVASHYMLLANIYSSAGLIMDKATEVRRNMKEQGYRKEPGCEWIEHGDEVHK
OTPR SSHNNLDLAEKVSERIFELDD - - - - - - - SHGGDYMILSNLYARNKKIMEYVDSLRKVMKDRKAVKVPGCES I EVNNYYHE
ATECB2 RIHHKIDLGELSAQHIFELDK. - -« - - . KSVGYY | LLCNLYADCGKIMREVAKVRRMMKENGLTYDAGCEBWVEVKGKVHA
---------------------------- KNSG | YMLLSNIYASVGDYEGVAKVRNLMKEKG | VKEPG IBTIEIENKVHE
DOT4 - - NTGYY LMAHIYAEAEKIEDVKRLRKRIGQRGLRKNPGC IEIKGRVNI
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DYW HxE
— —

CRR22 FFs6STAHPD-SKKIYAFLEKLICHIKEAGYVPDTNLY -L--G-VE-NDVKEQLLST KLBISFGRLNTT- - AGTTH
CRR28 FHFAGDTSHPQ-TKQIYQQLKYIDDRLRSIGYLPDRSQAPLY- DATN-DGSKEYSLRLHSERLA I AFGEINLE - -PQTR:
S1 TSGDESHPE-MPNIEAMLDEVSQRASHLGHVPDLSNY - LM-D-VD-EKEKIFMLS RHSEKLAMAYGEISSN- - K6 TTH:
LPA66 HBEvVEDDSHFPK-AKEINSMLVE | SDKLRLAGYRPITTQV-LL-N-LE-EEDKENVLHYHSEK IRTAFGEISTS- - PGKPI-
IVGDKHHPQ - TQE I YEKLKEFDGFMEGDMFQC- - - - - - - - - - N-MTERREQLLOHSERLE I AFGEISVHENAP AP

ED1 LSGDNAHPM- SEKVYGKLHEYMEKLKSNGYEPE 1SQV-LO- |- |EEEEMKEQSLNL KLBICYGEISTE- - APKVIl
TP&2 I 1GDKFHPMN- - RE|YGMLEEMEVLLEKAGFVPDTSEV-LQ-E-ME- EEWKEGALRHHEEKLA I AFGEISTK- - PGTKL
OTPR4 EvAGDSSHPQ-SEKLSGYLETLWERMRKEGYVPDTSCV - LH-N-VE-EDEKEILLCGHSEKL NTS--PeTI
OTPRS FSGDGVKSA- TTKLHRALDEMVKELKLSGYVPDTSMV - VHAN - MN- DREKE | TLRYHSEKL NTP--PGTTH
ATECB2FLs0DKYHPQ - TKEINTYLEGF YEKMSEVGLTKISESS-SM-D-ET-EISRDEIFCG RK NTV- - PGMPI:
ELI1l RAGDREHSK- SKE I YTMLRKISERIKSHGYVPNTNTY.LQ-D-LE-ETEKEQSLOVHSERL STK--PGSPL -

DOT4 VAGDSSNFPE- TENIEAFLRKVRARMIEEGYSPLTKYA-LI-D-AE- EMEKEEALCGHEEKLAMALG 11556 - - HGKI
CREF3 FvAGGGYEFRNSDEYKKVWTELQEAIEKSGYSPNTSWY.LH-D-vD- EETKANWYCGHEERLATTYSBIHTS - - EcvRll-
CREF7 HLAGDRSHPE- 1EKIQSKWR IMRRKLEENGYVPELEEM. LL-DLVD-DDEREAIVHOHEEKLE TYSEIKTK. - PGTI

CxxCH Potential second zinc binding site
CRR22 HvrRENERVE~D LvTeRENVVEBMoRBEHF kN G D YUK
CRR_28 RIF RVEND KWFNTEL IV RVR HEKD L Dy
R VRNERVESD KVYNREL | LRBNNREHY | RO G DF
{5}\66 RIV RIBED KVYKRKITVRBRKREHHF 2D 1D Y

RARE]1 KvFKNERAEFD LVTGHEY | BBis RREHHF KE ND YW
QEDI  rvI RVEGD QLYDREN | VRBRYREHHF RN ND F W
OTP82 T!VENERVERN KIYKREN | ARBRTREHHF RD ND YW
OTP84 RvAKNHRVEND KIVDREN | LEBYVRREHRF KN G D YW

N — T o mXx A< X0 x oI

OTP&S RwV RVERD LIFGRKVVLRBYVQREHHFED G DFwW
ATECB2 wv T SMEEN KTVRREISVRDAEHFEHHF KD G- -D

11 KIF RVESD KITGRKIVMRBRNREHHF TD G DF W
DOT4 RvT RVEGD KLTRREIVLRDSNREHQF KD RGFW
CREF3 riT RVEAD QVTRRVIVLEDTKREHHF vD KD YW
CREF7 rim RVEKD KIYKRDIVMEDR TREHHF RD G D YW

Figure 1.6: C-terminal motif alignment of fourteen PPR-DYW chloroplast editing factors.
DYW, E+ and partial E motif protein sequences from fourteen plastid PPR-DYW editing
factors (CRR22 NP_172596.1, CRR28 NP_176180.1, YS1 NP_188908.2, LPA66
NP_199702.1, RARE1 NP_196831.1, QED1/OTP81 NP_180537.1, OTP82 NP_172286.1,
OTP84 NP_191302.2, OTP85 NP_178398.1, ATECB2 NP_173004.1, ELI1 NP_195454.1,
DOT4 NP_193610.1, CREF3 NP_188050.1, CREF7 NP_201453.1) were obtained from the
NCBI database, aligned using T-Coffee, and presented with Jalview. Degree of conservation
is represented by intensity of shading. The beginnings of the E, E+, and DYW motifs are
designated by purple arrows. The conserved CxxCH/HXE deaminase motifs, as well as a
second potential zinc binding site and the PGC box designated by Hayes et al (2013) are
designated by red lines.
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The presence of the two degenerate PPR motifs could signify that the E motif performs a
non-site specific RNA or protein binding role in RNA editing. The E motif, however, does not
appear to play a role in RNA binding involved in site selection since CRR4 with its E motif
removed could still bind RNA near the editing site it affects (Okuda et al., 2006). Besides RNA,
PPR motifs are also known to be able to bind protein as well. P-class proteins PPR10 and
HCF152 and PLS-class protein THA8 can form homodimers in vitro and the P-class PPR protein
PNM1, which has been associated with nuclear chromatin, has been shown to interact with
chromatin-interacting proteins through yeast two-hybrid (Y2H) assays (Ban et al., 2013; Barkan
et al., 2012; Hammani et al., 2011; Nakamura et al., 2003). Also using Y2H assays, interactions
between editing PPR proteins like CRR28 and OTP82 and other members of the RNA editing
complex have been observed (Sun et al., 2013; Wagoner et al., 2015). The E motif, then, could
function to mediate protein-protein interaction between the PPR site-recognition factor and other
proteins involved in the RNA editing process, particularly the factor that carries the deaminase
function or a factor that can interact with the deaminase.

The other C-terminal motif, the DYW motif, is present in many, but not all of the
mitochondrial and plastid PPR editing factors. Of the motifs found in a PPR-DYW protein, the
DYW motif tends to display the most conservation between factors (Lurin et al., 2004).
Particularly, a set of invariant amino acids (HXE/CxxC) is found in all DYW motifs; these
residues are also highly conserved with the active site found in known deaminases (Figure 1.6)
(lyer et al., 2011; Lurin et al., 2004). This observation led to the hypothesis that the DYW motif
could function as the deaminase in plant RNA editing (Salone et al., 2007). However, this
hypothesis was not supported when experiments showed that editing still occurred even when the

DYW motifs of CRR22 and CRR28 were truncated (Okuda et al., 2009). A number of other
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PPR-DYW factors are still able to perform specific editing even when the DYW motif is
truncated (Hayes et al., 2013; Okuda et al., 2010). Still other editing factors, including CRR4 and
CRR21, are able to function despite carrying only an E motif (Okuda et al., 2007). Altogether,
these observations appeared to discount the possibility that the DYW motif could function as the
deaminase.

THE DYW MOTIF: THE DEAMINASE IN PLANT RNA EDITING?

However, recent studies have shown that DYW motifs can act in trans. A protein
containing a DYW motif, but no recognizable PPR motifs, was found to interact with E-class
editing factor CRR4 to edit the ndhD C2 site (Boussardon et al., 2012). Plants mutant for this
gene, called DYW1, were unable to edit ndhD C2, similarly to crr4 mutants, and the DYW1 and
CRR4 proteins were found to interact in planta (Boussardon et al., 2012). A fusion of CRR4 and
DYW!1 was created and this chimeric protein was able to complement the editing phenotype in
crr4-dywl double mutants (Boussardon et al., 2012). Interestingly, this CRR4-DYW1 fusion
protein resembled a complete PPR-DYW protein as DYW1 provided the DYW motif and part of
an E+ motif that is missing in the CRR4 protein (Boussardon et al., 2012). These results indicate
that DYW motifs can act in trans and contribute to editing function in conjunction with proteins
without a DYW motif, and by extension, possibly with proteins that have a non-functional DYW
motif.

Though many PPR-DYW proteins do not appear to require their DYW motif for editing,
one mitochondrial editing factor, MEF1, was found to require its DYW motif for editing
function, as DYW-truncated MEF1 was not able to complement the editing phenotype in mefl
mutant plants and protoplasts (Zehrmann et al., 2010). The addition of a 6xHis tag to the end of

MEF1 was also found to interfere with editing. This inhibition of function by a C-terminal 6xHis
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tag supports the role of its DYW motif in the editing function (Zehrmann et al., 2010). Analysis
of the DYW motifs of plastid editing factors ELI1 and DYW!1 revealed that these DYW motifs
could bind two zinc ions, a feature which is critical for function of other known cytidine
deaminases, though the DYW motif of ELI1 was found to be dispensable for editing (Hayes et
al., 2013). The observation that these motifs could bind two zinc atoms led to the identification
of a possible second zinc binding site formed by a set of residues invariant in all editing factor
DYW motifs near the C-terminus of these motifs (Hayes et al., 2013).

Because of its involvement in editing ndhD C2, further study on DYW1 was performed
to identify amino acids that were important for its function through analysis of TILLING lines
containing random EMS mutations and through site-specific mutagenesis targeting its conserved
deaminase-like HXE/CxxC motifs as well as the conserved terminal DYW tripeptide
(Boussardon et al., 2014). In one DYW1 mutant line, the H and E of the HXE motif were
mutated to alanines and in another, the two cysteines of CxxC were mutated to alanines. Lines
that carried versions of DYW1 with the mutated deaminase signature were unable to
complement the editing defect indicating that these residues are indeed important for the editing
process. Unexpectedly, truncation of the terminal DYW tripeptide also resulted in non-
complementation of the editing phenotype. Mutation of the individual amino acids of the DYW
tripeptide revealed that mutation of D resulted in decreased editing, mutation of the Y did not
affect editing extent, and mutation of the W completely abolished editing (Boussardon et al.,
2014). This is consistent with what is observed in the DYW motif of DYW proteins where most
of the natural variation of this tripeptide occurs in the second position. The importance of the
terminal tryptophan can also explain why the addition of a C-terminal tag can severely inhibit

editing. Boussardon et al. (2014) hypothesized that the terminal DYW tripeptide could function
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as a C-terminal protein-protein interaction signal due to its similarity to other known C-terminal
protein-protein interaction signals (charged residue followed by hydrophobic residues); this
hypothesis would be consistent with the severe reduction in editing observed when a protein tag
is attached to the C-terminus or when the DYW residues are mutated or truncated. The ability of
mutagenized versions of DYW!1 to bind zinc was also tested in this experiment. One version
contained a 32 amino acid deletion of the deaminase-like signature and another version mutated
the H and E of the (HXE/CxxC) signature to alanines. These mutagenized versions bound a
much lower amount of zinc than the wild type DYW1, indicating that the deaminase-like
signature itself is necessary for proper zinc binding (Boussardon et al., 2014). These results
indicate that the DYW motif may play an important role in the RNA editing reaction, possibly as
the cytidine deaminase, although it is still unclear if the motif has deaminase activity, or if it does
not, what other role it may play.

Chapter 2 of this thesis identifies a new PPR-DYW editing factor, QUINTUPLE
EDITING 1 (QEDZ1) that is responsible for the editing of five chloroplast sites and investigates
the function of its DYW motif as well as the DYW maotif of another PPR-DYW factor, RAREL1,
in the RNA editing process (Robbins et al., 2009). Using truncation analysis, these DYW motifs
were determined to be necessary for editing and that specifically, the conserved deaminase-like
residues in both motifs are critical for efficient editing function, consistent with what was
observed in mutational analysis of DYW1 (Boussardon et al., 2014). Using site-directed
mutagenesis, the importance of other conserved motifs, including the second potential zinc
binding site identified in Hayes et al (2013) was investigated and it was found that this second
zinc binding site could also play a role in RNA editing (Hayes et al., 2013; Wagoner et al.,

2015). After the publication of the investigation of the DYW motifs of QED1 andRAREL, two
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other plastid editing PPR-DYW factors, OTP84 and CREF7, which specify editing of three sites
and one site, respectively, have been shown to require their DYW domains for efficient editing
(Hayes et al., 2015). Interestingly, when the DYW domain of was truncated, the editing of two
out of three of the sites specified by OTP84 was severely reduced, while the editing of the third
site remained at wild-type efficiency. However, when the glutamate in the conserved HXE
deaminase signature was targeted by site-directed mutagenesis, editing at all three sites was
severely decreased. Overexpression of mutated OTP84 in wild-type plants did not affect editing
efficiency of the three sites, indicating that the decrease in editing efficiency was not due to a
dominant negative effect by the mutated gene (Hayes et al., 2015).

Taken together, these results implicate that the DYW motif may indeed be involved in
the deamination reaction although currently there is no direct evidence that the DYW motif is
capable of deaminase activity. However, there is some evidence that the DYW motif of CRR2,
which is responsible for intergenic processing between rps7 and ndhB, could be capable of
endonuclease activity (Okuda et al., 2009a). CRR2 lacking its DYW domain could not
complement the RNA processing phenotype when transformed into crr2 mutant plants. Also,
despite sequence similarities between the DYW motifs of CRR22, CRR28 and CRR2, CRR2
carrying the DYW motif of CRR22 or CRR28 did not show any endoribonuclease activity
(Hashimoto et al., 2003; Okuda et al., 2009a). Conversely, although CRR22 and CRR28 can
function without their DYW motif, editing was abolished when their DY W motifs were replaced
with the DYW motif of CRR2 (Okuda et al., 2009). Nakamura and Sugita (2008) also
characterized another PPR-DYW protein that demonstrated endonuclease activity dependent on
the concentration of the fusion protein containing the DYW motif. Mutation of the CxxCH motif

to GxxGH greatly reduced the endonuclease activity, suggesting that the activity requires the
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deaminase motifs (Nakamura and Sugita, 2008). This protein was later further characterized as
OTP85 which is a plastid editing factor responsible for a single site in the ndhD transcript
(Hammani et al., 2009). Though the DYW motif of OTP85 appears to have endonuclease
activity, it is yet unclear if the DYW motif of OTP85 is necessary for its editing function. Ifitis
needed for editing, this observation may support the hypothesis that the DYW motif is the
editing deaminase as it would show that the DYW motif of an editing PPR protein is capable of
catalytic activity.

