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RNA-binding proteins play integral roles in the regulation of 
essential processes in cells and as such are attractive targets 
for engineering to manipulate gene expression at the RNA 
level. Expression of transcripts in chloroplasts and mitochon-
dria is heavily regulated by pentatricopeptide repeat (PPR) 
proteins. The diverse roles of PPR proteins and their natu-
rally modular architecture make them ideal candidates for 
engineering. Synthetic PPR proteins are showing great poten-
tial to become valuable tools for controlling the expression 
of plastid and mitochondrial transcripts. In this review, by 
‘synthetic’, we mean both rationally modified natural PPR 
proteins and completely novel proteins designed using the 
principles learned from their natural counterparts. We focus 
on the many different applications of synthetic PPR proteins, 
covering both their use in basic research to learn more about 
protein–RNA interactions and their use to achieve specific 
outcomes in RNA processing and the control of gene expres-
sion. We describe the challenges associated with the design, 
construction and deployment of synthetic PPR proteins and 
provide perspectives on how they might be assembled and 
used in future biotechnology applications.

Keywords: Chloroplasts • Mitochondria • Pentatricopeptide 
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Introduction

RNA maturation and regulation in eukaryotes is facilitated by 
a diverse set of RNA-binding proteins (RBPs). Over 2,700 pro-
teins have been implicated in RNA binding in plants (Marond-
edze 2020), with diverse roles in RNA regulation and expres-
sion dependent on a variety of factors including different 
growth conditions and environmental stresses (Burjoski and 
Reddy 2021). RBPs typically contain one or more RNA-binding 
domains. Some common RNA-binding domains in the Ara-
bidopsis thaliana mRNA interactome are RNA recognition 
motifs, helicase core domains, Q-motifs of DEAD box helicases 
and zinc finger and pumilio domains (Marondedze et al. 2016). 
Much of the work in engineering RBPs has focused on the use 

of the bacterial RBP Cas13 fused to functional domains such as 
adenosine deaminase acting on RNA to edit RNAs or degrade 
viral RNA via RNA interference (Kavuri et al. 2022). Cas13 is 
effective for targeting nuclear and cytoplasmic transcripts but 
is limited in its ability to affect organelle transcripts due to the 
difficulty of importing guide RNAs across organelle membranes 
(Yoo et al. 2020). Pentatricopeptide repeat (PPR) proteins con-
stitute the largest RBP family in plant organelles (Barkan and 
Small 2014). PPR motifs recognize RNA bases according to the 
identities of two key amino acids (aas) in the PPR motif. A bind-
ing code developed from studying these interactions (Barkan 
et al. 2012, Yagi et al. 2013, Kobayashi et al. 2019, Yan et al. 2019) 
has allowed for the design of synthetic PPR proteins with pre-
dictable and modifiable RNA binding capabilities (Coquille et al. 
2014, Shen et al. 2015, Yan et al. 2017, Bernath-Levin et al. 2021, 
Royan et al. 2021, Ichinose et al. 2022). A major benefit of syn-
thetic PPR proteins is that RNA binding specificity is encoded in 
the protein and is thus not reliant on guide RNAs. Our ability to 
control plastid and mitochondrial transcripts using engineered 
PPR proteins is rapidly growing, and thus, synthetic PPR pro-
teins have great potential to become valuable biotechnology 
tools for engineering regulation of plastid and mitochondrial 
transcripts. Methods for constructing synthetic PPR proteins 
have been reviewed recently (McDowell et al. 2022), so here, 
we focus instead on demonstrated and potential applications 
of synthetic PPR proteins.

PPR Proteins

PPR genes were first identified in the genome of A. thaliana
as encoding proteins containing tandem arrays of 35-aa motifs 
related to the tetratricopeptide repeat (TPR) (Small and Peeters 
2000). Subsequently, PPR proteins have been shown to play 
key roles in organelle transcript processing including transcript 
stabilization (Pfalz et al. 2009, Ruwe and Schmitz-Linneweber 
2012, Zhelyazkova et al. 2012, Rojas et al. 2018), RNA cleavage 
(Gobert et al. 2010, Binder et al. 2013, Zhou et al. 2017, Mel-
onek et al. 2021), RNA splicing (Schmitz-Linneweber et al. 2006,

 

