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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)n-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-

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted February 8, 2019. ; https://doi.org/10.1101/544486doi: bioRxiv preprint 

https://doi.org/10.1101/544486
http://creativecommons.org/licenses/by-nc-nd/4.0/






14 
 

 

References 

Andres-Colas, N., Zhu, Q., Takenaka, M., De Rybel, B., Weijers, D. & Van Der Straeten, D. 2017. 
Multiple PPR protein interactions are involved in the RNA editing system in Arabidopsis 

mitochondria and plastids. Proceedings of the National Academy of Sciences, USA, 114, 

8883-8888. 

Barkan, A., Rojas, M., Fujii, S., Yap, A., Chong, Y. S., Bond, C. S. & Small, I. 2012. A combinatorial 
amino acid code for RNA recognition by pentatricopeptide repeat proteins. PLoS Genetics, 8, 

e1002910. 

Barkan, A. & Small, I. 2014. Pentatricopeptide repeat proteins in plants. Annual Review of Plant 
Biology, 65, 415-442. 

Bensmihen, S., To, A., Lambert, G., Kroj, T., Giraudat, J. & Parcy, F. 2004. Analysis of an activated 

ABI5 allele using a new selection method for transgenic Arabidopsis seeds. FEBS Letters, 

561, 127-131. 
Bentolila, S., Oh, J., Hanson, M. R. & Bukowski, R. 2013. Comprehensive high-resolution analysis of 

the role of an Arabidopsis gene family in RNA editing. PLoS Genetics, 9, e1003584. 

Boussardon, C., Salone, V., Avon, A., Berthome, R., Hammani, K., Okuda, K., Shikanai, T., Small, I. 
& Lurin, C. 2012. Two interacting proteins are necessary for the editing of the NdhD-1 site in 

Arabidopsis plastids. Plant Cell, 24, 3684-3694. 

Cheng, S. F., Gutmann, B., Zhong, X., Ye, Y. T., Fisher, M. F., Bai, F. Q., Castleden, I., Song, Y., 
Song, B., Huang, J. Y., Liu, X., Xu, X., Lim, B. L., Bond, C. S., Yiu, S. M. & Small, I. 2016. 

Redefining the structural motifs that determine RNA binding and RNA editing by 

pentatricopeptide repeat proteins in land plants. Plant Journal, 85, 532-547. 

Clough, S. J. & Bent, A. F. 1998. Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant Journal, 16, 735-743. 

Cuculis, L., Abil, Z., Zhao, H. & Schroeder, C. M. 2015. Direct observation of TALE protein 

dynamics reveals a two-state search mechanism. Nature Communications, 6, 7277. 
Diaz, M. F., Bentolila, S., Hayes, M. L., Hanson, M. R. & Mulligan, R. M. 2017. A protein with an 

unusually short PPR domain, MEF8, affects editing at over 60 Arabidopsis mitochondrial C 

targets of RNA editing. Plant Journal, 92, 638-649. 
Dubreuil, C., Jin, X., Barajas-Lopez, J. D., Hewitt, T. C., Tanz, S. K., Dobrenel, T., Schroder, W. P., 

Hanson, J., Pesquet, E., Gronlund, A., Small, I. & Stranda, A. 2018. Establishment of 

Photosynthesis through Chloroplast Development Is Controlled by Two Distinct Regulatory 

Phases. Plant Physiology, 176, 1199-1214. 
Gao, H., Wu, X., Chai, J. & Han, Z. 2012. Crystal structure of a TALE protein reveals an extended N-

terminal DNA binding region. Cell Research, 22, 1716-1720. 

Guillaumot, D., Lopez-Obando, M., Baudry, K., Avon, A., Rigaill, G., Falcon De Longevialle, A., 
Broche, B., Takenaka, M., Berthome, R., De Jaeger, G., Delannoy, E. & Lurin, C. 2017. Two 

interacting PPR proteins are major Arabidopsis editing factors in plastid and mitochondria. 

Proceedings of the National Academy of Sciences, USA, 114, 8877-8882. 

Hayes, M. L. & Hanson, M. R. 2007. Identification of a sequence motif critical for editing of a 
tobacco chloroplast transcript. RNA, 13, 281-288. 

Kindgren, P., Yap, A., Bond, C. S. & Small, I. 2015. Predictable alteration of sequence recognition by 

RNA editing factors from Arabidopsis. Plant Cell, 27, 403-416. 
Mussolino, C., Morbitzer, R., Lutge, F., Dannemann, N., Lahaye, T. & Cathomen, T. 2011. A novel 

TALE nuclease scaffold enables high genome editing activity in combination with low 

toxicity. Nucleic Acids Research, 39, 9283-9293. 
Ruwe, H., Gutmann, B., Schmitz-Linneweber, C., Small, I. & Kindgren, P. 2018. The E-domain of 

CRR2 participates in sequence-specific recognition of RNA in plastids. New Phytologist. 

Shen, C., Zhang, D., Guan, Z., Liu, Y., Yang, Z., Yang, Y., Wang, X., Wang, Q., Zhang, Q., Fan, S., 

Zou, T. & Yin, P. 2016. Structural basis for specific single-stranded RNA recognition by 
designer pentatricopeptide repeat proteins. Nature Communications, 7, 11285. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted February 8, 2019. ; https://doi.org/10.1101/544486doi: bioRxiv preprint 











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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