Evolutionarily, the presence of the DYW motif correlates very well with the presence of
RNA editing, not only in land plants but also in other organisms (Rudinger et al., 2012) For
instance, DYW class proteins are lacking in Marchantia liverworts, which do not have the RNA
editing process and C-to-U editing has been observed in protists that appear to have acquired
PLS-class PPR-DYW proteins through horizontal gene transfer (Groth-Malonek et al., 2007;
Knoop and Rudinger, 2010; Ridinger et al., 2011; Schallenberg-Rdinger et al., 2013). Though
DYW motifs can apparently act in trans, to date, no other proteins carrying DYW motifs have
been associated with any other E-class PPR factors or with PPR-DYW factors with dispensable
DYW motifs. 87 DYW-containing proteins are encoded in the Arabidopsis genome and only
five of those appear to be good candidates as general editing PPR interacting partners as they
have few PPR motifs and a poorly conserved E motif (Boussardon et al., 2012; Colcombet et al.,
2013; Lurin et al., 2004). Though these factors could likely be involved in editing sites
associated with E-class proteins, or perhaps even PPR-DYW proteins with dispensable DYW
motifs like CRR22 and CRR28, given the amount of these E-class or DYW-dispensible PPR
proteins involved in both plastid and mitochondrial RNA editing, they would have to participate

in associations less specific than that of DYW1, which only is involved with a single editing site
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(Boussardon et al., 2012). Though there are currently no sets of plastid PPR editing factors that
participate in the same editing site (with the exception of RARE1 and atECB?2), other PPR-DYW
proteins that are yet unidentified may also act in trans to provide a DYW motif that is necessary
for editing function (Robbins et al., 2009; Yu et al., 2009). For example, Yagi et al (2013)
hypothesize that RARE1 and atECB2 cooperate to edit the accD C794 site similarly to how
CRR4 and DYW!1 cooperate to edit the ndhD C2 site, as the accD C794 cis-element is clearly
recognized by RAREL but not atECB2 via in silico analysis and the two PPR proteins appear to
be highly related by co-expression profile (Yagi et al., 2013b). RAREZ1 also affects only one site
and shows no mutant phenotype, while atECB2 affects multiple editing sites and atECB2
mutants are albino and seedling lethal (Cao et al., 2011; Robbins et al., 2009; Yu et al., 2009). It
is also distinctly possible that there are unidentified proteins that must interact with the E or
DYW motif in order to perform the editing reaction.
NON-PPR PROTEIN TRANS-FACTORS INVOLVED IN RNA EDITING

Mediation of potential interactions between the PPR editing protein and possible
unknown factors involved in catalysis may depend on other proteins that have recently been
found in the editosome, which appears to be a complex about 200-400 kD in size (Bentolila et
al., 2012). Through co-immunoprecipitation of the PPR-DYW editing factor RAREL, a new non-
PPR protein, called RNA EDITING FACTOR INTERACTING PROTEIN 1 (RIP1) was found
to be dual-targeted to the chloroplast and the mitochondria and broadly involved in RNA editing
in both organelles (Bentolila et al., 2012). RIP1 was found to be part of a small family of
proteins named the RIP family. This family is also referred to as the MORF (Multiple
Organellar RNA editing Factor) family, as two different labs independently described members

of the same family in 2012 (Bentolila et al., 2012, Takenaka et al. 2012). . Like members of the
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PPR protein family, members of the RIP/MORF protein family were shown to be targeted to
either the plastid or mitochondria and involved in the RNA editing process in that organelle
(Bentolila et al., 2013; Takenaka et al., 2012). RIP2/MORF2 and RIP9/MORF?9 are targeted to
the plastid where, together, they are involved in the editing of nearly all of the plastid sites and
can interact with not only each other, but also with PPR editing factors (Bentolila et al., 2013;
Takenaka et al., 2012). Though the function of this family of proteins is unclear, they do not
appear to be capable of deaminase activity, as they do not have domains that resemble those of
deaminases and mutation of these family members often cause a reduction, but not a complete
knockout of editing at specific editing sites. This family is also absent in bryophytes and
lycophytes that can engage in RNA editing (Bentolila et al., 2013; Takenaka et al., 2012). Using
Bimolecular Fluorescence Complementation (BiFC), recent experiments on plastid editing
factor CHLOROPLAST BIOGENESIS 19 (CLB19) have shown that its E motif does appear to
interact with MORF2/RIP2 but not with MORF9/RIP9, which may imply the RIP/MORF
proteins can function as mediators of the interaction between the editing PPR protein and a factor
containing deaminase function (Ramos-Vega et al., 2015).

ORRML1, a novel protein that contains twin RIP domains as well as an additional RNA
recognition motif (RRM) was discovered to be a major factor in plastid RNA editing, affecting
over half of the plastid sites in Arabidopsis (Sun et al., 2013). Surprisingly, in complementation
analysis, the RRM of ORRM1, and not the RIP domains, was able to complement the editing
defect. Like the RIP family members, ORRM1 was also found to be able to interact directly
with editing PPR factors through the PPR motifs (Sun et al., 2013). Two other members in
ORRM1’s clade, ORRM2 and ORRM3, were found to be mitochondrial editing factors that can

interact with each other and, similarly to ORRML1 in plastids, can interact with mitochondrial
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members of the RIP/MORF family (Sun et al., 2013). These non-PPR factors that are involved in
RNA editing, though their function is unclear, could regulate RNA editing function through
mediating protein-protein interactions between the PPR proteins functioning as site-recognition
factors and other factors that could be important for catalysis of the RNA editing reaction or have
other important regulatory functions.

Given ORRM1’s broad involvement in plastid RNA editing, it was identified as a good
candidate protein to use as bait to possibly identify other members of the editosome. Using
ORRML1 tagged at the N-terminus for co-immunoprecipitation, another non-PPR protein
containing two zinc finger domains was found to broadly affect plastid editing efficiencies,
affecting 30 chloroplast C-targets (Sun et al., 2015). This protein, named Organelle Zinc finger
1 (OZ1) was also observed to interact with editing PPR proteins as well as ORRM1 via Y2H,
although OZ1 did not interact with RIP2/MORF2 or RIP9/MORF9 and only interacted with
RIP1 weakly (Sun et al., 2015). OZ1 was found to be a member of a small zinc finger protein
family containing 3 other proteins, one predicted to be targeted to the mitochondria, the other
two predicted to be targeted to the plastid, all of which are likely to be involved in the RNA
editing process (Sun et al., 2015).

Recently, yet another non-PPR member of the editosome has been characterized, as an
enzyme functioning in the tetrapyrrole biosynthetic pathway, protoporphyrinogen IX oxidase 1
(PPO1), was found to be involved in the editing of seven plastid sites, including ndhD C2, the
editing extent of which was completely absent in ppol mutants (Zhang et al., 2014). The RNA
editing function of PPO1 was dependent upon its interaction with RIP2 and RIP9, but PPO1 did
not interact directly with any of the PPR editing factors that were tested, which supports the role

of RIP family members as mediators of protein-protein interactions. Surprisingly, it was also
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Figure 1.7: Current possible models of RNA editosomes based on mutant analysis and protein-
protein interaction data from Y2H and BiFC analyses. A. RNA editosome model of CRR4, an
E-class PPR editing factor.. B. RNA editosome model of QED1, a PPR-DYW editing factor.
Red stars indicate protein-protein interaction verified by Y2H and/or BiFC analysis.
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found that RIP2 and RIP9 interacted with DYW1, but not with CRR4 which may indicate that
the RIP factors may mediate the factors involved in the deaminase reaction if the DYW motif has
deaminase activity (Zhang et al., 2014). Despite the recent advances made in identifying
members of the editsome, the composition and dynamics of these members in the editosome
during the editing reaction is still unclear, although Y2H and BiFC data does give some insight
on which proteins may interact in the complex (Figure 1.7). Additionally, there may yet be some
components of the editosome that have not been discovered yet, particularly those that may
contribute to the deamination reaction. Table 1.1 summarizes which proteins have been
associated with specific plastid editing sites based on editing extents that were affected in plants
mutant for specific genes, or when particular genes were silenced using Virus Induced Gene
Silencing (VIGS) (Bentolila et al., 2013; Boussardon et al., 2012; Sun et al., 2013, 2015;
Takenaka et al., 2012; Zhang et al., 2014).
CONSEQUENCES WHEN EDITING FAILS TO OCCUR

Why have plants devoted so many proteins to the RNA editing process? As was
discussed previously, this process appears to be a corrective process in order maintain codons
that are evolutionarily conserved in other plant species. The consequences of not editing these
codons can result in a wide range of phenotypes depending on the transcripts that are affected.
In CHLOROPLAST BIOGENESIS 19 (CLB19) mutants, sites in rpoA and clpP, which encode a
plastid RNA polymerase subunit and a protease respectively, are not edited, resulting in a
seedling lethal phenotype (Chateigner-Boutin et al., 2008). In YELLOW SEEDLING 1 (YS1)
mutants, a site in rpoB, encoding another subunit of plastid RNA polymerase, is unedited, and
seedlings display a yellow phenotype, although these plants eventually green and grow to

maturity (Zhou et al., 2009). Mutant plants that have defects in genes such as CRR4, CRR22,
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and CRR28 which affect editing in subunits of the NDH complex appear phenotypically normal,
but lack the transient increase in chlorophyll fluorescence after shutting off actinic light that can
be observed with specialized equipment in wild type plants (Hammani et al., 2009; Kotera et al.,
2005; Okuda et al., 2007, 2009). In some cases, plants mutant for certain genes, such as RAREL,
OTP80, OTP82, OTP85, and OTP86, do not appear to have any discernible mutant phenotype
despite the lack the of editing at these PPR proteins’ particular sites (Hammani et al., 2009;
Robbins et al., 2009). However, it is possible that problems caused by the alteration of a protein
sequence due to lack of RNA editing would not be observed under lab conditions, but instead
would cause a detrimental phenotype if the plant was growing in nature and was subjected to
particular environmental stresses (Kurihara-Yonemoto and Handa, 2001; Nakajima and
Mulligan, 2001). Abnormal phenotypes might also be species-specific: rarel mutant
Arabidopsis do not edit a site in accD which is involved in fatty acid synthesis, but do not
display any obvious mutant phenotype (Robbins et al., 2009). However, in vitro analysis of pea
accD revealed that the version of pea accD unedited at this same site had no enzymatic activity
when expressed in E. coli (Sasaki et al., 2001).

Chapter three of this thesis investigates the physiological consequences of the lack of
editing at five chloroplast sites in ged1 mutants, which includes sites located in genes encoding
an RNA polymerase subunit, a chloroplast splicing factor, and a subunit of the NDH complex.
These mutant plants show a defect in growth and in NDH activity as well as an abnormal
chloroplast morphology phenotype. Together, the experiments in chapters two and three aim to
gain insight into phenotypical consequences of lack of editing at certain plastid editing sites and
also to help address some of the outstanding questions in the plant RNA editing field involving

the role of the C-terminal motifs in RNA editing and the identity of the deaminase that drives the
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reaction.
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Table 1.1: Protein factors associated with specific editing sites

CREF7 PPR-DYW ORRML1, PPOL1,
C1255 0Z1
ndhB OTP84 PPR-DYW 2.9 2.9 PPO1
C1481
ndhB 2.9 2.9 PPO1, 071
C149
ndhB 2 NT PPO1
C153
ndhB CRR28 PPR-DYW 1.2 2.9 ORRML1, PPOL1,
C467 0Z1
ndhB 1.9 ORRML1, PPOL1,
C586 0Z1
ndhB NT
C708
ndhB 9 NT 0Z1
C726
ndhB CRR22 PPR-DYW 9 2.9 ORRM]1. OZ1
C746
ndhB ELI1 PPR-DYW 2 2.9 ORRML1, PPOL1,
C830 0Z1
ndhB OTP82 PPR-DYW 2.9 2.9 PPO1, 071
C836
ndhB QED1 PPR-DYW 2.9 2.9 ORRML1, PPOL1,
C872 0Z1
ndhD CRR22 PPR-DYW 2.9 2.9 ORRML1, PPOL1,
C887 0Z1
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accD
3'UTR
C1568

accD

C794
atpF
co2

clpP
C559

matkK
C640

rpoA
C200

rpoB
C2432

rpoB
C338

rpoB
C551

rpoCl
C488

rpsl2il
C58

rpsl4
C149

rpsl4d
C80

QED1 PPR-DYW

ATECB2 PPR-DYW

RAREI PPR-DYW

AEF1 PPR-E

CLB19 PPR-E

QED1 PPR-DYW

CLB19 PPR-E

QED1 PPR-DYW

YS1 PPR-DYW

CRR22 PPR-DYW

DOT4 PPR-DYW

QED1 PPR-DYW

OTP86 PPR-DYW

1.9

1 (inc).

2,9

1 (inc).

2,9

2,9
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2 (inc)
9 (inc)

2.9

2,9

2.9

2,9

2 (inc). 9

2,9

2.9

2,9

2,9

2.9

2,9

ORRM1. OZ1

0z1

ORRMI, OZ1
ORRMI , 0Z1
ORRMI, OZ1
ORRMI, OZ1
0z1
ORRMI, OZ1
PPO1 (inc).
0Z1 (inc)

ORRM1. OZ1

ORRM1



Plastid Associated Associated  Associated Other

Editing PPR Protein RIP MORF Associated
Site Proteins
ndhD C2 CRR4 PPR-E 1.2,9 2.9 ORRM1, PPO1,

DYWI, OZ1
ndhD CRR21 PPR-E 2,9 2,9 PPO1
C383
ndhD OTP85 PPR-DYW 9 2.9 ORRM1, PPO1,
C674 0z1
ndhD CRR28 PPR-DYW 2,9 2,9 ORRM1, PPO1,
C878 0z1
ndhF OTP84 PPR-DYW 2 2.9 PPO1, OZ1
C290

ndhG C50 OTP82 PPR-DYW 2,9 2,9 ORRM1, PPO1,

0z1
petL C5 1.9 2.9 PPO1, OZ1

psbE CREF3 PPR-DYW 2
C214

psbF C77  LPAG66 PPR-DYW 2.9

psbZC50  OTP84 PPR-DYW 2,9 2,9

rpl23 C89 OTP80 PPR-E 2.9 2.9 PPO1, OZ1

Table 1.1: Protein factors associated to specific plastid editing sites via mutant or silencing
analysis. Associated PPR Protein indicates PPR-E or PPR-DYW editing factor associated
with an editing site. Associated RIP indicates which RIP/MORF proteins have been
associated to each site via Virus Induced Gene Silencing (VIGS) in Bentolila et al (2013).
Associated MORF indicates which RIP/MORF proteins have been associated with each site
via mutant analysis in Takenaka et al (2013). RIP1 = MORF8, RIP2 = MORF2, RIP9 =
MORF9. Plastid RNA status was not tested in MORF8 mutants. Other Proteins Associated
indicates non-PPR, non-RIP/MORF proteins that have been associated with each site via
mutant analysis. Inc. indicates increase in editing extent was observed in mutant or silenced
plants. NT = Not Tested in that analysis
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Chapter 2

Cytidine deaminase motifs within the DYW domain of two pentatricopeptide repeat-containing
proteins are required for site-specific chloroplast RNA editing!

1 J. Wagoner designed and generated the QED1 Y2H constructs and the complementation and mutagenized
constructs, genotyped plants, performed protoplast and stable transformation assays, performed PPEs, and
performed sequence analysis. T. Sun performed the Y2H assays and created RIP and ORRM1 Y2H constructs. L.
Lin performed PPE assays and Western Blots.
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Background: Pentatricopeptide repeat (PPR) proteins are site-specific RNA editing factors;
many have C-terminal motifs of unknown function.

Results: Site-directed mutagenesis of two PPR-DYW domains significantly reduces editing
efficiency.

Conclusion: Residues conserved in cytidine deaminases in the DYW domains are important for
editing activity.

Significance: This study strengthens the evidence that the DYW domains of PPR proteins carry
the deaminase activity necessary for C-to-U modification.

ABSTRACT
In angiosperm organelles, cytidines are converted to uridines by a deamination reaction in

the process termed RNA editing. The C targets of editing are recognized by members of the
pentatricopeptide repeat (PPR) protein family. Although other members of the editosome
have begun to be identified, the enzyme that catalyzes the C-U conversion is still unknown.
The DYW motif at the C-terminus of many PPR editing factors contains residues
conserved with known cytidine deaminase active sites; however, some PPR editing factors
lack a DYW motif. Furthermore, in many PPR-DYW editing factors, the truncation of the
DYW motif does not affect editing efficiency, so the role of the DYW motif in RNA editing
is unclear. Here, a chloroplast PPR-DYW editing factor, QUINTUPLE EDITING
FACTOR 1 (QED1), was shown to affect five different plastid editing sites, the greatest
number of chloroplast C targets known to be affected by a single PPR protein. Loss of
editing at the five sites resulted in stunted growth and accumulation of apparent
photodamage. Adding a C-terminal protein tag to QED1 was found to severely inhibit
editing function. QED1 and RAREL, another plastid PPR-DYW editing factor, were
discovered to require their DYW motifs for efficient editing. To identify specific residues
critical for editing, conserved deaminase residues in each PPR protein were mutagenized.
The mutant PPR proteins, when expressed in gedl or rarel mutant protoplasts, could not

complement the editing defect. Therefore, the DYW motif, and specifically, the deaminase
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residues, of QED1 and RAREL1 are required for editing efficiency.

Vascular plants modify Cs post-transcriptionally to Us in chloroplasts and mitochondria in a
process termed RNA editing. Cytidine can be converted to uridine by deamination; however, the
identity of the cytidine deaminase that carries out the reaction has remained elusive. The plant
organelle editosome is a small protein complex of 200-400 kD (1) whose entire composition is
not yet known, though members of several Arabidopsis protein families have been found to be
essential for efficient RNA editing (1-6). One hypothesis is that deaminase activity is provided
by the DYW domain that is present C-terminally on many, but not all, pentatricopeptide (PPR)
motif-containing editing factors. The DYW domain contains the HXE and CxxCH motifs that are
conserved in cytidine deaminases (7). Short cis-elements upstream of C targets of editing are
known to bind PPR proteins, which evidently serve as the recognition factors that determine
which C will undergo editing (8-10). Recently, a recognition code for the interaction of PPR
motifs with particular RNA nucleotides has been proposed (11-13).