Plant Cell Physiol. 65(4): 503–515 (2024) doi:https://doi.org/10.1093/pcp/pcad150, Advance Access publication on 30 November 2023, available online at 
https://academic.oup.com/pcp
© The Author(s) 2023. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-6386-5672
https://orcid.org/0000-0002-9584-6783
https://orcid.org/0000-0001-5300-1216
mailto:ian.small@uwa.edu.au
https://creativecommons.org/licenses/by/4.0/


F. Kwok van der Giezen et al. | Synthetic pentatricopeptide repeat proteins

Chateigner-Boutin et al. 2011, Aryamanesh et al. 2017, Lee et al. 
2019), RNA editing (Kotera et al. 2005; Small et al. 2020, Knoop 
and Marquardt 2023) and translational activation (Prikryl et al. 
2011, Zoschke et al. 2016). PPR proteins form a superhelical 
structure with an internal RNA-binding groove that associates 
with RNA in a parallel orientation with each PPR motif bound to 
a single RNA nucleotide (Fujii et al. 2011). Each motif recognizes 
a specific RNA base primarily according to the identities of aas at 
the fifth and last position within the motif (Barkan et al. 2012). 
Broadly, PPR proteins are divided into two groups according to 
their motif structures and organization; these are the P-class and 
PLS-class sub-groups (Cheng et al. 2016).

P-class PPR proteins are characterized by an array of tandem 
repeats of the canonical 35-aa P-type PPR motif (Lurin et al. 
2004, Cheng et al. 2016) (Fig. 1A). They are involved in many 
RNA processing steps in chloroplasts and mitochondria, such as 
protecting transcripts against 5′ or 3′ exonucleolytic digestion 
(Beick et al. 2008, Pfalz et al. 2009, Haïli et al. 2013), increasing 
translation efficiency by guiding RNA unfolding (Prikryl et al. 
2011, Zoschke et al. 2013, 2016) and group II intron splicing (Fal-
con de Longevialle et al. 2007, Lee et al. 2017, 2019). Some P-class 
PPR proteins contain C-terminal domains that confer specific 
functionality, e.g. PPR-small MutS-related (SMR) proteins con-
tain a SMR C-terminal domain that is putatively involved in 
RNA cleavage (Liu et al. 2013, Zhou et al. 2017). Restorer-
of-fertility and restorer-of-fertility-like (RFL) PPR proteins are 
P-class PPRs that induce cleavage of specific mitochondrial tran-
scripts (Binder et al. 2013, Huynh et al. 2023). Deletion of 
the C-terminal domain of RFL proteins abolishes the cleavage 
(Huynh et al. 2023), suggesting that this domain is involved in 
endonuclease recruitment.

Almost all PLS-class PPR proteins are RNA editing factors. 
PLS-class PPRs differ from P-class PPRs in their PPR motif arrays 
arranged in triplets of P1 (35 aa), L1 (35–36 aa) and S1 (31 
aa) motifs (Fig. 1A). PLS-class PPRs generally have a motif 
organization of (P1–L1–S1)n–P2–L2–S2 (Cheng et al. 2016). 
The P2–L2–S2 motifs have diverged from the P1–L1–S1 motifs 
(Rivals et al. 2006) and differ slightly in their preferred aa residue 
and nucleotide interactions (Cheng et al. 2016). The C-terminal 
domain of many PLS-class PPR proteins is defined by two PPR-
like motifs E1 (34 aa) and E2 (34 aa), which precede a 135–136 aa 
cytidine deaminase–like domain (known as the DYW domain) 
responsible for catalyzing C-to-U RNA editing (Salone et al. 
2007, Oldenkott et al. 2019, Takenaka et al. 2021). The DYW:KP 
domain is a variant of the DYW domain that is present in horn-
worts, lycophytes and ferns (Gerke et al. 2020, Gutmann et al. 
2020). The DYW:KP domain has been demonstrated to catalyze 
U-to-C editing, which is unique to hornwort, lycophyte and fern 
plastid and mitochondrial transcripts (Ichinose et al. 2022). In 
many PLS-class PPRs, the DYW domain is truncated or absent, 
but can be supplied in trans via interaction with another PPR 
protein (Fig. 1A). Examples of PPR editing factors that rely on 
this type of protein–protein interaction to achieve editing are 
A. thaliana CRR4 and CLB19 (Kotera et al. 2005, Chateigner-
Boutin et al. 2008, Boussardon et al. 2012, Andrés-Colás et al. 

