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Introduction

C-to-U RNA editing is an important post-transcriptional modification process in plant organelles
(Takenaka et al., 2013b). Organellar RNA editing is facilitated by organelle-targeted
pentatricopeptide repeat (PPR) editing factors (Barkan and Small, 2014). PPR editing factors are site
recognition factors, containing tandem helix-loop-helix PPR motifs that bind to the RNA sequence
just 5” to the edited nucleotide in a one-motif to one-base manner. PPR editing factors belong to the
PLS-subfamily of PPR proteins, which typically contain the P1-, L1-, S1-, SS-, P2-, L2- and S2-type
PPR motifs and the E1- and E2-type PPR-like motifs (Cheng et al., 2016). The motifs are generally
arranged following the pattern of (P1-L1-S1),-P2-L2-S2-E1-E2, sometimes with one or more SS
motif(s) inserted in between the P1-L1-S1 triplets. PPR editing factors are also involved in the editing
reaction, when a deaminase-like DYW domain is located immediately C-terminal to the E2 motif
(Wagoner et al., 2015). In some cases, the DYW domain is supplied in trans by other proteins
(Boussardon et al., 2012; Andres-Colas et al., 2017; Diaz et al., 2017; Guillaumot et al., 2017). PPR
editing factors belong to a larger organellar editosome, where multiple other components have been
identified (Sun et al., 2016).

Various studies on PPR proteins have revealed the following two main features of PPR-facilitated
organellar RNA editing. The most important feature is the PPR-RNA recognition code (Barkan et al.,
2012; Takenaka et al., 2013a; Yagi et al., 2013a). The P- and S-type PPR motifs are RNA-recognising
motifs. Strong statistical correlation was identified between amino acids encoded at the first and last
positions of each motif (i.e. PPR code) and their aligned RNA bases. The statistical correlation is
generally weaker between PPR codes encoded in the L1-, L2-, S2-, E1- and E2-type motifs and
aligned RNA bases, and has only been experimentally tested in limited examples (Ruwe et al., 2018).
Therefore, it was believed that these motifs do not contribute to PPR-RNA recognition as strongly as
the P- and S-type PPR motifs. The correlation between each possible PPR code and RNA base is used
to score a PPR motif against its aligned RNA base. Sum of the score for each PPR motif indicates the
overall degree of matching between a PPR protein and its RNA target. It means that PPR motifs
containing codes that have strong correlation with RNA bases would contribute more to the scoring.
Namely, each PPR motif weighs differently based on different degrees of statistical correlation
between its PPR code and aligned RNA bases. The other important feature of PPR-facilitated RNA
editing is the one-motif to one-base modularity for RNA recognition, where each PPR motif is an
independent RNA base-recognising module. It implies the potential for PPR motifs to be shuffled
within a single protein and between different proteins that could lead to changes in RNA targeting
specificity (Yagi et al., 2014).

Here we use CHLOROPLAST RNA EDITING FACTOR 3 (CREF3, encoded by AT3G14330), the

site-recognition factor for the psbE editing site in Arabidopsis chloroplasts (Yagi et al., 2013b), as an
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psbE and petL editing sites in Arabidopsis chloroplast, with psbE edited by CREF3, and petL
apparently not edited by CREF3. Therefore, it is hypothesised that the 4-L1 and 7-L1 motifs in
CREF3 are involved in RNA recognition. Since psbE editing is not defective in morf9 mutants
(Takenaka et al., 2012; Bentolila et al., 2013), the function of CREF3-L1 motifs is MORF9
independent.

Two L1 motif variants were generated with modifications at the fifth and last positions of 4-L1 and 7-
L1, aiming to switch the targeting specificity from G (a purine) to C or U (pyrimidines). Two sets of
codes were considered — 1) the L1-specific codes PD-U and IN-C/U (Figure 3a, v4); and 2) the
canonical codes NS-C and ND-U (Figure 3a, v5). In comparison, another two CREF3 variants were
generated with modifications at the fifth and last positions of P1- or S1-type motifs (Figure 3a, v6 and
V7). As shown in Figure 3b, all four CREF3 variants were expressed and accumulated in the
transgenic plants, however, with psbE editing dramatically compromised compared to the plants
expressing the wild type CREF3. There is no new editing events detected by RNA-seq in any of these
variants. Therefore, the 4-L1 and 7-L1 motifs in CREF3 are involved in PPR-RNA interaction, and
their fifth and last positions may be involved in G recognition in a similar manner compared to the P-
and S-type motifs. Moreover, it appears that each motif contributes differently to CREF3-facilitated
psbE editing. Modifications of two L1-type motifs led to similar, if not more dramatic, effects on
RNA editing compared to modifications of three P1- or S1-type motifs. It indicates that the
contribution of each PPR motif to RNA editing is not necessarily determined by the statistical

correlation between the PPR code and aligned RNA base.
Two similar P1-L1-S1 triplets in CREF3 are not readily interchangeable

It is questionable whether PPR motifs of the same type are interchangeable. The six RNA-recognising
motifs in CREF3 can be split into two LSP triplets recognising similar nucleotide combinations
“GYY” (Y=C or U) at the psbE editing site (Figure 4a). The triplet A consists of motifs 4 to 6 (L1-S1-
P1). The triplet B consists of motifs 7 to 9 (L1-S1-P2). The P1/P2 classification on 6-P1 and 9-P2 is
due to their positions in CREF3, rather than their motif sequences (Cheng et al., 2016). It is
hypothesised that these two LSP triplets are functionally equivalent in CREF3. To test the hypothesis,
two CREF3 variants were generated by replacing the triplet B with A or A with B, and recoding to
maintain the original PPR code aligned to each RNA base (Figure 4a, v8 and v9).

As shown in Figure 4b, CREF3-v8 and v9 were expressed not nearly as well as the wild type CREF3,
and neither of them complemented psbE editing. The P1-L1-S1 triplets placed at non-native positions
could destabilise CREF3 despite being the same type. The results indicate that the two P1-L1-S1

triplets within CREF3 are not functionally equivalent.

Since CREF3 motif swaps alter neighbouring PPR motif pairs (P1-L1), the structural instability may

be due to incompatible amino acids at the motif interfaces. Sequence logos of 4-L1, 7-L1, 6-P1 and 9-
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Figure 3. The effects of modifications to the PPR code of CREF3.
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Figure 4. CREF3 motifs of the same type are not readily interchangeable.
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