Many PPR editing factors recognize only one editing site, but there are a number that can
recognize multiple editing sites. For example, CLB19 is involved in the editing of two C targets
in the chloroplast, rpoA C200 and clpP C559, while CRR22 and OTP84 can each recognize three
different C targets in the chloroplast (14,15). We describe here a PPR-DYW editing factor,
QUINTUPLE EDITING 1 (QEDZ1) that affects five different chloroplast C-targets, currently the
largest number of chloroplast sites affected by a known PPR protein. We observed that the DYW
domain of QED1 and of RARE1, another PPR-DYW protein we have previously studied (16),
are essential for editing of their respective C targets. In order to discern the possible role of the

cytidine deaminase signatures HXE and CxxCH found in the DYW domain of PPR proteins, we
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performed site-directed mutagenesis and assayed the effect on editing in transfected mutant
protoplasts. We also investigated whether the sequences comprising a putative second zinc-

binding site in the DYW domain (17) were necessary for RNA editing.

EXPERIMENTAL PROCEDURES

Arabidopsis Lines--The T-DNA insertion line CSHL_GT13864 (Landsberg erecta ecotype) was
obtained from the Arabidopsis Biological Resource Center (ABRC) and the presence of the T-
DNA insert was verified through PCR with primers 5’-GCTTGCATAGTTGATGTTCTCG-3’
and the Ds3-1 primer 5’-ACCCGACCGGATCGTATCGGT-3" (18)using BioRad Red Master
Mix (Hercules, CA). The T-DNA insertion line SALK _092402C (Columbia-0 ecotype) was also
obtained from the ABRC and homozygosity of the mutants was confirmed. Arabidopsis seeds
were imbibed in water at 4°C for three days and then seeded on MetroMix. Plants were grown in
both long day (16h light, 8h dark, 79 pmol/m?/sec light, 22°C) and short day (10h light, 14h dark
116 umol/m?/sec light, 22°C) conditions.

Complementation and Mutational Analysis--RAREL and the 2217 bp wild-type coding
region of QED1 were amplified using Phusion polymerase and TOPO cloned into
PCR8/GW/TOPO (Invitrogen Carlsbad, CA). These constructs were used in LR Clonase 11
recombination reactions with pEXSG-EYFP (19) and a modified pBI121 vector (1,20) to
generate the full-length, DYW, E+ and E truncated constructs driven by a 35S promoter. Site-
directed mutagenesis of conserved deaminase residues was performed by two-step PCR. Both
the full-length construct and the mutagenized product were digested with BamHI and Sacl and
the mutagenized product was ligated into the digested full-length construct. Oligonucleotides

used for mutagenesis are listed in Table 2.2.
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Generation of transgenic plants--A construct in the modified pB1121 vector carrying the
QED1 wild-type coding region was transformed into Agrobacterium tumefaciens GV3101.
Floral dip transformation of ged1 CSHL_GT13864 homozygous mutants plants was performed
asin (21).

Protoplast Transfection--The cellulase/macerozyme solution was prepared following the
protocol of Yoo et al. (22) and contained 1.5% cellulase R10, 0.4% macerozyme R10, 0.4 M
mannitol, 20 mM KCI, 20 mM MES pH 5.7, 10 mM CacCl, 0.1% BSA. Arabidopsis plants were
grown in short days (8 hr light). Fully expanded leaves were sliced into 0.5-1mm strips using
razor blades with minimal wounding and immersed in the enzyme solution. The digestion
mixture was vacuum-infiltrated for 2 minutes and incubated overnight in the dark without
shaking. The protoplasts were harvested in round-bottomed tubes by 2 minutes centrifugation at
300g. The supernatant was discarded and the cells were resuspended in the W5 solution (154
mM NacCl, 125 mM CaCl,, 5 mM KCI, and 2 mM MES pH5.7). The protoplasts were left on ice
for 30 minutes before 2 minutes centrifugation at 300g. The supernatant was discarded and
MMG solution (0.4 M mannitol, 15 mM MgClz, 4 mM MES pH 5.7) was used to resuspend the
protoplasts. Cell number was counted using a hemocytometer. The final protoplast density was
adjusted to 2 x 10°/ml. 30ug of plasmid DNA was used to transfect 300ul (6x 10*) protoplasts as
in Jen Sheen’s protocol (23). After 30 minutes incubation, a three times volume of W5 solution
was added into each tube to stop the transfection. The cells were spun down by 2 minutes
centrifugation at 300g and then resuspended in 1 ml W5 solution. Transfected protoplasts were
cultured for 3 days in 24-well tissue culture plate in the dark at room temperature to allow
accumulation of protein and edited transcripts before RNA extraction. A gene encoding GFP

targeted to the ER (24) was also transfected in a sample to monitor transfection efficiency.
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Measuring Editing Extent--RNA extraction and RT-PCR was performed as previously
described (25). PPE editing assays of VIGS and QED1 mutant lines was carried out as described
by Peeters and Hanson (26), except with the use of fluorescently labeled primer (16). Assays of
editing efficiency in protoplasts were performed with the amplification primers listed in Robbins
et al

Yeast Two-hybrid Assays--Mature coding sequences of QED1, RIP1, RIP2, RIP3, RIP5
and RIP9 were amplified using Phusion polymerase and cloned into the PCR8/TOPO/GW
vector. These constructs were used in LR Clonase Il recombination reactions with pPGADT7GW
and pGBKT7GW vectors to fuse the GAL4 activation domain (AD) and DNA binding domain
(BD) respectively to the N-termini of the mature coding sequences. The yeast two-hybrid assay
was performed as described in (3).

Protein Extraction and Immunoblotting--Samples were stored at -20°C before
polyacrylamide gel electrophoresis. 6x SDS loading buffer (300mm Tris-HCI pH 6.8, 60mm
EDTA, 12% SDS, 36% glycerol, 6% B-ME, 0.024% bromophenol blue) was added to samples
and heated before loading onto a pre-cast gradient SDS-PAGE gel (Bio-Rad Mini-PROTEAN
TGX Any kD) After transfer to a nitrocellulose membrane, protein was probed with anti-FLAG
antibody (Sigma-Aldrich, St. Louis, MO).

Sequence Analysis--DNA and protein alignments were achieved using Jalview version

2.0 sequence analysis software (27).
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RESULTS

Identification of a Candidate Editing Factor--We identified the pentatricopeptide repeat (PPR)-
encoding gene At2929760 as a candidate editing factor by a previously described candidate gene
approach (16). Briefly, the Arabidopsis genome was surveyed to identify genes encoding a PPR
protein carrying a DYW motif, as a number of known editing factors are PPR-DYW proteins.
These genes were then screened to identify ones that were predicted to be chloroplast-targeted
according to both Target P and Predotar. The predicted chloroplast targeted proteins were used in
reciprocal best-hit analysis with the Arabidopsis and rice nuclear genome to identify ones that
had no rice orthologs. Such genes were therefore candidates for editing of C targets that occur in
Arabidopsis but not rice. RAREZ1, which encodes a PPR-DYW editing factor for a site in the
Arabidopsis accD transcript, and that does not exist in rice, was previously identified by this
strategy (16).

Expression of AT2G29760 is Required for the Editing of Five Sites on Five Different
Chloroplast-encoded Transcripts--To determine whether At2g29760 is required for C-to-U
editing events at one or more of the known chloroplast editing sites, Virus-Induced Gene
Silencing (VIGS) trials were carried out. Silencing of At2g29760 was achieved by introducing
amplified gene-specific DNA (Fig. 2.1), as defined in the Complete Arabidopsis Transcriptome
MicroArray (CATMA) database, in a modified co-silencing vector (16). The vector allows direct
visual identification of tissue exhibiting GFP silencing. In GFP silenced plants, five of 34 sites
assayed by poisoned primer extension (PPE), on five different transcripts, exhibited significantly
lower levels of editing: accD C1568, matK C640, ndhB C872, rpoB C2432 and rps12 i1C58.
Notably, all five of these sites are either absent or not edited in rice. Editing efficiency of accD

C794, in cis of accD C1568, was not impacted by the silencing of At2g29760, nor sites in cis
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relative to ndhB C872 and rpoB C2432 (data not shown). Because five editing sites are affected,
the gene was named QED1 for Quintuple Editing factor 1. QED1 is a PPR protein containing 14
PPR motifs organized into four PLS blocks as well as an E/E+ and DYW motif (Fig. 2.1).
Homozygous mutant (HM) lines SALK_092402C and CSHL_GT13864 were acquired to
assay C-to-U editing at each of the five sites identified by VIGS. Plants of line SALK_092402C
(ecotype Columbia) were genotyped and determined to have a T-DNA insertion positioned 15
nucleotides upstream of the QEDI1 start codon (Fig. 2.1). The 5> UTR is at least 164 nt, as a
database search located a QED1 EST that was created by 5° RACE (EST EG446305.1) that
extends 164 nt upstream of the QED1 start codon. The CSHL line contains an insertion in the E
domain (Fig. 2.1). No QED1 RNA was detected in the two-week old seedling rosette leaves of
the CSHL line after 40 cycles of RT-PCR (data not shown). Homozygous mutant plants carrying
either mutant allele demonstrated a significant reduction in editing efficiencies of the same five
sites found by gene silencing (Fig. 2.2). No editing was detected at any of the five sites in the
CSHL plants, which carry the coding region insertion. As this mutant allele exhibits a stronger
editing phenotype than the other allele, subsequent experiments utilized the CSHL line. In order
to confirm that the ged1 allele in the CSHL line specifies the defects in RNA editing, we
introduced the wild-type coding region into the mutant background. Editing of all five sites was
restored, as can be seen in PPE assays of two representative plant transformants (Fig. 2.3).
Editing of three (matK C640: H-to-Y; ndhB C872: S-to-L; rpoB C2432: S-to-L) of the
five sites leads to amino acid changes that could affect protein function, while the other two sites
reside in non-coding regions. accD C1568 lies within the 3> UTR and rps12 i1C58 is within the
first intron of rps12, which is trans-spliced (28,29). Nevertheless, plants homozygous for either

the weak or strong allele appeared morphologically normal growing in soil in growth chambers.
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The CSHL line (ecotype Landsberg erecta) grows more slowly than wild-type and accumulates
yellow regions in the leaves after 5 weeks of growth (Fig. 2.4).

Similar Sequences Are Present Upstream of the Five Editing Targets Controlled by
QED1--Because cis-elements for recognition of RNA by PPR proteins have been found
immediately upstream of the C targets of editing, we made an alignment of the 17 nucleotides 5’
to the C target in each of the five sites, which revealed considerable sequence similarity (Fig.
2.5). These sequences were considered with respect to the recognition code that has been
proposed for interaction of PPR motifs with RNA nucleotides (11-13). The amino acids at the 6
and 1’ position were identified and the sequence predicted by these amino acid combinations
according to Barkan et al. (11) and Takenaka et al. (12) was generated (Fig. 2.5). When this
predicted sequence was aligned with the cis-element alignment, we found that there were seven
nucleotides predicted by QED1’s PPR motifs that were conserved in all five cis-elements
(nucleotides indicated in red). There were four more nucleotides predicted by QED1’s PPR
motifs that were found in one or two cis-elements, but not all (nucleotides indicated in pink). The
cis-elements of rps12 i1C58 and rpoB C2432 had two more nucleotides that were predicted with
the PPR code outside of the conserved six (Fig. 2.5). There are a number of cis-element positions
not predicted by the PPR code that exhibit a large degree of sequence identity among the five
cis-elements. For example, at position 2, a C or U is predicted by the PPR code, but four out of
the five cis-elements have an A encoded, with the remaining cis-element encoding a G.

The QED1 sequences and cis-element sequences were also analyzed with respect to the
PPR code proposed by Yagi et al. (13) where, in addition to the amino acids at the 6 and 1’
position [referred to as 4 and ii in (13)] a third amino acid at position 3 (under the 6 and 1’

designation) or position 1 (under the 4 and ii designation) is thought to influence the nucleotide
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binding preference by the PPR motifs. The predicted RNA sequence generated by these
combinations of three amino acids was very similar to what was predicted by the two amino acid
code. However at position 2, where a C or U is predicted by the two amino acid PPR code, an A
or G is predicted with the three amino acid code which is what is actually observed at that
position. Additionally, at position 11, where only a G is predicted by the two amino acid PPR
code, a G or a U is predicted by the three amino acid PPR code, which is what is observed in all
five cis-elements.

Interaction of QED1 With Other Known Editing Factors--Recently, protein factors other
than PPR proteins have been found to be essential for editing in plant organelles. Members of
the RIP/MOREF protein family have been shown to be either plastid or mitochondrial editing
factors and one is active in both organelles (1,4,30). ORRM1, which belongs to a clade of RNA
Recognition Motif (RRM) proteins, has been shown to be essential for editing of a subset of
chloroplast C targets (3). We were therefore interested in determining whether QED1 interacts
with any RIP family members or ORRML1 in Yeast Two-Hybrid (Y2H) assays. QED1 was fused
with the Gal4 DNA binding domain (BD) and co-expressed with members of the RIP family
(RIP1, RIP2, RIP3, RIP5, and RIP9) as well as ORRM1 fused with the activation domain (AD)
in yeast using growth on minimal media (-histidine) as a reporter for protein-protein interactions.
QED1 was also fused with the AD and co-expressed with BD-QED to test for possible
homodimerization. Each gene was also co-expressed with the empty vector of the opposite
vector type to ensure any yeast growth that was observed was not caused by auto-activation.
Growth of yeast when BD-QED1 was co-expressed with each of the RIP family members
indicated significant protein-protein interaction (Fig. 2.6). Unexpectedly, no protein-protein

interaction was detected when BD-QED1 was co-expressed with AD-ORRM1 despite ORRM1
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affecting the same sites as QEDL1 (Fig. 2.6A). Assays with BD-ORRM1 are uninformative
because of autoactivation (data not shown). When BD-QED1 was co-expressed with AD-QED1,
some growth was observed indicating a weak protein-protein interaction (Fig. 2.6B).

A C-terminal Tag Interferes with QED1 Editing while an N-terminal Tag Does Not--In
order to produce a tagged QED1 for use in biochemical and complementation studies, we
produced a construct with a 3XFLAG-Strepll tag fused to the C-terminus of QEDL1, separated by
a GGSGGSGS linker. When we transfected the C-tagged QED1 into ged1 protoplasts, we
observed no complementation. We then moved the 3xFLAG-Strepll tag to the N terminus
following a RecA chloroplast transit sequence, and placed the GGSGGSGS linker between the
tag and the PPR motifs. This construct was able to restore editing (Fig. 2.7). These results are
consistent with reports that several mitochondrial PPR-DYW editing factors cannot tolerate C-
terminal fusions to GFP nor to a His-tag (31,32). It is likely that C-terminal tags interfere with
the function of the C-terminal DYW motif in some PPR-DYW proteins.

Deletion of the E and/or DYW motifs of QED1 and RAREL Results in Greatly Reduced
Editing Efficiency--We examined the effect of deletions of the C-terminal region of QED1 on
editing efficiency by comparing the restoration of editing efficiency in mutant protoplasts when
the entire coding region of QED1 was transfected vs. constructs deleted beginning with the E
motif, the E+ motif, or the DYW motif. Each of these QED1 constructs were cloned into an
expression vector under a 35S promoter and expressed in gedl protoplasts. A GFP marker that
labels the ER was also expressed in the ged1 negative control in order to visualize transfection
efficiency (>80%). The editing efficiencies of the five editing sites controlled by QEDL1 in each
set of transfected protoplasts were measured using PPE (Fig. 2.8A). Wild-type Landsberg erecta

protoplasts and qedl protoplasts were transfected with GFP to control for transfection effects on
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editing efficiency. The full-length QED1 construct was able to complement the ged1 mutant’s
editing phenotype at all five sites, restoring editing to about 40%, the lower efficiency than in
wild-type likely due to incomplete transfection or inadequate expression levels. Editing was
almost undetectable when constructs with truncations encompassing either the E or E+ domain
were transfected, and only a very low level of editing is seen when the DYW deletion construct
was transfected (Fig. 2.8A).

Several PPR-DYW editing factors had been reported to complement their respective
mutants’ editing defects when their DYW domains were deleted (17,33,34). We therefore
investigated whether RAREL, another PPR-DYW protein we had previously studied (16), could
also tolerate a DYW deletion and restore editing to rarel mutant protoplasts. Very little editing
was detected when the RARE1 DYW truncation was transfected into mutant protoplasts (Fig.
2.8B).

Further Analysis of the E and DYW Domains--The lack of complementation by truncated
proteins allowed us to carry out mutagenesis of the E and DYW domains of QED1 and RAREL.
The DYW motif in editing PPR-DYW factors shares some sequence and structural similarities to
deaminases, including highly conserved residues that resemble the canonical HXE/CxxC
deaminase active sites (Fig. 2.9) (35,36). To investigate whether these specific residues are
important to the editing of C-targets of QED1 and RARE1, we performed site-directed
mutagenesis on the highly conserved HSE and CxxCH residues in the DYW motif in QED1 and
in RAREL1 (Fig. 2.10A, 2.11A).