2017, Guillaumot et al. 2017). In angiosperms, PLS-class PPR 
proteins bind their RNA targets together with co-factors such 
as multiple organellar RNA editing factor (MORF) [or RNA 
editing interaction proteins (RIP)], organelle RNA recognition 
motif proteins and organelle zinc finger proteins (Sun et al. 
2016). In contrast, the PLS-class PPR editing factors from moss 
Physcomitrium patens can bind and edit their target RNAs in 
vitro, in Escherichia coli and in human cell cultures without these 
co-factor proteins, of which at least MORF proteins are not 
found in seed-free plants (Schallenberg-Rüdinger and Knoop 
2016, Oldenkott et al. 2019, Gutmann et al. 2020, Hayes and 
Santibanez 2020, Lesch et al. 2022). RNA editing PPR proteins 
are particularly attractive targets for engineering due to their 
potential for altering protein-coding sequences or translational 
control elements.

The PPR Code

A convenient and extremely useful description of how PPR 
proteins recognize their target RNAs (‘the PPR code’) was devel-
oped by aligning PPR proteins with known RNA-binding sites 
(Barkan et al. 2012, Yagi et al. 2013). A prerequisite for these 
efforts was the finding that PPR proteins align in parallel orien-
tation to the RNA, unlike PUF proteins that align in antiparallel 
orientation (Filipovska et al. 2011), and that each PPR motif 
probably contacts a single base in the RNA (Fujii et al. 2011). 
Furthermore, contrasting evolutionary patterns between PPR 
proteins under purifying or diversifying selection and structural 
modeling indicated which aas in the PPR motifs were most likely 
interacting with the RNA and likely to determine binding speci-
ficity (Fujii et al. 2011). The first PPR code was described in a 
study of the maize chloroplast P-class PPR protein PPR10, which 
binds as a monomer to 5′ untranslated regions of the plastid 
psaJ transcript (Barkan et al. 2012). Barkan et al. observed a pat-
tern of asparagine (N) which is now generally referred to as the 
fifth position of the PPR motif generally aligned with cytidine 
and uridine, serine (S) or threonine (T) aligned with adenine and 
guanidine, and aspartic acid (D) at the last aa position aligned 
with uridine (Fig. 1B). A nearly identical PPR code for P- and S-
type PPR motifs was in parallel identified by Yagi et al. (2013) by 
aligning 32 RNA editing PPR proteins with known editing sites 
to 5′ cis regions of their editing sites and then comparing the 
correlation of aas in the fifth and last position with their associ-
ated nucleotides (Yagi et al. 2013). Crystal structures of PPR10 
bound or unbound to its RNA targets provided the structural 
confirmation of the molecular recognition of the RNA bases A, 
G and U by PPR motifs (Yin et al. 2013). The ‘PPR code’ has since 
been refined by the addition of more data and more sophisti-
cated data analysis (Takenaka et al. 2013, Harrison et al. 2016, 
Kobayashi et al. 2019). This code has been invaluable for pre-
dicting the targets of natural PPR proteins, but in the context 
of this review, it was a crucial prerequisite to the development 
of synthetic PPR proteins as it permitted the design of proteins 
aimed at chosen target sites.
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Fig. 1 (A) PPR repeat proteins are divided into two classes according to the architecture of their PPR motif array which binds to RNA. P-class PPR 
proteins are made of tandem repeats of a 35-aa PPR motif, and PLS-class proteins are mostly RNA editing factors made of triplets of P-, L- and S-
type PPR motifs, which vary in length, followed by PPR-like E1 and E2 motifs. Various C-terminal domains may be appended to PPR proteins, often 
conferring specific functionality. The examples shown are the SMR domain, restorer-of-fertility C-terminal domain, cytidine deaminase domain 
(DYW) and uridine aminase domain (DYW:KP). (B) PPR proteins recognize RNA bases largely through interactions between aas at the fifth and 
last position in PPR motifs. In nature, many combinations of aas are observed. Synthetic PPR proteins and motifs use a PPR code based on the 
strongest and most specific interactions between fifth and last aas and their associated RNA base. 