For QED1, we created various constructs that targeted these conserved deaminase
residues (Fig. 2.10A). In one construct, the HSE residues were all mutated to alanines (HSE)

while in another construct, the five residues including the conserved cysteines (CDGCH) were
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all mutated to alanines. Because mutating five sequential residues could have an effect on the
stability or folding of QED1, further constructs were created that targeted only the two cysteines.

Constructs were made in which the two cysteines were changed to two alanines or to two
serines, the latter amino acid having greater structural similarity to cysteine than does alanine.
Each of these mutated constructs were cloned into an expression vector under a 35S promoter
and expressed in ged1 protoplasts along with full length QED1 and ADYW for comparison.
When we assessed editing at the five editing sites controlled by QED1, we observed the
protoplasts transfected by the mutated constructs exhibited little to no complementation of the
editing defect. The QEDIADYW and QED1 with mutated HSE were able to support a greater
level of editing than proteins in which the CxxCH signature was altered (Fig. 2.10B).

To investigate whether the cytidine deaminase signature of RAREL was also essential,
we performed site-directed mutagenesis on the DYW motif of RAREL. The HSE residues were
again all mutated to alanines (H), while the targeted cysteines were mutated to serines (S) (Fig
2.11A). These mutated versions of RAREL expressed under a 35S promoter in rarel mutant
protoplasts along with full length RARE1 and RARE1IADYW for comparison. When editing at
accD C794 was measured in each of these sets of protoplasts, the full-length RARE1 was able to
complement the editing defect while neither the protoplasts transfected with the ADYW
construct nor any of the protoplasts transfected with the mutated constructs showed any
complementation of the editing defect (Fig. 2.11B).

Two Terminal Cysteines in QED1’s DYW Motif are Important for Editing Function--\We
also investigated additional C-terminal regions of QED1 by site-directed mutagenesis. Hayes et
al (17) postulated that the deaminase-like residues CxxCH as well as CSC and a nearby H, four

highly conserved residues near the C-terminus of the DYW motif bind the two zinc ions they
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detected in PPR-DYW factors ELI1 and DYW1. Hayes et al. (17) also observed that a
truncation of ELI1 at the “PG box,” a 15 amino acid sequence spanning the boundary of the E
and E+ motif that is highly conserved in editing PPR-DYWs, was unable to complement an elil
mutant. The three terminal residues containing the two cysteines were mutated to alanines along
with three well-conserved residues of the PG box, PGC (Fig. 2.11A).

When these mutated versions of QED1 were expressed under a 35S promoter in gedl
protoplasts along with full length QED1 and QED1ADYW for comparison, we found that editing
was severely reduced when the terminal cysteines were mutated (Fig. 2.11B). Editing was only
slightly reduced when PGC was altered to AAA (Fig. 2.11B).

QED1 Mutated through Site-Directed Mutagenesis is Stably Expressed in Protoplasts--A
lack of complementation by a construct carrying a mutated coding region could occur if the
mutant protein is highly unstable. While it seems unlikely that multiple constructs targeting
different residues could all fail to accumulate, we examined expression of two constructs by
tagging them with a 3xFLAG-Strepll tag at the N terminus (Fig. 2.12). The mature wild-type
QED1 and QED1 (CxxCH mutated to SxxSH) were tagged at their N-termini with a 3XFLAG-
Strepll tag as well as a RecA chloroplast targeting sequence and a GGSGGSGS linker. These N-
tagged constructs were expressed from a 35S promoter in ged1 mutant protoplasts. RNA was
extracted from a portion of the protoplasts and the remainder of the cells was lysed to obtain
protein for immunoblots. The protein extract from each set of transfected protoplasts, as well as
protein extract from untransfected wild-type and ged1 protoplasts and along with bacteria
alkaline phosphatase (BAP) tagged with FLAG (Sigma), were then probed with a-FLAG
antibody to probe for expression of the N-tagged constructs (Fig. 2.12). As expected, no signal

was observed in the wild-type and ged1 protein extracts from protoplasts that were not
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transfected by the FLAG-tagged constructs. In each of the samples of protoplasts that were
transfected by the FLAG-tagged versions of QED1, we observed a band of about 80 kD which is

the expected size of mature QED1 with the added FLAG-Strepll tag (Fig. 2.12).

DISCUSSION

Until this report, no chloroplast PPR protein had been found to control more than 3
editing sites. We have found that QEDL1 is responsible for the editing of five different C-targets
in five different chloroplast genes, accD, matK, ndhB, rpoB, and rps12. Three of these sites
(matK, ndhB, rpoB) are found in the coding region of the gene, while the two other sites affect
non-coding regions. A PPR protein had been assigned as a site-specific editing factor only to the
site within the first intron of rps12. While this work was in progress, another group published
RT-PCR bulk sequencing assays of mutants containing only the weak ged1 allele from the Salk
collection in the gene they named OTP81, and they detected a deficiency only in rps12 intron
editing (15). They reported that failure to edit this site did not affect splicing of rps12 (15).

Our truncations of the E or E+ motif resulted in a complete loss of editing activity, a
result consistent in other studies in which an editing PPR protein was truncated before the E or
E+ motif (17,33,37). The E/E+ motif is an essential part of the RNA editing reaction, although
its role is unclear. Although there is higher conservation between the DYW motifs of editing
factors, the E/E+ motif still shows a higher degree of conservation compared to the PPR motifs.
The E/E+ motif also appears to contain two particularly degenerate PPR motifs which could
serve in an RNA or protein binding role. If the DYW motif is the deaminase, perhaps the E/E+
motif plays a role in recruiting or mediating protein-protein interactions between the factors that

provide the RNA editing activity, which may include DYW motifs that act in trans. E motifs
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swapped between two mitochondrial and two chloroplast editing factors could not restore editing
at those specific sites, but E domains exchanged with an E domain from a protein targeted to the
same organelle did give a functional chimeric protein (38), implying there may be some
organelle specialization in the function of these motifs.

PPR-DYW proteins undoubtedly interact with other components of the protein
complexes that carry out plant organelle RNA editing. Recent studies of non-PPR protein editing
factors have revealed that the PPR-DYW site recognition factors are not the only proteins that
act site-specifically to mediate editing. For example, RIP1, RIP2, RIP9, and ORRML1 are each
essential for editing of particular chloroplast C targets, but dispensable for others (1,3,30).
However, mutation in RIP2, RIP9, or ORRML1 affects the efficiency of editing of the five sites
controlled by QED1, suggesting the RIP and ORRML1 proteins may act together with QED1
within a subset of editosomes. As would be predicted from such a model, RIP1, RIP2, and RIP9
all interacted with QEDL1 in our Y2H assays. Unexpectedly, no interaction was detected between
QED1 and ORRML1. One possible explanation is that QED1, plastid RIP proteins and ORRM1
are in the same complex, but QED1 directly associates with RIP proteins but not with ORRM1,
which may instead interact only with one or more RIP proteins. It is also possible that QED1
does interact with ORRML1 in chloroplast, but not in yeast. If QED1/ORRM1 interaction requires
the presence of the chloroplast RNA transcript carrying the cis-element to which QED1 binds,
the interaction will not occur in yeast where the transcript does not exist. However, ORRM1 has
been shown to directly interact with other editing PPR proteins in yeast, so this latter explanation
is less likely.

The chloroplast factor QED1 also interacts with two mitochondrial RIP proteins—RIP3

and RIP5. A similar promiscuous interaction between PPR proteins and RIP protein was also
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reported by Takenaka et al. (4) in which mitochondrial PPR editing factors MEF1, MEF9, and
MEF21 interacted with the plastid RIP proteins RIP2 and RIP9 (also named MORF2 and
MORF9). Such interactions are unlikely to occur in planta because the PPR proteins are
compartmentalized in different organelles.

QED1 exhibited weak interaction with itself in the yeast two-hybrid assay. A PPR protein
named PPR10, was reported to form an antiparallel homodimer in RNA-free crystals (39).
However, the authors also reported that binding of RNA weakened the homodimerization.
Another PPR protein, THAS8, was also reported to form an asymmetric homodimer, but unlike
PPR10, RNA binding induced dimerization (40). As yeast does not contain the target chloroplast
RNA with which QED1 normally interacts, it is possible that no dimerization of QED1 occurs in
vivo. However, the presence of the target chloroplast RNA could also strengthen the interaction.

Salone et al. (7) hypothesized that the DYW motif served as the deaminase in the RNA
editing reaction because it contains a set of residues that are not only highly conserved between
DYW motifs, but are also highly conserved with residues that comprise the active site in known
deaminases. The predicted DYW protein structure also correlates with the actual or predicted
structure of other known deaminases (35). Furthermore, evolutionary analysis indicates that the
presence of the DYW motif correlates with the presence of C to U editing in plants (36,41-43).
An issue regarding this hypothesis is the observation that the DYW motif is not needed for the
editing function of four PPR-DYW editing factors (CRR22, CRR28, OTP82, and ELI1)
(17,33,34) and there are editing factors with an E motif that lack a DYW motif (2,14,37,44). A
possible explanation that is consistent with a role of the DYW motif in the C-to-U modification
is the presence of additional DYW-containing proteins in the editosome, in those cases where a

required PPR protein lacks one or carries a dispensable motif. This hypothesis was strengthened
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by the finding that the protein DYW1, which lacks any PPR motifs, can act with CRR4, a PPR-E
editing factor, to edit ndhD C2 (45). Furthermore, when DYW1 was fused with CRR4, the fusion
protein resembled a complete PPR-DYW protein with DYW1 supplying the missing DYW motif
plus a partial E+ motif that was also missing in CRR4 (45). The mitochondrial PPR protein
MEF1 also requires its DYW motif in order to restore editing to mefl protoplasts (32).

We have discovered two more editing factors, QED1 and RAREL, which not only require
the DYW motif for efficient function, but specifically, the conserved deaminase residues. In
some cases, QED1 lacking its DYW motif conferred a greater amount of editing than samples
with site-specific mutations within the motif. This finding might be due to another DYW-motif-
containing protein being able to act in trans at low efficiency when the DYW motif of QED1 is
absent. We have verified that some of the mutant proteins accumulate in chloroplasts, so the lack
of editing activity cannot be ascribed to absence of the protein. When we mutated the cysteines
in the putative second zinc binding site described by Hayes et al (17), we observed an effect on
RNA editing similar to what was observed when we mutated the cysteines in the deaminase
motif. We also observed that the placement of a 3XFLAG-Strepll tag at the C-terminus of QED1
greatly interferes with RNA editing function, while a 3XFLAG-Strepll tag at the N-terminus
does not, which also indicates that the C-terminal DY W motif’s function is critical for editing
activity.

Though we have identified PPR-DYW proteins that require their DYW domain for
editing activity, it is still unclear why other PPR-DYW proteins, such as CRR22 and CRR28, can
function without the DYW domain. The composition of editosomes is diverse, with different
members of other genes families present in editosomes with certain PPR proteins but not with

others. Until more is known about the complete composition of the editosome and its molecular
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structure, it will not be possible to understand why the DYW domain is required in some PPR
proteins but not in others.

While this manuscript was in preparation, an article by Boussardon et al. (46) appeared in
which zinc binding and the deaminase signature of DYW1 was analyzed by mutagenesis. In
contrast to the work by Hayes et al (17) that described binding of two zinc atoms by PPR-DYW
editing factors, ELI1 and DYWL, binding of only one zinc by a GST fusion with DYW1 was
reported by Boussardon et al.(46), which is at odds with our finding that the putative second zinc
binding site is important for RNA editing in QED1 and the previously published results of Hayes
et al (17). Unlike the proteins we have analyzed, DYW1 lacks PPR motifs, but apparently works
in conjunction with the PPR protein CRR4 to mediate editing to specify an AUG start codon in
the chloroplast ndhD transcript. The HXE and CxxC residues conserved in DYW1 were mutated,
resulting in a loss of editing (46), which is consistent with our finding that these residues
characteristic of cytidine deaminases also present in PPR-DYW factors are essential for

chloroplast RNA editing.
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FIGURE LEGENDS

FIGURE 2.1. Structure of the At2g29760 locus and the predicted protein. The locations of
two insertion alleles and their corresponding insertion lines are indicated. The 168 nt region of
transcripts of At2g29760 targeted by VIGS is delimited by facing arrows. Depicted below the
gene model is the modular organization of the predicted QED1 protein. Starting at residue 61,
four PLS blocks (I-1V) and two S repeats (comprising two S-PLS-PLS blocks) are shown
followed by the E, E+ and DYW domains. The P, L, and S forms of the PPR motifs are indicated
left to right by three different shadings of green boxes. Figure is drawn to scale. Two T-DNA
lines from the ABRC were obtained: SALK 092402C (ged1-1) located -15nt from the start codon
and CSHL GT13864 (ged1-2) located in the E+ motif 1852 nt into the coding region and
homozygous mutants were obtained. Nucleotides 2-169 of the RNA were chosen to target for
VIGS.

FIGURE 2.2. QED1 affects five editing sites in the chloroplast. The effect of QED1 on
chloroplast editing was assayed through Virus Induced Gene Silencing (VIGS), and through
analysis of homozygous mutant insertion lines ged1-1 and ged1-2. Editing was assessed using
Poisoned Primer Extension (PPE) assay. Edited product (e), unedited product (u),
oligonucleotide (0), wild-type (+/+), mutant (-/-). PPE assays of A, accD C1568. B, matK C640.
C, ndhB C872. D, rpoB C2432. E, rps12 intronl C58. F, Quantifications of edited versus
unedited product for ged1-1 and ged1-2 compared to wild-type plants.

FIGURE 2.3: Complementation of the ged1 editing phenotype by stable transformation.
Using PPE, editing was assessed at all five sites in two independently generated plant
transformants carrying the QED1 wild-type coding region in the ged1-2 background. Edited
product (), unedited product (u). Wild-type (+/+), ged1 mutant (-/-), transformant (T). PPE
assays of ndhB C872, rpoB C2432, matK C640, rps12 i1C58, accD C1568.

FIGURE 2.4. Growth phenotype of the ged1 mutant. An 8.5-week-old homozygous mutant
ged1-2 plant (right) shows a growth defect compared to an 8.5-week-old Landsberg erecta wild-
type plant (left) in growth room conditions. Yellow areas that might be due to photodamage
(indicated by white arrows) accumulate in leaves as they age in gedl plants.
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FIGURE 2.5. Alignment of PPR motifs of QED1 with the cis-elements of the editing sites it
targets. The cis-elements (-16 to -1 nt) of the five editing sites affected by QED1 were aligned
using Tcoffee. Residues shaded in blue indicate degree of conservation and the edited C is
indicated by the arrow. The bolded amino acids are at the 6™ position in the PPR motif while
non-bolded amino acids are at the 1’ position. The RNA sequence predicted to be recognized by
QED1 was generated using both the Barkan et al. (11) PPR code (top sequence) and Yagi et al’s
(13) modified PPR code (bottom sequence) and aligned with the cis-elements of the five editing
sites that QEDL1 targets. Nucleotides in red in the predicted sequence are residues that are
conserved in all five cis-elements. Nucleotides in pink are only found in one or two of the five
cis-elements which are boxed in red.

FIGURE 2.6. QED1 interacts with members of the RIP family in a yeast two-hybrid assay.
A, Growth of yeast colonies on selective media when QED1 fused with the BD is combined with
RIP family members (RIP1, RIP2, RIP3, RIP5 and RIP9) fused with the AD. When BD-QED1
was co-expressed with AD-ORRML1 in yeast, no growth was observed. B, Co-expression of AD-
QED1 with BD-QEDL1 along with auto-activation controls.

FIGURE 2.7. Ability of QED1 variants with N-terminal vs. C-terminal tags to complement
gedl mutants. A, Chimeric versions of QED1 with a 3XFLAG-Strepll (3FS) were cloned where
the 3FS tag was either attached to the C-terminus of QED1 or at the N-terminus of the mature
QED1 protein with the RecA target peptide (TP) and controlled by the 35S promoter (p35S). B,
PPE assay of editing of the ndhB C872 site following protoplast complementation in ged1
protoplasts. edited (e) and unedited (u) products (o) oligonucleotide. (+) wild type protoplasts, (-)
gedl protoplasts transfected with GFP, (Full) transfection with full-length QED1, N3FS (N)
results from transfection with QED1 tagged at the N-terminus and C3FS (C) results from
transfection with QED1 tagged at the C-terminus. C, Quantification of editing efficiency from
PPE assay.