Synthetic PPR Proteins

The use of synthetic PPR proteins in structural 
studies
Synthetic PPR proteins have been instrumental in developing 
our understanding of the structure of PPR proteins and how 
they interact with their RNA targets. Initial attempts to solve 
structures of PPR proteins were hindered by the poor solubil-
ity of natural PPR proteins when expressed in E. coli. The first 
PPR structure to be solved was a truncation of Zea mays PPR10 
with quadruple cysteine (C) to serine (S) mutations to avoid for-
mation of disulfide bonds and increase protein solubility (Yin 
et al. 2013). The first synthetic PPR proteins were designed by 
several groups in parallel for use in structural and functional 
studies (Coquille et al. 2014, Gully et al. 2015b, Shen et al. 2016). 
All used a similar consensus design strategy that had previously 
been used for other proteins including TPR proteins, which 

are distantly related to PPR proteins but generally involved in 
protein–protein interactions (Main et al. 2003a, 2003b, Kajan-
der et al. 2006, 2007). Coquille et al. designed a synthetic P-class 
PPR protein, called ‘consensus PPR’ (cPPR), which was derived 
from a multiple sequence alignment of 23,916 PPR sequences, 
whereas the ‘synthPPR’ in the study by Gully et al. was derived 
from a profile hidden Markov model generated from 2,357 PPR 
motifs found in A. thaliana. ‘dPPR’ synthetic PPR motifs in the 
study by Shen et al. were also based on multiple sequence align-
ments of A. thaliana P-class PPR motifs. In each case, the most 
representative aa at each position (1–35) was used to create a 
synthetic PPR motif, except for cysteine at position 12, which 
was substituted with glycine (G) (Coquille et al. 2014) or ala-
nine (A) (Gully et al. 2015b) to avoid disulfide bond formation, 
although Shen et al. retained C12 in their ‘dPPR’ consensus 
motif. Gully et al. also substituted two out of the five negatively 
charged glutamic acids (E) at the solvent-exposed face of helix 
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β to neutral glutamine (Q), as very few native PPR motifs were 
observed to have more than three negatively charged residues 
in this region. Overall, the first three synthetic P-type PPR motif 
scaffolds differed in 9 out of the 35 aa positions (Fig. 2).

Each synthetic PPR protein design also used different N- and 
C-terminal caps around the PPR motif tract to improve stability 
and solubility. The N- and C-terminal sequences in dPPR pro-
tein design in the study by Shen et al. were derived from the 
natural maize PPR protein PPR10 (N-terminal aas 37–208 and 
C-terminal aas 737–786). cPPR in the study by Coquille et al. 
contained eight PPR motif repeats flanked by an N-terminal cap 
sequence (Met-Gly-Asn-Ser) derived from naturally abundant 
aas at N-terminal positions in α-helices as described in Richard-
son and Richardson (1988) and a C-terminal solvating helix used 
previously in synthetic TPR proteins to prevent protein unfold-
ing (Main et al. 2003b). Gully et al. used a different N-terminal 
cap sequence (Ala-Gly-Met-Asn) from Dasgupta and Bell (1993) 
and an additional helix A from their synthPPR design, with four 
substitutions (Y5N, I9K, L12A and A13S) to create an amphi-
pathic C-terminal solvating helix. Similar to the synthetic TPR 
proteins created using the consensus design strategy, synthetic 
PPR proteins were observed to have superior solubility and ther-
mal stability compared to natural PPR proteins (Main et al. 
2003b, Kajander et al. 2007, Coquille et al. 2014, Shen et al. 2015).

Using their respective synthetic PPR motif designs, Coquille 
et al., Gully et al. and Shen et al. were able to purify and crys-
tallize several synthetic PPR proteins, each with altered target 
specificity as a result of modifying the 5th and 35th aa iden-
tity according to the PPR code (Yagi et al. 2013). Coquille et al. 
purified and crystallized four different ‘cPPR’ proteins, each tar-
geting a different RNA sequence of polyA, polyC, polyG and a 
nanos response element (NRE) RNA sequence; Gully et al. pro-
duced two different lengths of synthPPR with 3.5 and 5.5 motifs; 
Shen et al. purified and crystallized four different 10-motif 
‘dPPR’ proteins targeting a sequence of 5′-UUUUNNUUUU-3′ , 
with N denoting different nucleotide pairs (AA, GG, CC, UU). 
Neither Coquille et al. nor Gully et al. were able to solve the 
structure of their synthetic PPR proteins with molecular replace-
ment using atomic coordinates from the native PPR protein 
structures available at the time (mtRNAP, PPR10, PRORP1 and 
THA8) (Ringel et al. 2011, Howard et al. 2012, Ke et al. 2013, Yin 
et al. 2013), and instead, both used anomalous data measured 
from selenomethionine derivatives of their proteins. Shen et al. 
were able to use the atomic coordinates of the cPPR targeting 
NRE in the study by Coquille et al. to solve the structure of their 
dPPR proteins. Coquille et al. and Gully et al. noted that the syn-
thetic PPR proteins had more consistent intra- and inter-motif 
angles than natural PPR proteins.