FIGURE 2.8. Truncation analysis of QED1 and RARE1 A, Full length QED1 (Full) and
various truncations of QED1 were cloned into an expression vector under a 35S promoter and
expressed in gedl mutant protoplasts each in two separate transfections. The arrows indicate the
position of three truncations that progressively remove each of the C-terminal motifs of QED1.
Data for the matK C640 and rps12 i1C58 sites are shown. B, Full-length RARE1 and DYW-
truncated RARE1L were cloned into an expression vector under a 35S promoter and expressed in
rarel mutant protoplasts. Arrow indicates where the protein was truncated. WT, gedl, and rarel
indicate editing efficiencies at the accD C794 site of wild type and mutant protoplasts, each
transfected with a GFP gene. Full indicates editing efficiencies of full length proteins while
ADYW indicate editing efficiencies of DYW-truncated QED1 or RARE1 each expressed in two
separate transfections into the respective mutant protoplasts.

FIGURE 2.9. C-terminal motif alignment of nine chloroplast PPR-DYW editing factors.
DYW, E+ and partial E motif protein sequences from nine chloroplast PPR-DYW editing
factors (CRR22 NP_172596.1, CRR28 NP_176180.1, YS1 NP_188908.2, LPA66 NP_199702.1,
RARE1 NP_196831.1, QED1 NP_180537.1, OTP82 NP_172286.1, OTP84 NP_191302.2,
OTP85 NP_178398.1) were obtained from the NCBI database, aligned using Tcoffee, and
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presented by Jalview. The intensity of the shading indicates the degree of conservation between
the motifs. The beginnings of the E+ and DYW motifs are marked with green arrows. The
conserved deaminase-like motifs (HXE, CxxCH) are denoted by the red lines along with the
second putative zinc binding site and the PGC box designated by Hayes et al. (17).

FIGURE 2.10. Mutagenesis of the cytidine deaminase signature residues in QED1 and
RAREL1 significantly reduces editing. A, The deaminase residues in the DYW motif
(designated in red) of QED1 were targeted using site-directed mutagenesis. Changes that were
made are indicated above the targeted residues. B, PPE assay of editing in gqedl protoplasts
following two separate transfections of the same batch of protoplasts with full-length (full), GFP
(ged1-), DYW-truncated QED1 (ADYW) and mutagenized versions of QED1 (CxxCH, HSE)
compared to wild-type protoplasts (WT+). C, PPE assay of editing in ged1 protoplasts using a
different batch of protoplasts than in B and additional mutagenized versions of QED1 (AxxAH,
SxxSH). PPE gel for matK C640 is shown; graphs of editing quantifications for matK C640 and
rps12i1C58 PPE gels are provided. D, PPE assay of editing in the same batch of rarel
protoplasts following two separate transfections with full-length RARE1 (Full), GFP (rarel-),
DYW:-truncated RARE1 (ADYW), and mutated versions SxxSH and HSE. Edited product (e),
unedited product (u), oligonucleotide (0).

FIGURE 2.11. Mutagenesis of a second potential zinc binding site in the DYW motif of
QED1 significantly reduces editing A, Residues in the E and DYW motif of QED1 were
targeted for site-directed mutagenesis. Three residues (in red) in a conserved 15aa sequence
called the PGC box as defined by Hayes et al (17) (in bold) and three residues (in red) near the
end of the DYW motif of QED1 were mutated to alanines. B, Results from the PPE assay in
wild-type protoplasts (WT) and following transfection of GFP (ged1- or rarel-), the full-length
un-mutagenized construct (Full), and mutagenized constructs targeting the PGC box (PGC or P)
and the terminal cysteines (CC) into ged1 protoplasts. matK C640 PPE gel is shown; graphs of
PPE data from rpoB C2432 and matK C640 sites are provided. Edited product (e), unedited
product (u), oligonucleotide (o).

FIGURE 2.12. Expression of full-length QED1 and mutagenized QED1 (SxxSH) in mutant
protoplasts and effect on editing of three C targets. A, Immunoblot probed with a-FLAG
antibody. ged1 protoplasts were transfected with a construct expressing either the entire wild-
type QED1 coding region (full) or mutant QED1 (SxxSH), tagged on their N-termini with a
3XFLAG-Strepll tag. Protein was extracted from the transfected protoplasts, from un-transfected
wild-type (WT) protoplasts, and gedl protoplasts transfected with a GFP gene (gedl). 4 pg
protein from each sample was run on an SDS-PAGE. 10 ug of FLAG-BAP (Bacterial Alkaline
Phosphatase) was included as a positive control. Mature QED1 plus the 3xFLAG-Strepll tag is
predicted to be approximately 80 kD in size. B, Editing quantifications for ndhB C872, rpoB
C2432, and matK C640 from RNA extracted from the same protoplast samples are shown
underneath.
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Table 2.1. Oligonucleotides

Primer Name Sequence 5°-3’ Purpose
QED1 start ATGGCTATCTTCTCCACAGCAC amplification
QED1 stop GAAATATCACCAGAAATCGTTAC amplification
QEDI 52531 GCTTGCATAGTTGATGTTCTCG genotyping
Ds3.1 ACCCGACCGGATCGTATCGGT genotyping
QED1 DYWstop | CTACAGTTTCTCCATAACCTCGTG amplification
QED1 Eplusstop CTACTCATGAATCATGCCATCGA amplification
QED1 CTAAGTGCTTGGAGGAATCGGCAT amplification
Edomainstop

QED1 BamHI TAGGTAGATGGATCCATAGCTAC cloning
pexyfp saci R GGACTCTAGAGCTCTTACTTGTT cloning
QED1 Sall-mat TATATAGTCGACCATGGTCACATGATCCGTAC cloning
QED1 stop-Spel GACTTCCACTAGTTCACCAGAAATCGTTACAGG cloning
QED1 ATTAAGAATCTAAGGGTGGCTGCAGCTGCTGCTTCAGTGGCTA mutagenesis
CxxCHmutF AA

QED1 TTTAGCCACTGAAGCAGCAGCTGCAGCCACCCTTAGATTCTTAA | mutagenesis
CxxCHmutR T

QED1 HSEmutF

GAACAATCTCTAAATCTCGCAGCAGCAAAGCTGGCTATTTGTTA
T

mutagenesis

QED1 HSEmutR

ATAACAAATAGCCAGCTTTGCTGCTGCGAGATTTAGAGATTGTT
C

mutagenesis

gedl CC sermutF

ATTAAGAATCTAAGGGTGTCTGGAGATTCTCATTCAGTGGCTAA

mutagenesis

gedl CC2 TTAGCCACTGAATGAGAATCTCCAGACACCCTTAGATTCTTAAT | mutagenesis

sermutR

QED1PGCF GAGTCACTGGACTTAAGAAAGAAGCAGCAGCCAGCTCAATTGA | mutagenesis
AATCGATG

QED1PGCR CATCGATTTCAATTGAGCTGGCTGCTGCTTCTTTCTTAAGTCCA mutagenesis
GTGACTC

QED1 CCend CATCATTTCAGAAATGGGCAGGCTTCCGCTAACGATTTCTGGTG | mutagenesis

mutF ATATTTC

QED1 CCend GAAATATCACCAGAAATCGTTAGCGGAAGCCTGCCCATTTCTG mutagenesis

mutR AAATGATG

RARE1 start CTATGACGATTCTCACTGTAC amplification

RAREL1 fullstop GATCATCAGTCACCAGTAATCG amplification

RARE1 dywstop CTACATGAAACCATCAAACTCCT amplification

RARE1 5'1566 GCAATCATCTCCGGATACTGTCA sequencing

RARE1 HSEmutF | GAGAACAGCTTCTTGATGCTGCTGCGAGACTTGCCATTGCAT mutagenesis

RARE1 ATGCAATGGCAAGTCTCGCAGCAGCATCAAGAAGCTGTTCTC mutagenesis

HSEmutR

RARE1 TTCAAGAATCTTCGGGCAAGCCCAGATAGTCATGAGTTTGCAA | mutagenesis

CCsermutF AGCAT

RARE1 ATGCTTTGCAAACTCATGACTATCTGGGCTTGCCCGAAGATTCT | mutagenesis

CCsermutR TGAA
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FIGURE 2.1. Structure of the At2g29760 locus and the predicted protein. The locations of
two insertion alleles and their corresponding insertion lines are indicated. The 168 nt region of
transcripts of At2g29760 targeted by VIGS is delimited by facing arrows. Depicted below the
gene model is the modular organization of the predicted QED1 protein. Starting at residue 61,
four PLS blocks (I-1V) and two S repeats (comprising two S-PLS-PLS blocks) are shown
followed by the E, E+ and DYW domains. The P, L, and S forms of the PPR motifs are indicated
left to right by three different shadings of green boxes. Figure is drawn to scale. Two T-DNA
lines from the ABRC were obtained: SALK 092402C (ged1-1) located -15nt from the start codon
and CSHL GT13864 (ged1-2) located in the E+ motif 1852 nt into the coding region and
homozygous mutants were obtained. Nucleotides 2-169 of the RNA were chosen to target for
VIGS.
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FIGURE 2.2. QED1 affects five
editing sites in the chloroplast. The
effect of QED1 on chloroplast editing
was assayed through Virus Induced
Gene Silencing (VIGS), and through
analysis of homozygous mutant
insertion lines gqed1-1 and ged1-2.
Editing was assessed using Poisoned
Primer Extension (PPE) assay. Edited
product (e), unedited product (u),
oligonucleotide (0), wild-type (+/+),
mutant (-/-). PPE assays of A, accD

C1568. B, matK C640. C, ndhB C872.
D, rpoB C2432. E, rps12 intronl C58.

F, Quantifications of edited versus
unedited product for gqed1-1 and
ged1-2 compared to wild-type plants.
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FIGURE 2.3: Complementation of the gedl editing phenotype by stable transformation.
Using PPE, editing was assessed at all five sites in two independently generated plant
transformants carrying the QED1 wild-type coding region in the ged1-2 background. Edited
product (e), unedited product (u). Wild-type (+/+), ged1 mutant (-/-), transformant (T). PPE
assays of ndhB C872, rpoB C2432, matK C640, rps12 i1C58, accD C1568.
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WT gedl-2

FIGURE 2.4. Growth phenotype of the ged1l mutant. An 8.5-week-old homozygous mutant
ged1-2 plant (right) shows a growth defect compared to an 8.5-week-old Landsberg erecta wild-
type plant (left) in growth room conditions. Yellow areas that might be due to photodamage
(indicated by white arrows) accumulate in leaves as they age in gqedl plants.
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FIGURE 2.5. Alignment of PPR motifs of QED1 with the cis-elements of the editing sites it
targets. The cis-elements (-16 to -1 nt) of the five editing sites affected by QED1 were aligned
using Tcoffee. Residues shaded in blue indicate degree of conservation and the edited C is
indicated by the arrow. The bolded amino acids are at the 6™ position in the PPR motif while
non-bolded amino acids are at the 1” position. The RNA sequence predicted to be recognized by
QED1 was generated using both the Barkan et al. (11) PPR code (top sequence) and Yagi et al’s
(13) modified PPR code (bottom sequence) and aligned with the cis-elements of the five editing
sites that QEDL targets. Nucleotides in red in the predicted sequence are residues that are
conserved in all five cis-elements. Nucleotides in pink are only found in one or two of the five
cis-elements which are boxed in red.
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FIGURE 2.6. QED1 interacts with members of the RIP family in a yeast two-hybrid assay.
A, Growth of yeast colonies on selective media when QED1 fused with the BD is combined with
RIP family members (RIP1, RIP2, RIP3, RIP5 and RIP9) fused with the AD. When BD-QED1
was co-expressed with AD-ORRML1 in yeast, no growth was observed. B, Co-expression of AD-
QED1 with BD-QED1 along with auto-activation controls.
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FIGURE 2.7. Ability of QED1 variants with N-terminal vs. C-terminal tags to complement
gedl mutants. A, Chimeric versions of QED1 with a 3XFLAG-Strepll (3FS) were cloned where
the 3FS tag was either attached to the C-terminus of QED1 or at the N-terminus of the mature
QED1 protein with the RecA target peptide (TP) and controlled by the 35S promoter (p35S). B,
PPE assay of editing of the ndhB C872 site following protoplast complementation in gedl
protoplasts. edited (e) and unedited (u) products (o) oligonucleotide. (+) wild type protoplasts, (-)
gedl protoplasts transfected with GFP, (Full) transfection with full-length QED1, N3FS (N)
results from transfection with QED1 tagged at the N-terminus and C3FS (C) results from
transfection with QED1 tagged at the C-terminus. C, Quantification of editing efficiency from
PPE assay.
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FIGURE 2.8. Truncation analysis of QED1 and RARE1 A, Full length QED1 (Full) and
various truncations of QED1 were cloned into an expression vector under a 35S promoter and
expressed in gedl mutant protoplasts each in two separate transfections. The arrows indicate the
position of three truncations that progressively remove each of the C-terminal motifs of QED1.
Data for the matK C640 and rps12 i1C58 sites are shown. B, Full-length RARE1 and DYW-
truncated RARE1 were cloned into an expression vector under a 35S promoter and expressed in
rarel mutant protoplasts. Arrow indicates where the protein was truncated. WT, gedl, and rarel
indicate editing efficiencies at the accD C794 site of wild type and mutant protoplasts, each
transfected with a GFP gene. Full indicates editing efficiencies of full length proteins while
ADYW indicate editing efficiencies of DYW-truncated QED1 or RAREL each expressed in two
separate transfections into the respective mutant protoplasts.
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FIGURE 2.9. C-terminal motif alignment of nine chloroplast PPR-DYW editing factors.
DYW, E+ and partial E motif protein sequences from nine chloroplast PPR-DYW editing
factors (CRR22 NP_172596.1, CRR28 NP_176180.1, YS1 NP_188908.2, LPA66 NP_199702.1,
RARE1 NP_196831.1, QED1 NP_180537.1, OTP82 NP_172286.1, OTP84 NP_191302.2,
OTP85 NP_178398.1) were obtained from the NCBI database, aligned using Tcoffee, and
presented by Jalview. The intensity of the shading indicates the degree of conservation between
the motifs. The beginnings of the E+ and DYW motifs are marked with green arrows. The
conserved deaminase-like motifs (HXE, CxxCH) are denoted by the red lines along with the
second putative zinc binding site and the PGC box designated by Hayes et al. (17).
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FIGURE 2.11. Mutagenesis of a second potential zinc binding site in the DYW motif of
QED1 significantly reduces editing A, Residues in the E and DYW motif of QED1 were
targeted for site-directed mutagenesis. Three residues (in red) in a conserved 15aa sequence
called the PGC box as defined by Hayes et al (17) (in bold) and three residues (in red) near the
end of the DYW motif of QED1 were mutated to alanines. B, Results from the PPE assay in
wild-type protoplasts (WT) and following transfection of GFP (qed1- or rarel-), the full-length
un-mutagenized construct (Full), and mutagenized constructs targeting the PGC box (PGC or P)
and the terminal cysteines (CC) into gedl protoplasts. matK C640 PPE gel is shown; graphs of
PPE data from rpoB C2432 and matK C640 sites are provided. Edited product (e), unedited
product (u), oligonucleotide (0).
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FIGURE 2.12. Expression of full-length QED1 and mutagenized QED1 (SxxSH) in mutant
protoplasts and effect on editing of three C targets. A, Immunoblot probed with a-FLAG
antibody. ged1 protoplasts were transfected with a construct expressing either the entire wild-
type QED1 coding region (full) or mutant QED1 (SxxSH), tagged on their N-termini with a
3XFLAG-Strepll tag. Protein was extracted from the transfected protoplasts, from un-transfected
wild-type (WT) protoplasts, and gqedl1 protoplasts transfected with a GFP gene (gedl). 4 ug
protein from each sample was run on an SDS-PAGE. 10 ug of FLAG-BAP (Bacterial Alkaline
Phosphatase) was included as a positive control. Mature QED1 plus the 3xFLAG-Strepl| tag is
predicted to be approximately 80 kD in size. B, Editing quantifications for ndhB C872, rpoB
C2432, and matK C640 from RNA extracted from the same protoplast samples are shown
underneath.
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Chapter 3

Mutation of a PPR protein editing factor affects chloroplast morphology and function?

ABSTRACT

Cytidine (C) to uridine (U) editing occurs in many transcripts in the mitochondria and
chloroplasts of higher plants. Plant RNA editing is thought to be a corrective process, as editing
usually restores a codon to what is conserved in other species, and failure to edit particular sites
can result in a range of phenotypes, from no discernable effect to seedling lethality depending on
the transcripts that are affected. These C-targets are recognized by members of the
pentatricopeptide repeat (PPR) protein family, which are known to bind to cis-elements encoded
around the edited C and are thought to recruit the rest of the editing complex. While many PPR
editing factors are known to be responsible for specifying a single editing site, some factors
affect multiple sites. We investigate a chloroplast-targeted PPR protein, QED1, which is
responsible for the editing of five different chloroplast C-targets, including three sites in the
coding regions of rpoB, matK, and ndhB. In these mutants, we observe a range of physiological
consequences which include stunted growth, severe reduction of NDH activity, the accumulation
of yellow patches in aging leaves, and abnormal chloroplast morphology. We also investigate
the phenotypes of ged1 mutant plants transformed with the wild-type QED1 coding sequence or
QEDL1 tagged at its N-terminus with a 3XFLAG-Strepl| tag.
INTRODUCTION

RNA editing is a modification that changes the nucleotide sequence in RNA from what

2 J. Wagoner grew the plants used in this study, created complementation constructs and created stable
transformants, performed RNA isolation and PPE assays, generated protoplasts, performed protoplast size
quantification, and performed sequence analysis. A. Sattarzadeh performed confocal microscopy and protoplast size
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was originally encoded in the genome and is a process that is exhibited by a wide range of
organisms (Chateigner-Boutin and Small, 2011). In vascular plants, cytidine to uridine RNA
editing occurs in the organelles. In Arabidopsis thaliana, over 600 C targets are edited in the
mitochondria and 43 C targets are edited in the chloroplast (Bentolila et al., 2008, 2013; Ruwe et
al., 2013). The site specificity factors in plant RNA editing are members of the pentatricopeptide
repeat (PPR) family that function to recognize the sequence elements encoded around the C-
target (Okuda et al., 2006). Recently, the mode by which the PPR motifs recognize specific
RNA nucleotides has been elucidated (Barkan et al., 2012; Takenaka et al., 2013; Yagi et al.,
2013). This process is thought to be a correctional mechanism rather than one resulting in
functional diversity, as the editing event usually results in changing the codon that was encoded
in the genome to a codon that is conserved in other plant species (Gray and Covello, 1993).
Failure to edit particular C-targets can result in a wide variety of physiological consequences,
ranging from no obvious phenotype to seedling lethality depending on the specific transcripts
that are affected. For example, PPR editing factor CHLOROPLAST BIOGENESIS 19 (CLB19)
is responsible for editing a site in rpoA and a site in clpP and failure to edit these sites result in a
seedling lethal phenotype (Chateigner-Boutin et al., 2008). YELLOW SEEDLING1 (YS1) is
responsible for editing a site in rpoB and failure to edit this site results in seedlings that are
yellow but eventually green and are able to grow to maturity (Zhou et al., 2009). Some mutants
of CHLORORESPIRATION REDUCTION (CRR) genes affect editing sites in genes encoding
subunits of the NDH complex which causes a lack of transient increase in chlorophyll
fluorescence after terminating exposure to actinic light (Kotera et al., 2005; Okuda et al., 2007,

2009). RAREL1 is responsible for editing a site in accD, but failure to edit this site in rarel

quantification. K. Hine performed confocal microscopy. T.Owens performed the NDH activity assays. L. Lin
performed PPE assays
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mutants does not appear to cause any discernable mutant phenotype (Robbins et al., 2009). PPR-
DYW editing factor QUINTUPLE EDITING FACTOR 1 (QED1) was recently reported to affect
five chloroplast editing sites, the most plastid sites known to be associated with a single PPR
editing factor (Wagoner et al., 2015). Plants homozygous mutant for ged1 were reported to grow
more slowly than wild-type and appeared to accumulate yellow patches in the leaves, perhaps
due to altered amino acid sequences in rpoB, matK, and ndhB due to lack of editing. Here we
investigate the physiological consequences of loss of editing at these sites which includes stunted
growth, impaired function of the NDH complex and an abnormal chloroplast morphology
phenotype.

MATERIALS AND METHODS

Arabidopsis line and growth assays

Both wild-type and mutant Arabidopsis plants were of the Landsberg erecta ecotype. The T-
DNA insertion line CSHL_GT13864 was obtained from the Arabidopsis Biological Resource
Center (ABRC) and the presence of the T-DNA insert was verified through PCR with primers
5’-GCTTGCATAGTTGATGTTCTCG-3’ and the Ds3-1 primer 5’-
ACCCGACCGGATCGTATCGGT-3’ (Martienssen and Springer, 1997) using BioRad Red
Master Mix (Hercules, CA).

Arabidopsis seeds were imbibed in water for three days at 4C and then sown on MetroMix.
Plants were grown under both long day (16h light, 8h dark, 80 umol/m2/sec light, 22°C) and
short day (10h light, 14h dark, 115 pmol/m2/sec light, 22°C) conditions. Fresh weight was
measured by removing plants from soil, washing off leftover soil, and removing excess water
with a paper towel. Weight was then measured on a Mettler balance.

Complementation analysis
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The 2217 bp wild-type coding region of At2g29760 (QED1) was amplified using Phusion
polymerase and gene-specific primers: 5’-ATGGCTATCTTCTCCACAGCAC-3’ containing the
start codon and 5’-TCACCAGAAATCGTTACAGG-3’ containing the stop codon (Table 1).
The amplified fragment was cloned into PCR8/GW/TOPO cloning vector (Invitrogen, Carlsbad,
CA) and verified by sequencing. Using LR Clonase 11, the gene was then cloned into a modified
pBI1121 (Jefferson et al, 1987). This plasmid, carrying the wild-type QED1 cloning region, was
then transformed into Agrobacterium tumefaciens GV3101. Transformation of gedl
CSHL_GT13864 mutant plants was performed as in Zhang et al (2006).

Transgene integration site determination and genotyping

Determination of the transgene integration site was performed through ligation of adaptors to
genomic DNA digested by Hindlll and EcoRlI restriction enzymes (Invitrogen) using the
protocol and adaptor sequences as described in O’Malley et al (2007). PCR was performed on
adaptor-ligated genomic DNA fragments using adaptor-specific primers as designed by
O’Malley et al (2007) and a primer specific to the RecA targeting sequence 5’-
GCTTCAGAGACAAGACTAGCTG-3’. PCR products were sequenced and the resulting
sequence was analyzed in BLAST to determine the location of the transgene. Determination of
the homozygous or hemizygous state of the transgene was determined using PCR with primers
5’-GTCATCGTCATCCTTGTAATCG-3’, 5>-AACATGGCTCTCAGCCTTTCAA-3’, and 5’-
CATCGGTAGTGATGAAGTCT-3’ (Table 3.1)

Protoplast preparation

The cellulase/macerozyme solution was prepared following the protocol of Yoo et al (2007).
and contained 1.5% cellulase R10, 0.4% macerozyme R10 (Yakult Pharmaceutical Ind. Co.,

Ltd., Japan), 0.4 M mannitol, 20 mM KCI, 20 mM MES pH 5.7, 10 mM CaCl,, 0.1% BSA (Yoo

90



et al., 2007). Arabidopsis plants were grown in short days (8 h light). Fully expanded leaves were
sliced into 0.5-1mm strips using razor blades with minimal wounding and immersed in the
enzyme solution. The digestion mixture was vacuum-infiltrated for 2 minutes and incubated
overnight in the dark without shaking. The protoplasts were harvested in round-bottomed tubes
by 2 minutes centrifugation at 300g. The supernatant was discarded and the cells were
resuspended in the W5 solution (154 mM NacCl, 125 mM CaCl,, 5 mM KCI, and 2 mM MES
pH5.7) (Yoo et al., 2007).

Measurement of Editing Extent

RNA extraction and RT-PCR was performed as described by Bentolila et al. (2008). The
primers used to amplify chloroplast transcripts are listed in Robbins et al. (2009). The Poisoned
Primer Extension (PPE) assay to analyze RNA editing extent was described by Peeters and
Hanson (2002).

Chlorophyll Fluorescence Measurement

Chlorophyll fluorescence transients indicative of an active NDH complex were measured using a
Hansatech FMS-2 fluorometer (Norfolk, UK) following the general method of Shikanai et al
(1998). Attached leaves from 5 week old wild-type, ged1 mutant, and T1 3FS-QED1
transformant plants were dark-adapted for 20 minutes prior to measurement of minimum
fluorescence yield (Fo) and maximum fluorescence yield (Fm). The leaves were then exposed to
actinic light at 150 pmol photons m s for 8 minutes. Fluorescence transients were measured
for 2 minutes following the termination of actinic illumination. All measurements were
normalized to the dark adapted Fo value. Curves were created from data averaged from three

physiologically equivalent leaves each from two different plants of each type.
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Microscopy

Confocal laser scanning microscopy was performed on a Zeiss 710 confocal microscope (Zeiss,
Jena, Germany). The 633 nm line of argon laser was used to excite chlorophyll. Emission of
chlorophyll fluorescence was detected in the range of 647721 nm. Protoplast area was

measured using the Image J software (http://rsbweb.nih.gov/ij/ ) and also Zeiss Zen Blue

software. The original picture was imported into Image J and protoplasts area was measured via
ROI manager in Image J (Ounis et al., 2005).
Sequence Analysis
DNA and protein alignments were achieved using Jalview version 2.0 sequence analysis
software (Waterhouse et al., 2009)
RESULTS
Complementation of editing defects at five chloroplast sites with full-length and N-tagged
QED1

The identification and study of the functional motifs of a new chloroplast PPR-DYW
editing factor was previously described in Wagoner et al. (2015) Briefly, QUINTUPLE
EDITING FACTOR 1 (QEDZ1) is responsible for the editing of five C-targets in the chloroplast:
rpoB C2432, ndhB C872, matK C640, rps12 i1C58, and accD C1568. The editing of the sites in
rpoB, ndhB, and matK all result in non-silent codon changes to the sequence of these proteins.
The rps12 and accD sites are found in non-coding regions: the rps12 site is located in the intron
and the accD site is located in the 3’UTR. No editing was detected in these five sites in
homozygous mutant plants of the CSHL_GT13864 line, which has a T-DNA insertion located in
the E+ motif (Fig. 3.1A). These homozygous mutants were observed to have a stunted growth

phenotype and accumulation of yellow patches in leaves as they aged. The mutants were still
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Figure 3.1: Structure of endogenous QED1 and of QED1 transgenes constructed for
complementation analysis. A. The location of the insertion allele is indicated in the ged1
line used for analysis of the mutant phenotype. CSHL GT13864 is located in the E motif
and homozygous mutants for this insertion allele were previously found to be defective in
the editing of five chloroplast sites. The full-length wild-type coding region of QED1
and mature QED1 tagged at its C-terminus with a 3XFLAG-Strepll tag were cloned under
a 35S promoter for complementation analysis through stable transformation. B. Using
the Poisoned Primer Extension (PPE) assay, editing extent was quantified in two
independent T, transformants carrying N-tagged QED1 (N) and two independent T,
transformants carrying untagged full-length QED1 (FL) for rpoB C2432, ndhB C872,
matK C640, accD C1568 and rps12 i1C58. Editing product (e), unedited product (u),
oligo (0). Wild-type (+/+), ged1 mutant (-/-), N-tagged QED1 transformant (N), full
length QED1 transformant (FL) PPE gel for the rpoB C2432 site is shown.
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able to flower and set seed. Transgenes containing the QED1 coding region were constructed to
create stable transformants: one construct contains the wild-type coding region placed under a
35S promoter and another construct contains the mature coding sequence tagged at its N-
terminus with a 3xFLAG-Strepl| tag joined by a GGSGGSGS protein linker (Fig. 3.1A). These
constructs were transformed into ged1 mutant plants via floral dip and editing was assessed in
the stable transformants (Fig. 3.1B). To determine the insertion point of the transgene, adaptors
were ligated to digested genomic fragments and the fragment containing a portion of the
transgene and the flanking sequence was PCR amplified and sequenced using adaptor and
transgene specific primer pairs (O’Malley et al., 2007). In the T1 progeny of N1, the N-tagged
QED1 transgene was found to be inserted into the second exon of At1g79600, an ABC1-like
kinase gene, ABC1K3. Under normal growth conditions, abc1k3 mutants are physiologically
and photosynthetically wild-type, aside from slightly scattered thylakoid grana (Huang et al.,
2015; Lundquist et al., 2013; Martinis et al., 2013). Three Ty progeny tested by PCR indicated
that the transgene was in a hemizygous state in each of these plants (Fig. 3.2). The N-tagged
construct was able to restore editing to wild-type or near wild-type levels at all five sites, thus the
N1 progeny were used in subsequent phenotype studies. A version of QED1 tagged at its C-
terminus with the 3XFLAG-Strepll tag was previously constructed and tested for ability to
complement the editing defect, but the C-terminal tag was found to interfere with editing
function (Wagoner et al., 2015).
Expression of QED1 at different developmental stages of Arabidopsis

To determine the expression pattern of QEDL1 transcripts at different developmental time
points in Arabidopsis, we utilized the GENEVESTIGATOR Arabidopsis microarray gene

expression database (Hruz et al., 2008). We also assessed the expression pattern of plastid
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Figure 3.2: Genotyping of three T, 3FS-QED1 progeny of the N1 transformant for the

transgene. Genomic DNA from three T plants (N1-1, N1-2, N1-3) carrying the 3FS-
QED1 transgene obtained from N1 selfing was extracted and analyzed by PCR using
two primer sets (PS). PS1 yields a band when the transgene is not present, PS2 yields a
band when the transgene is present. WT reaction template contained wild type
Landsberg DNA, o contained no DNA template. The extra band in the wild type lane is
a result of spillover from loading the adjacent N1-3 lane.
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Figure 3.3: Expression levels of four plastid PPR editing factors, QED1, ECB2, CRR4, and
CRR21, and four ACCUMULATION AND REPLICATION OF CHLOROPLAST (ARC)
genes, ARC3, ARC5, ARC6, and ARC11 at different stages of Arabidopsis development
according to online microarray data available from GENEVESTIGATOR.
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editing factor genes CRR4, CRR21, and ECB2 as well as genes encoding members of the
nuclear-encoded and plastid-targeted ACCUMULATION AND REPLICATION OF
CHLOROPLASTS (ARC) family, ARC3, ARC5, ARC6, and ARC11 (Fig. 3.3). These genes
were chosen because mutation of ARC family genes affect chloroplast morphology, like QED1
(discussed further below). Expression of transcripts encoding each factor did not differ greatly
throughout each developmental stage. Transcripts of QED1 were the highest at germination,
during bolting, and in the seeds. Generally, ARC5, ARC6 and ARC11 were more highly
expressed than the other factors. QED1, ECB2, CRR21 and ARC3 were expressed at a similar
level and CRR4 was expressed at a lower level than the other factors. The expression levels of
QED1 and ECB?2 are closely mirrored throughout development.
QED1 proteins and editing status of the target sites of Arabidopsis QEDL1 in other species
Using BLAST, protein sequences with significant sequence identity to QED1 were found
in A. lyrata, poplar (P. trichocarpa), grape (V. vinifera), soybean (G. max), flowering tobacco
(N. sylvestris), potato (S. tuberosum), and tomato (S. lycopersicum) (Fig. 3.4). The E and DYW
motifs exhibited the greatest conservation, along with the residues near the beginning of each
repeat, where the amino acids that are involved with RNA recognition are located. The DYW
motif contains a HXE/CxxC signature that is conserved with the active site in known deaminases
and is known to be capable of binding zinc (Hayes et al., 2013; lyer et al., 2011) These residues
have been shown to be important for the function of QED1 in Arabidopsis (Wagoner et al.,
2015). These deaminase residues are invariant among these protein sequences, along with the
residues that encompass a putative second zinc binding site as defined by Hayes et al. (2013).
Three of the editing sites affected by QED1 are found in the coding regions of three

genes: matK, which encodes a splicing factor, ndhB, which is a subunit of the NDH complex,
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Figure 3.4: Amino acid sequence alignment of QED1. Homologous QED1 protein
sequences from other species were found by using BLAST with the Arabidopsis QED1
protein sequence. Protein sequences were aligned using Jalview software and residues were
shaded according to degree of conservation. Black lines above the sequence indicate PPR
repeats while the red and orange arrows indicate the E motif and DYW motif respectively.
Green lines indicate the conserved deaminase residues and the purple line denotes the second
potential zinc binding site. Amino acid sequences: A. thaliana NP_180537.1, A. lyrata
XP_002879234.1, P. trichocarpa XP_002314110.1, V. vinifera XP_002279360.1, G. max
XP_003520267.1, N. sylvestris XP_009770229.1, S. tuberosum XP_006350917.1, S.
lycopersicum XP_004241167.1
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Figure 3.5: Comparison of protein sequences containing the codons affected by
QED1 editing in different plant species. Protein sequences were retrieved from NCBI,
aligned with T-coffee, and presented with Jalview. Green asterisks denote sites that
have a C encoded in the genome and that are edited, red asterisks denote sites that
have a C encoded in the genome but are not edited, blue asterisks denote sites with a
genomically encoded T. A. thaliana: rpoB NP_051051, matK NP_051051, ndhB
NP_051103.2. A. lyrata: rpoB XP_002886863, matK AF144342.1. V. vinifera: rpoB
YP_567068.1, matK YP_567057.1, ndhB YP_567138.1. P. trichocarpa: rpoB
YP_001109491, matK YP_001109481.1, ndhB YP_001109571.1. S. lycopersicum:
rpoB YP_008563080, matK YP_008563069.1, ndhB YP_008563149.1. Z. mays:
rpoB NP_043015.1, matK NP_043005.2, ndhB NP_043102.1. O. sativa: rpoB
AY522330.1, matK POC381, ndhB NP_039459.1. V. vinifera editing (Jansen et al.
2006), S. lycopersicum editing (Kahlau et al. 2006) Z. mays editing (Maier et al. 1995)
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matK C640