The first PLS-class synthetic PPR protein was designed by Yan 
et al. (2017) and utilized the P-motif from the dPPR synthetic 
motif in the study by Shen et al., as well as consensus L- and 
S-type motifs derived from 263 A. thaliana L-type motifs and 
1,117 S-type motifs (Fig. 2). Yan et al. included an N-terminal 
cap and a C-terminal solvating helix sequence from maize PPR10 
to create a synthetic PLS-class PPR protein with three triplets of 

P–L–S motifs, called (PLS)3PPR. Purification and crystallization 
of (PLS)3PPR revealed a superhelical structure similar to previ-
ous synthetic PPR protein structures. Yan et al. measured the 
distances between the fifth aa and its associated RNA base in 
each of the motifs and found that the distance between the last 
aa of the L-motif and its associated RNA base was twice as large 
(6.03 Å) relative to P- and S-type motifs (3.02 Å). Yan et al. also 
crystallized (PLS)3PPR in complex with MORF9, a member of 10 
co-factor proteins essential for RNA editing in A. thaliana (Ben-
tolila et al. 2012, Takenaka et al. 2012). They found that MORF9 
associates with L-motifs through a hydrogen bond between 
K29 of the L-type PPR motif and D164 of MORF9 and that the 
interaction of MORF9 with L-type PPR motifs causes an inward 
rotation of L-type motifs by ∼6∘ , resulting in the last aa residue 
of the L-motif being positioned closer to its associated RNA 
base. Each structure folded into the expected α-solenoid struc-
ture of stacked helix-turn-helix motifs forming a superhelical 
structure with an internal RNA-binding groove.

The ‘dPPR’ synthetic P-type PPR protein scaffold designed by 
Shen et al. (Fig. 2) has been most widely utilized in studies on 
the binding specificity of synthetic P-type PPR proteins in vivo 
and in vitro (Miranda et al. 2018, Yan et al. 2019). A synthetic S-
type consensus PPR motif dsnSc was designed by Bernath-Levin 
et al. (2021) to analyze the binding specificities of S-type PPR 
motifs. The consensus sequence of dsnSc is included in Fig. 2, 
while the design of these motifs is described in more detail later.

Synthetic PPR proteins used to elucidate details of 
RNA recognition
Synthetic PPR proteins have provided important insights into 
PPR protein architecture and the mode of RNA recognition 
(Coquille et al. 2014, Gully et al. 2015a, Shen et al. 2016), and 
they were instrumental in developing our understanding of the 
ways that PPR motifs interact with RNA bases. The success of 
designing synthetic PPR motifs and heterologously expressing 
them in E. coli allowed for interrogation of the interactions of 
the fifth and last aas and RNA. Shen et al. (2015) described 
an in vitro assay using a set of synthetic PPR proteins with 
PPR10-derived N- and C-terminal caps, which bound radioac-
tively labeled single-stranded RNA using combinations SN → A, 
ND → U and NS → C (Shen et al. 2015). Shen et al. used their 
in vitro PPR assay to model the structural basis for RNA recog-
nition in their synthetic PPR protein (Shen et al. 2016). Shen 
et al. (2016) highlighted the importance of additional aas within 
the PPR motif contributing to RNA specificity. They showed 
that the second aa, in particular, contributes to RNA binding. 
aa 2 in the PPR motif clamps its corresponding nucleobase in 
a ‘sandwich-like’ manner through van der Waals interactions. 
Shen et al. also highlighted the importance of aa 13, which 
is positioned at the extremity of helix A in each repeat. A 
lysine residue at position 13 contributes to positive electrostatic 
potential in a PPR motif, facilitating interactions with the neg-
atively charged phosphate group of the RNA base. The K13 
phosphate group interactions were present in PPR repeats 1–8 
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Fig. 2 Synthetic PPR motif designs based on consensus sequences of aligned PPR motifs. Fifth and last aas strongly contribute to the RNA base 
preference of PPR motifs and are highlighted. The letter ‘X’ denotes instances where multiple fifth and last aa combinations were tested. Identical 
residues between the synthetic PPR motifs have been replaced with a period. Residues missing from the shorter S-type motifs relative to P- and 
L-type motifs have been replaced with a hyphen. The alignment of the motifs corresponds to the PPR motifs defined in Cheng et al. (2016). The 
regions predicted to fold into alpha helices in Cheng et al. (2016) are shaded in gray. 