S. officinarum
P thunbergii
P. endiviifolia

His -> Tyr
A. thaliana - - - - L PFFFL...' dJHPCEBYES IFFFLRKR *
A. lyrata - - . . LHPRFFLF dH/CEYES IFFFLRKR %
G. hirsutum - - - FNPRLFLF dHFCEYES IFLFLRNQ %
C. sativus F F SKRHNR dYVCEYES IFLFLRNQ %
C. meloFF sKkr YV CEYES IFLFLRNQ %
V. vinifera 1 F skr AHVCEYDS IFIFIRNG %
P sativum 1F sKks AYICEYEY I LVFLRNK %
N. tabacum sF sKK dYlVYECESTFVFLRNG %
A. belladonna s s kK dYVYECESTFVFLRNQ %
S. tuberosum sF sKK dYVYECESTFVFLRNQ %
S. Iycopersicum sF s KK dyVYECESTFVFLRNQ %
Z. mays LLKKE dvVsEYEFFLLFLHKO%
O. sativa | LKKE dYVSEYEFFLLFLRKQ %
S. officinarum L LKKE dYVSEYEFFLLFLRKO %
P, thunbergii vvFPRV YUCECES ILFSRLKR %
P, endiviifolia - vsek HLHEFEYSL I YVWKE %
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and rpoB, which is a subunit of plastid encoded RNA polymerase. To investigate the editing
status of these sites in diverse plant species, protein sequences were collected from the NCBI
database and aligned, and editing status of these sites was determined from a literature search of
published chloroplast transcriptomes (Fig. 3.5). Most species contain a genomically encoded T
at the matK site and all those that encode a C edit that site to a U, except for liverwort. Most
species either contain a genomically encoded T or edit the C at the rpoB site except for melon,
pea, and black pine. Interestingly, all species encode a C at the ndhB site, but of the species
investigated, only Arabidopsis edits that site. These observations indicate that maintenance of
the conserved codon is critical at the matK and rpoB sites; thus, these particular codons are likely
to be important for protein function. The few plants that do not edit these codons may have
compensating mutations in other codons. In contrast, of the species that were analyzed, the
identity of amino acid encoded by editing of the ndhB site evidently is important only in
Arabidopsis.
gedl Mutants Exhibit Stunted Growth

When homozygous mutant lines were generated for the CSHL_GT13864 insertion line,
the ged1 mutants were observed to grow more slowly than wild-type plants, so growth rate was
compared between wild-type and ged1 mutant plants. Plants (ecotype Landsberg erecta)
homozygous mutant for qed1 were grown alongside Landsberg erecta wild-type plants under
short day conditions and then assessed for fresh weight after 5 weeks (Fig. 3.6A) and eight
weeks (Fig. 3.6B). At five weeks, the average fresh weight of gedl plants was approximately
0.5 g, while wild type plants averaged approximately 1.25g. The growth defect became more
severe as the plants aged. At eight weeks, ged1 mutant plants remained at approximately 0.5 g,

while wild-type plants were now at 3.0 g. ged1 mutants and wild-type plants were then grown
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Figure 3.6: gqedl plants display a stunted growth phenotype. Wild type and ged1 plants
homozygous mutant for CSHL GT13864, ecotype Landsberg erecta, were grown under short
day conditions. Fresh weight was assessed at A. 5 weeks (n=3) and B. 8 weeks (n=9) and
averaged. The bar graphs indicate fresh weight averages at five and eight weeks with wild type
fresh weight average indicated in red and ged1l fresh weight average indicated in blue. Error
bars indicate standard deviation. C. Wild type (+), crr4 homozygous mutant (c), and gedl (q)
mutant plants were assessed for growth under both long and short day conditions at 5 weeks.
Fresh weight was measured and averaged (n=4 each). The bar graph indicates these averages
under both long and short day conditions. Wild type is indicated by blue, crr4 is indicated by
dark blue and ged1l is indicated by green.
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WT gedl N1

Figure 3.7: Phenotype of T, plants transformed with the wild type QED1 coding region (FL2)

or QED1 tagged at its N-terminus with a 3xFLAG-Strepll (3FS) (N1) tag at 6 weeks old, grown
under long day conditions.
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under both long and short day conditions along with crr4 (chlororespiratory reduction 4)
mutants and assessed for fresh weight after five weeks. Relative to wild-type, the impairment of
growth of the both the crr4 and the ged1 mutants were greater under long day conditions (Fig.
3.6C). Like QED1, CRR4 encodes a chloroplast editing factor that specifically affects an ndh
transcript (Kotera et al., 2005). Yellow patches accumulated in both gedl and crr4 as the leaves
aged. The growth rate of To plants transformed with full length QED1 (gedl1 + QED1) or with
N1 plants, which contains QED1 tagged at the N-terminus with a 3xFLAG-Strepll tag, (gedl +
3FS-QED1) was greater than the untransformed mutant (Fig. 3.7)
NDH Activity is Lower in ged1 Mutants Relative to Wild-type

Since QED1 affects editing site ndhB C872, which is in a subunit of the NDH
dehydrogenase complex, ged1 mutants were assessed for NDH activity. The NDH complex is
involved in cyclic electron flow around photosystem | (Munekage et al., 2004; Shikanai et al.,
1998). Using fluorescence imaging, activity of this complex may be assayed by measuring a
transient increase of chlorophyll fluorescence due to dark reduction of the plastoquinone pool
after exposure to actinic light (Hashimoto et al., 2003; Shikanai et al., 1999). When NDH activity
was measured in five-week old wild type, ged1 mutants and T1 ged1 plants carrying the 3FS-
QEDL1 transgene (Ntag), a transient increase of chlorophyll fluorescence was observed in wild-
type plants, characteristic of normal NDH activity. However, this transient increase was severely
reduced in ged1 mutants, indicating reduced NDH activity. In the 3FS-QEDL plants, the 3FS-
QED1 transgene was able to partially restore the NDH activity (Fig. 3.8). Therefore, the failure
to edit ndhB C872 affects the ability of the NDH complex to carry out its normal function.
gedl Mutants Exhibit Abnormal Chloroplast Morphology

Because the ged1 and crr4 mutants accumulated yellow patches in the leaves as the
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Figure 3.8: Evaluation of chlorophyll fluorescence in wild type, ged1 mutant, and T, 3FS-

QED1 complemented plants obtained from selfing the N1 plant (Ntag). Leaves were
exposed to actinic light at 150 pmol photons m-2 s-1 for 8 minutes followed by 2 minutes
of darkness. AL was turned off at the point indicated by the downward arrow. The curves
are averages of data from three physiologically equivalent leaves each from two plants of
each type. The black curve represents the transient increase of chlorophyll fluorescence
typical in wild type plants indicative of NDH activity. The red curve represents chlorophyli
fluorescence in ged1 mutant plants. The blue curve represents chlorophyll fluorescence in
Ntag complemented plants. Fluorescence was normalized to the dark-adapted F_ value

(=1.0)
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leaves aged, morphology of chloroplasts was examined in these mutants by confocal microscopy.
Using chlorophyll autofluorescence to visualize the chloroplasts, images were taken of the top
layer and in the bottom layer of the leaves of six-week old plants. In the wild-type leaf, the
chloroplasts exhibited the characteristic round, regular shape expected. However, in both gedl
and crr4 mutant leaves, the chloroplasts exhibited an abnormal morphology where many of the
chloroplasts were much larger than the wild-type chloroplasts and irregularly shaped (Fig. 3.9).
Both mutants also appeared to have fewer chloroplasts per cell on average compared to wild
type.

Protoplasts were isolated from wild type, qedl and crr4 plants and observed using
confocal microscopy in order to further characterize the chloroplast morphology phenotype. The
gedl protoplast cells were smaller on average than wild-type protoplasts (Fig. 3.9). To quantify
this size difference, two hundred protoplasts from each plant type were measured. On average,
gedl protoplasts were half the size of wild type protoplasts while the total area calculated for
crrd protoplasts was similar to that of the wild-type protoplasts (Fig. 3.9). The abnormal
chloroplasts observed in total leaf in ged1 and crr4 plants were also seen in the protoplasts.
Chloroplasts were visualized in a hemizygous To transformant carrying a full-length QED1
transgene (ged1+QED1) and in one of the heterozygous T1 progeny carrying the 3FS-QED1
transgene genotyped in Figure 2 (ged1+3FS-QED1) to determine whether the presence of the
QED1 transgene altered the chloroplast morphology (Fig. 3.10). Chloroplasts in a plant
transformed by the full-length QED1 or 3FS-QED1 gene were more similar to wild-type
chloroplasts than those in the mutant, but many large and abnormally shaped chloroplasts were
still observed. Protoplasts from wild-type plants, ged1 mutant plants, and To plants transformed

with full length QED1 hemizygous for the transgene were prepared and observed using confocal
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Figure 3.9: gedl and crr4 mutants exhibit a small cell and abnormal chloroplast
morphology phenotype. A. Chlorophyll auto-fluorescence (red) was visualized in wild
type, crr4, and ged1 mutant leaves. B. Wild type, crr4, and ged1 protoplasts were
prepared and observed using a Zeiss microscope. C. Two hundred protoplasts of each
type were measured and analyzed using ImageJ software. The y-axis indicates total

protoplast area in umz. White bars = 50um
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gedl + QED1 gedl + 3FS-QED1

Figure 3.10: Chloroplast morphology in plants transformed with a QED1 transgene.
Chlorophyll auto-fluorescence was visualized in the leaves of wild type, a ged1 mutant,
a T, ged1 mutant plant transformed with the QED1 coding sequence, and a T, plant

containing QED1 carrying a 3FLAG-Strepll tag at its N-terminus obtained from selfing
the N1 transformant. Leaves were observed using a Leica microscope.
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Figure 3.11: ged1 complemented with QED1 exhibits partial complementation in cell
size and chloroplast morphology. A. Chlorophyll auto-fluorescence (red) was visualized
in wild type and ged1 protoplasts and protoplasts prepared from two To transformant
progeny which were prepared and observed using a Zeiss microscope. B. Twenty
protoplasts of each type were measured and analyzed using Zen Blue software (Zeiss).

The y-axis indicates total protoplast area in umz. White bars = 20um C. Editing status
of the wild type plants (WT), ged1 mutant plants (ged1), and two To transformants
carrying the QEDL transgene (F1, F2) used to prepare protoplasts.
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microscopy to determine whether the small cell size phenotype was complemented by the
presence of the full length QEDL transgene (Fig. 3.11). Protoplasts from the transformants are
on average closer in size to wild-type, though some small cells are still present. The chloroplasts
within the protoplasts of the transformed lines are less abnormal than the mutant, but are not
fully normal in appearance.
DISCUSSION

Inactivation of the QED1 gene, which is required for editing of 5 Cs to Us, results in
slow growth, defective NDH activity, and abnormal chloroplast morphology. Three of the
affected editing sites are in the coding regions of matK, a splicing factor, rpoB, a subunit of RNA
polymerase, and ndhB, which is a subunit of the NDH complex. Though sites are also affected
in accD and rps12, these sites are in non-coding regions: the accD site is in the 3’UTR and the
rpsl2 site is in the intron. Plants carrying a weak mutant allele of QED1, carrying a T-DNA
insert 5” of the coding region, were previously observed to be morphologically normal;
furthermore, lack of editing at this site did not appear to affect the splicing of the rps12 intron
(Hammani et al., 2009). Therefore, the lack of editing at this site is not likely to contribute to the
phenotype seen in the ged1 mutants.

The accD editing site controlled by QED1 is also affected in mutants of a different PPR-

DYW factor, atECB2. Plants mutant in atECB2 were not able to edit this site, displayed a
seedling lethal albino phenotype and had defects in early chloroplast biogenesis (Yu et al., 2009).
Further analysis of lines mutant for this gene, including a line described as VANILLA CREAM
1 (VAC1) and a line containing a point mutation in ECB2 that did not cause a seedling lethal
phenotype, revealed that both the ndhF C290 and accD C1568 sites were affected in these

mutants as well as the accD C794 site (Cao et al., 2011; Tseng et al., 2010; Yu et al., 2009). The
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severe mutant alleles of this gene result in a lethal albino seedling phenotype, an abnormal
chloroplast phenotype in which chloroplasts were smaller than wild-type chloroplasts, and had
almost no organized thylakoid membranes and no starch grains. Plastid-encoded polymerase
(PEP) transcripts were also decreased in these mutants (Tseng et al., 2010). The weak mutant
allele of this gene caused a delayed greening phenotype, in which the seedlings were observed to
have a variegated phenotype and delayed chloroplast development, but these seedlings could
green and develop normally as they aged (Cao et al., 2011). In plants carrying the weak mutant
allele, RNA editing of the ndhF site and the two accD sites was very low in the young plants, but
increased to near wild-type levels as the plants aged (Cao et al., 2011).

Variegation and delayed chloroplast development in the weak ecb2 mutants may be
associated with lack of editing of sites in accD and a subunit of the NDH complex. Unlike gedl
mutants, ech2 mutants exhibit decreased editing in accD C794. Mutants in the PPR protein-
coding gene RAREL1 that lack editing of accD C794 appeared to be physiologically wild-type.
Given that rarel mutants were phenotypically normal, including chloroplast phenotype, these
observations indicate that if the abnormal phenotypes in ged1 mutants are due to defects in accD
editing, then it is due to defects in editing the accD C1568 site, but not the C794 site (Cao et al.,
2011; Robbins et al., 2009). In tobacco, accD function is evidently essential, as homoplasmic
plants could not be recovered when the wild-type plastid accD gene was replaced with a mutant
allele interrupted with aadA (Kode et al., 2005). Leaves of transformed, non-homoplasmic
tobacco had a variegated phenotype and analysis of the pale sectors revealed the presence of
aberrant structures in the chloroplasts that disrupted the outer membranes, as well as the presence
of vesicle-like structures, neither of which were observed in wild-type chloroplasts (Kode et al.,

2005).
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Like ECB2, QED1 controls editing of sites in accD and in subunits of the NDH
complex. Leaf variegation and abnormal chloroplast morphology is also observed in ged1
mutants, although the mutant phenotype differs from that observed in ech2 mutants. As the
accD1568 site is in the 3’UTR, lack of editing at this site could result in decreased stability of the
accD transcript. However, upon assaying chloroplast gene expression in weak allele ech2
mutants, PEP dependent plastid gene expression was similar to expression observed in wild type
plants while expression of NEP (Nuclear Encoded Polymerase) dependent plastid genes, which
includes accD, was actually observed to be upregulated which means the phenotypes are not
likely to be associated with a lack of AccD protein.

A decrease in activity of the plastid NDH is most strongly implicated in the abnormal
chloroplast morphology seen in the ged1 mutant. The crr4 mutant, which exhibits loss of editing
in the ndhD transcript, preventing formation of the stop codon and thus eliminating enzyme
activity, also exhibits larger and aberrantly shaped chloroplasts (Kotera et al., 2005). Possibly
some of the abnormalities in chloroplast phenotype in ecb2 mutants could also be due to loss of
editing in the gene encoding NdhF subunit (Cao et al., 2011).

PEP activity appeared to be linked to the severity of phenotype in ECB2/VAC1 mutants.
Although the editing of the rpo sites appeared to be at wild type levels in these mutants, defects
in growth and development have been associated with lack of editing in the subunits of plastid
RNA polymerase. Plants mutant for CHLOROPLAST BIOGENESIS 19 (CLB19) do not edit
sites in rpoA and in clpP which results in a seedling lethal phenotype (Chateigner-Boutin et al.,
2008). YELLOW SEEDLING 1 (YS1) is responsible for editing a different site in rpoB and
seedlings mutant for YS1 are yellow, although they eventually green and grow to maturity (Zhou

et al., 2009). The rpoB C2432 site is not edited in ged1 mutants and this lack of editing may also
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contribute to the growth defect and chloroplast morphology phenotypes.

However, the ged1 mutant plants that were transformed with the 3FS-QED1 sequence do
not seem to display a strong complementation of the physical phenotypes observed in the ged1
mutant lines although the editing phenotype is complemented to near wild-type level. If these
phenotypes are indeed due to lack of editing at these five sites, the lack of phenotype
complementation in the stable transformants may be due to the location the transgene was
inserted. QED1 appears to be expressed at a medium level (Fig. 3.3) throughout the plant’s
development. If the transgene was under the control of a promoter that was specific to a
particular development stage later in the plant’s life, the lack of expression in early development
could also cause non-complementation of the mutant phenotype. For the To plants transformed
with full length QED1, the editing phenotype was complemented, but not well; this could also be
due to the location of the full-length QED1 transgene. The selection process for the transgene
also relies on the use of herbicide resistance. Though plants carrying the transgene can survive
contact with the herbicide, they do tend to be sickly which in turn may also affect editing
efficiency.