and were mediated by salt bridges. Substitution of K13 with ala-
nine abolished RNA binding completely (Shen et al. 2016). In 
other synthetic PPR motifs, the aa at position 13 has been sub-
stituted with arginine or glutamine, which is compatible with 

RNA binding (Yan et al. 2019, Bernath-Levin et al. 2021). Polar 
aas at the fifth position in the PPR motif are one of the major 
determinants of RNA base specificity, with serine or threonine 
preferring purines and asparagine preferring pyrimidines. dPPR 
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structures in the study by Shen et al. provided an explanation for 
the PPR code, showing that an N5 side chain donated a hydro-
gen bond to the O2 atom of a pyrimidine and the N3 atom of a 
purine accepts a hydrogen bond from the hydroxyl group of the 
corresponding aa (e.g. T5 or S5). The 35th aa of the PPR motif 
is in close proximity to the nucleobase, and Shen et al. (2016) 
observed that water molecules form hydrogen bonds with the 
N3 atom of a pyrimidine and the carboxyl group of N35, or a 
hydroxyl group of S35, showing that base selectivity between 
aa 35 is determined by ‘water bridge’ polarity. The N3 atom of 
a uracil is a hydrogen bond donor, whereas the N3 atom of a 
cytosine is a hydrogen bond acceptor. For purines, N35 or D35 
forms one or two hydrogen bonds with adenine and guanine, 
respectively. The N1 atom of adenine is a hydrogen bond accep-
tor, whereas N1 and N2 atoms of guanine are hydrogen bond 
donors.

The initial cohort of all synthetic PPR proteins used a very 
restricted subset of the possible aa combinations in the PPR 
code. Subsequent work with synthetic PPR proteins has greatly 
expanded the experimental data available for understanding 
PPR binding specificity. In a large-scale study of PPR-RNA-
binding affinity, Yan et al. designed a 10-PPR motif P-type PPR 
protein based on the dsnPPR scaffold in the study by Shen 
et al.. They then changed the fifth and last aas on two of the 
10 PPR motifs and measured the binding affinity of the altered 
proteins using isothermal titration calorimetry, effectively pro-
filing many combinations of fifth and last aa against each RNA 
base (Yan et al. 2019). Bernath-Levin et al. (2021) used a less 
quantitative but high-throughput RNA pull-down approach to 
profile the binding specificities of even more variants of syn-
thetic S-type PPR motifs (Bernath-Levin et al. 2021). The binding 
specificities of synthetic S-type motifs were in general similar 
to those of synthetic P-type motifs, although some differences 
in strength of the binding of particular fifth/last aa combina-
tions to their preferred RNA base were identified (Bernath-Levin 
et al. 2021). Combinations including small side chain aas such 
as serine, glycine and alanine at position 5, which are found 
to be strongly specific for purines in synthetic P-class proteins, 
bind weakly and less specifically in the synthetic S-class proteins. 
Interestingly, these combinations are also much rarer in natural 
S-class proteins (Bernath-Levin et al. 2021).

The PPR code has been used to guide modification of natural 
PPR proteins in order to influence their RNA binding specificity 
or re-target them to different transcripts. Sometimes, this was 
done to achieve a specific applied outcome, and these exam-
ples will be discussed later. However, many of these experiments 
were basic research aimed at testing the PPR code or deepening 
our understanding of PPR-RNA recognition. The earliest exper-
iments of this type were the deliberate modifications of PPR10 
used to validate the original PPR code (Barkan et al. 2012), where 
it was shown that altering two motifs in the protein altered 
its RNA target preference in vitro exactly as predicted. Simi-
lar experiments were done on the RNA editing factors CLB19 
and OTP82, but this time in vivo (Kindgren et al. 2015). Both 
PPRs recognize two similar target sites, but could be rendered 