The T, transformants that were genotyped were found to have only one copy of the
transgene while the To transformants are known to only have one copy of the transgene. A T»
plant carrying two copies of the transgene must be examined to determine whether greater QED1
expression might result in complete restoration of wild-type phenotype. The physical
phenotypes could also be due to a second site mutation, but the observation of the same
chloroplast morphology phenotype in mutant crr4 plants, in which lack of editing affects the
same complex, makes this scenario unlikely.

The analysis of the codons affected by QED1 editing in other species indicates that the
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conservation of the codons at the particular positions in rpoB and matK is important, as the
conservation of the rpoB site is observed in most of the species investigated, except for in melon
and in pea, and the codon affected in matK is conserved in all species except for liverwort.
Interestingly, the site edited by QED1 in ndhB only appears to be edited in Arabidopsis; the other
species that were investigated have a genomically encoded C that does not appear to be edited.
If editing at this ndhB site is important for its function in Arabidopsis, it may not be important in
the other species, possibly due to compensatory mutations in other sites of the ndhB gene or in
other NDH subunits in these species. Although these species do not edit this particular site, this
appears that this transcript is generally highly edited in these species, as this gene has been
reported to have 9-11 editing sites in the species that were investigated (Freyer et al., 1995).
Generally, the lack of editing at particular chloroplast sites can result in an array of phenotypes.
Because multiple phenotypes have been associated with lack of editing in the genes affected by
QED1 in mutants of other PPR editing factors, more work will have to be performed in order to

dissect which phenotypes are associated with the lack of editing at the sites controlled by QED1.
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Table 3.1: Oligonucleotides

Primer Name Sequence 5°-3’ Purpose
QEDL1 start ATGGCTATCTTCTCCACAGCAC amplification
QEDL1 stop GAAATATCACCAGAAATCGTTAC amplification
QEDI 5’2531 GCTTGCATAGTTGATGTTCTCG genotyping
Ds3.1 ACCCGACCGGATCGTATCGGT genotyping
RecA Reverse GCTTCAGAGACAAGACTAGCTG amplification
Ntag geno 3fs GTCATCGTCATCCTTGTAATCG genotyping
Ntag geno pkin F CATCGGTAGTGATGAAGTCT genotyping
Ntag geno pkinR | AACATGGCTCTCAGCCTTTCAA genotyping
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Chapter 4.
Conclusions and Future Studies

In chapter 2, we report a new PPR-DYW editing factor, QUINTUPLE EDITING
FACTOR 1 (QED1) which is responsible for the editing of five chloroplast sites, the most sites
known to be affected by a single plastid PPR editing factor. The DYW motif is known to have
sequence and structural similarities to known deaminases, including highly conserved residues
that resemble the deaminase active site (HXE/CxxC), but this motif for a number of factors has
been shown to be dispensable for editing (Hayes et al., 2013b; lyer et al., 2011; Okuda et al.,
2009c). A number of PPR editing factors also function with only the E motif which has been
shown to be essential for editing function for all editing factors tested. However, recent
experiments have shown that the DYW motif can act in trans with the discovery of DYW1
which interacts with PPR-E editing factor CRR4 to edit the ndhD C2 site (Boussardon et al.,
2012; Kotera et al., 2005). Site-directed mutagenesis was performed on DYW1 to identify
residues critical for editing function and it was discovered that the deaminase-like signature was
critical for editing along with the terminal DYW residues for which the motif is named
(Boussardon et al., 2014). The DYW motif was also discovered to be able to bind zinc in DYW1
and another PPR-DYW editing factor, ELI1, an ability which is an important contributor in
deaminase catalysis. The presence of zinc was found to be important for the plant RNA editing
reaction itself, as editing was discovered to be sensitive to zinc chelators added to editing
competent extracts (Boussardon et al., 2014; Hayes et al., 2013; Hegeman et al., 2005).
Removing the deaminase signature of DYW1 or mutagenizing its deaminase signature
significantly inhibited its ability to bind zinc ions, specifically associating the motif’s ability to

bind zinc with the deaminase signature (Boussardon et al., 2014)
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We have found that the deaminase signature in the DYW motifs of two plastid PPR
editing factors is critical for efficient editing function, an observation which is consistent with
the hypothesis that the DYW motif carries out the deaminase function. The importance of the
DYW motif was also observed with mitochondrial PPR-DYW editing factor
MITOCHONDRIAL EDITING FACTOR 1 (MEF1), as well as plastid factors OTP84 and
CREF7, which also required their DYW motifs for efficient editing function, although the
deaminase signature has not been targeted in MEF1 and only the E in the HXE portion of the
deaminase signature was targeted in OTP84 and CREF7’s DY W motifs (Hayes et al., 2015;
Zehrmann et al., 2010). The DYW motif can act in trans and can contribute to editing function
for at least one E-class editing factor; therefore, a trans-acting DYW motif can possibly perform
the same function for other E-class editing factors or even other PPR-DYW factors that do not
need its own DYW motif for editing (Boussardon et al., 2012; Okuda et al., 2009). Additionally,
the DYW motif has been shown to interact with the RNA around the C-target (Okuda et al.,
2014). Despite the compelling evidence that the DYW motif may carry the deaminase activity in
the RNA process, this motif has not yet been shown directly to exhibit deaminase activity in
vitro.

The editing PPR proteins were discovered to be site-specific factors when CRR4 was
demonstrated to bind the RNA near the site it edited when the protein and RNA was expressed in
E. coli, but editing did not occur with these two components only (Okuda et al., 2006). In the
case of CRR4, it is now known that it requires DYW1 as well as additional protein factors, such
as RIP2 and RIP9, OZ1, ORRM1, and PPOL1, which are known to interact with CRR4 and
DYW!1 and affect the editing of ndhD C2 (Bentolila et al., 2013a; Boussardon et al., 2012; Sun et

al., 2013, 2015; Takenaka et al., 2012; Zhang et al., 2014). In the future, CRR4 and DYW1
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could be expressed in E. coli with RNA containing the ndhD C2 site to assay whether these
components together can edit the protein. Alternatively, since QED1’s own DYW motif is
important for editing function, it may be more straightforward to express a single protein and
RNA rather than attempt to express multiple factors at once in an E. coli system. Either editing
will occur, which would provide strong evidence that the DYW motif itself is capable of
deaminase activity, or the lack of editing would indicate that other factors are needed to drive the
reaction (members of the RIP family, ORRM1, etc).

If the currently known factors cannot reconstitute the editing reaction, then other
currently unknown protein factors likely also function in the editosome to perform the editing
reaction. The RIP family was identified through co-immunoprecipitation of RARE1 (Bentolila
etal., 2012). However, this co-immunoprecipitation was done with RARE1 tagged at its C-
terminus with a 3XFLAG tag and this construct could complement the editing phenotype but not
to wild-type levels (Bentolila et al., 2012). We observed that a 3XFLAG-Strepll tag appended to
the C-terminus of QED1 could not complement the editing phenotype well which is consistent
with what was observed with MEF1 when it was appended with a C-terminal 6xHis tag,
implying that a C-terminal tag greatly interferes with editing function (Wagoner et al., 2015;
Zehrmann et al., 2010). When we tested QED1 tagged at its N-terminus with the 3xFLAG-
Strepll tag in ged1 protoplasts, this construct was able to more efficiently complement the
editing phenotype than the C-tagged construct (Wagoner et al., 2015). Boussardon et al (2014)
found that the mutagenesis of the terminal tryptophan in the DYW motif completely eliminated
editing of the ndhD C2 site, indicating that this residue is important for editing function
(Boussardon et al., 2014). Boussardon et al (2014) hypothesized that the terminal DYW

tripeptide may function as a docking signal as it shares some characteristics with other known C-
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terminal protein-protein interaction signals (Boussardon et al., 2014). Therefore, the presence of
a tag at that location may prevent or weaken interactions with factors that may contain
deaminase function or interact with a DYW motif to help it perform the deamination if the DYW
motif itself is the deaminase. The inability of certain editing factors to efficiently specify editing
when they carry a C-terminal tag is consistent with this hypothesis.

In order to identify other protein factors that function in the editosome and may possibly
function to drive the editing reaction, we have constructed a version of QED1 with a 3XFLAG-
Strepll tag at its N-terminus which can efficiently complement the editing phenotype (Wagoner
et al., 2015). This construct has been stably integrated into plants and can be used for co-
immunoprecipitation. The identity of the components in the isolated complex can then be
determined using mass spectrometry, similar to the experiments performed with RAREL1 and
ORRML1 (Bentolila et al., 2012; Sun et al., 2015). It would be interesting to compare the identity
of components immunoprecipitated with QEDL1 to those found when RARE1 was
immunoprecipitated. If co-immunoprecipitation was performed with an E-class editing PPR
protein, or with a PPR-DYW protein that does not need its DYW motif, the proteins identified in
these complexes could be particularly informative, especially when compared to proteins
identified in co-immunoprecipitations with editing proteins that do need their DYW motif, like
QED or RAREL. A cursory examination of a protein alignment comparing the C-terminal motifs

of plastid editing factors that have been shown to require their DYW motifs through truncation
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Figure 4.1: Comparison of C-terminal motifs between plastid editing PPR-DYW proteins
that require the DYW motif for editing and those that do not require the DYW motif for
editing. DYW, E+ and partial E motif protein sequences were obtained from the NCBI
database for nine plastid PPR-DYW editing factors whose DYW motifs were shown to be
required or not required through truncation analysis (RARE1 NP_196831.1, QED1
NP_180537.1, OTP84 NP_191302.2, CREF7 NP_201453.1, DYW1 NP_175189.2,
CRR22 NP_172596.1, CRR28 NP_176180.1, ELI1 NP_195454.1, OTP82 NP_172286.1).
Red bracket denotes editing PPR-DYW proteins that require their DYW motif for editing,
blue bracket denotes editing PPR-DYW proteins that do not require their DYW motif.
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analysis (RARE1, QED1, OTP84, CREF7) as well as DYW1, and plastid editing factors for
which the DYW motif has been shown to be dispensable also through truncation analysis
(CRR22, CRR28, ELI1, OTP82) does not reveal any obvious protein sequence elements shared
within one group but absent in other which may indicate why the DYW motif is needed for some
proteins but not for others (Figure 4.1) (Boussardon et al., 2012; Hayes et al., 2013, 2015; Okuda
et al., 2009, 2010; Wagoner et al., 2015). This observation may imply that other protein
interactors could render the DYW motif dispensable or indispensable rather than the presence or
absence of particular protein motifs. This information could also be gleaned from a comparison
of editosomes involving editing PPR-DYW proteins that need their DYW motif and editing
PPR-DYW proteins that do not need their DYW motifs. It was also observed that the E motifs
for PPR editing factors seem to have evolved some organelle specificity, as PPR-E class editing
factors with their E motif exchanged with an editing factor targeted to the other organelle could
not complement the editing phenotype, although complementation is observed when E motifs are
exchanged between editing factors both targeted to the same organelle (Chateigner-Boutin et al.,
2013; Okuda et al., 2009). To probe organelle specificity, the DYW motif could be exchanged
between QED1, which requires its DYW motif and is targeted to the plastid, and MEF1, which
also requires its DYW motif and is targeted to the mitochondria. This motif swap experiment
can indicate if the DYW motif has also undergone organelle specialization, similarly to what was
observed with the E motifs and may confirm that specific organellar proteins are necessary to
drive the editing reaction and not some general factor that can be dual targeted. If
complementation does happen when the DYW motif is swapped, this result could help support
the hypothesis that the DYW motif is capable of deaminase activity.

In chapter 3, we investigated the physiological consequences of the loss of editing at the
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five chloroplast sites affected by QED1. The gedl mutant plants were observed to grow more
slowly than wild-type plants, appeared to accumulate photodamage in the leaves, and had an
abnormal chloroplast morphology phenotype. We investigated the phenotype of ged1 mutant
plants transformed with the wild-type QED1 coding region but did not observe a strong
complementation of the observed physical phenotypes in the few transformants that were
observed, although the editing phenotype was complemented to near wild-type levels. Progeny
of these transformants, particularly those carrying two copies of the transgene, will have to be
identified and assessed for complementation of the mutant phenotypes.

The analysis of the QED1 protein sequence in a variety of species and the investigation
of the editing status of the codons that QED1 affects in the matK, rpoB, and ndhB coding regions
in a number of plant species does have some interesting evolutionary implications. When the
editing status of these particular codons was investigated, it was found for most of the species
that the matK and rpoB codons were particularly conserved such that if a T was not already
encoded in the genome, the site was edited to a U in the RNA to maintain the conserved codon.
For matK, many of the species already had a genomically encoded T at that position, and the
species that encoded a C edited that site. While more species had a C encoded at the rpoB site,
most of them did edit that site to a U to change the codon to what is observed in rpoB of the
monocots. Interestingly, all of the species that were investigated encoded a C in the genome for
the ndhB site, but only Arabidopsis appears to edit that C to a U, changing the codon to
something not conserved in other species. Unexpectedly, the sequence upstream of the ndhB site
is perfectly conserved in the few species that were investigated that also appear to have a version
of QED1 encoded in the genome (Figure 4.2). Therefore, the protein sequences of genes

orthologous to QED1 in other species were compared to ascertain whether differences in protein
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sequences could explain the differences in editing status at the ndhB site. The protein sequences
from other plant species found to have significant sequence similarity with QED1 were
particularly conserved in the C-terminal domains, where the deaminase signature was found to
be invariant between the species, and in the regions in specific PPR motifs that encode the amino
acids that specify RNA recognition (Barkan et al., 2012; Takenaka et al., 2013b; Yagi et al.,
2013). Therefore, the versions of QED1 found in different species were analyzed with respect to
the PPR code. When the RNA sequence predicted by each version of QED1 was compared, the
predicted RNA sequences were very well conserved which makes the ndhB result even more
surprising (Figure 4.3). If QED1 exists in these other species and should recognize that ndhB
cis-element, why does it not edit it? It would be an interesting experiment to express
Arabidopsis QED1 in some of these other species to determine if Arabidopsis QED1 can edit the
ndhB site. If it can edit the site, this may indicate that there is a feature of QEDL1 in other species
that prevents it from editing that specific site. If it cannot edit that site, it may indicate that there

may be other factors other than the PPR proteins that might be involved in site selection.
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Figure 4.2: Comparison of the consensus RNA sequence predicted to be recognized
by QED1 and a DNA alignment of the cis-element of the ndhB C-target edited by
QED1 in Arabidopsis. The predicted RNA sequence was generated through analysis
of QED1’s PPR motifs using the Barkan et al PPR code. The partial ndhB DNA
sequence for Arabidopsis thaliana (Arabidopsis) NC_000932.1, Vitis vinefera (grape)
NC_007957.1, Populus trichocarpa (poplar) NC_009143.1, and Solanum

lycopersicum (tomato) NC_007898.3 were obtained from the NCBI database and
aligned using Sequencher.
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A. thaliana S NN NP DN DN SV NN DT DN NV NS DS NT DS

A. lyrata S NN NP DN DN SV NN DT DN NV NS DS NT DS
P. trichocarpa T NN NP DN DN NV NN DT DN NA NT DS NT DA
V. vinifera S NN DP DN DN NV SN DT DN DV NT DS NT DA

S. lycopersicum S NN SP DN DN NMSN DT DN DV NT DS NI DA

N NN/ N/ NN/ NN/ N/ NN/ N/ N/

A. thaliana 5’ ¢/luu u ¢ x u u X a g
A. lyrata 5 a ¢Juu u ¢ x uU g u X g a g
P trichocarpa 5" @ c¢/lu u u c/u x u g u x g a g
V. vinifera 5 a uu ucux ug u x g a g
S.lycopersicum 5 a ¢ u u c/ux u g uU X g a g

Figure 4.3: Comparison of the RNA sequence predicted to be recognized by QED1’s
orthologs in a variety of species. The predicted RNA sequences were generated
through analysis of QED1’s PPR motifs using the Barkan et al PPR code. Orthologs
of Arabidopsis QED1 were identified through NCBI’s BLAST using the Arabidopsis
QED1 protein sequence as the query. Red letters indicate RNA nucleotides predicted
by Arabidopsis QED1 that are conserved in all five of QED1’s editing sites’ Cis-
elements in Arabidopsis. Pink letters are RNA nucleotides predicted by Arabidopsis
QEDI1 that are conserved in some of QED1’s editing sites’ cis-elements in
Arabidopsis. Orange letters indicate preferred RNA nucleotides that differ from what
is preferred by Arabidopsis QEDL.
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