more or less specific to one or other site by deliberate alterations 
to relevant PPR motifs (Kindgren et al. 2015). More recently, 
extensive analyses of PPR binding specificity have relied on the 
propensity for over-expressed RNA editing factors (natural or 
synthetic) to catalyze often substantial numbers of off-target 
events (Oldenkott et al. 2019, Royan et al. 2021, Lesch et al. 2022, 
Loiacono et al. 2022, Yang et al. 2023). For example, a study using 
P. patens PPR56 and PPR65 heterologously expressed in E. coli, 
HeLa, IMR-90 and HEK-293 cells studied the effects of mutating 
fifth and last aas of the two PPR proteins on background editing 
in bacterial and mammalian transcriptomes (Lesch et al. 2022). 
An EYFP-tagged PPR56 protein expressed in HeLa cells had 
over 900 off-target RNA editing sites. Many of these off-target 
sites showed expected nucleotide preferences at sites aligning 
with P- and S-type motifs, with a preference for pyrimidines 
opposite L-type motifs. Lesch et al. mutated two S-type motifs 
(S4TD → TN and S7TN → TD) and noted a significant shift in 
the profile of off-target editing sites in both mammalian and 
bacterial transcriptomes. Modifications to two S-type motifs 
showed expected shifts in purine preference, but interestingly 
also affected the preference of adjacent L- and P-type motifs for 
their respective nucleotides, providing the first clear evidence 
that the current assumption that the specificity of each PPR 
motif can be considered independent of its neighbors is overly 
simplistic.

Further investigations into RNA binding by synthetic PPR 
proteins have revealed other factors influencing PPR-RNA bind-
ing, which are key considerations in the design of synthetic PPR 
proteins. A study of binding affinity using synthetic consen-
sus PPR motif scaffolds of varying lengths to bind a library of 
randomized RNA sequences determined that the optimal num-
ber of motifs for a synthetic P-class PPR protein is ∼11 motifs. 
Increasing the number of motifs to 14 did not increase speci-
ficity; rather, it was observed that the synthetic proteins became 
more tolerant of mismatches and therefore less specific for their 
designed RNA targets (Miranda et al. 2018).

Applications of synthetic PPR proteins: 
target-specific transcript stabilization and 
translational activation
So far, we have reviewed the use of synthetic PPR proteins in 
improving our understanding of PPR protein structures and 
functions. This understanding has advanced sufficiently for a 
new generation of synthetic PPR proteins to be designed to 
achieve specific biotechnological goals (see Fig. 3 for some 
examples of how such proteins are designed). These goals are 
often inspired by the roles of natural PPR proteins in different 
aspects of organelle gene expression and, e.g. include switch-
ing the expression of organelle genes ‘on’ or ‘off’, depending on 
the needs of the application. Many natural PPR proteins act 
as RNA stabilization factors (Pfalz et al. 2009, Boulouis et al. 
2011, Ruwe and Schmitz-Linneweber 2012, Zhelyazkova et al. 
2012, Haïli et al. 2013, Wu et al. 2016, Lee et al. 2017, Wang 
et al. 2017, 2022, Best et al. 2023) and thus act to promote gene 
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Fig. 3 Example use cases for modified and synthetic PPR proteins. Uses of modified natural PPR proteins include using retargeted RFL proteins 
such as RPF2 (Colas Des Francs-small et al. 2018) to recruit endogenous endonuclease complexes to target RNAs for degradation. Synthetic P-class 
PPR proteins have been designed to stabilize transcripts by protecting them from 5′ or 3′ exonucleases. They may also be designed to alter the 
RNA secondary structure to give access to ribosomes, thereby promoting translation of a target transcript. Synthetic PLS-class PPR protein RNA 
editing factors have been designed to induce single-nucleotide C-to-U transitions via a DYW domain (Royan et al. 2021) or U-to-C transitions via 
a DYW:KP domain (Ichinose et al. 2022). An array of PPR motifs may be fused to other types of protein domains to confer novel utility such as a 
fusion to GFP to visualize the localization of target transcripts. Protein domain illustrations were made using Illustrate (Goodsell et al. 2019) and 
the Protein Data Bank (PDB) ID:7W86, PDB ID:4OGS and PDB ID:2MX0. 

expression by increasing the half-life of their target transcripts. 
The inspiration to use such PPRs as biotechnological tools 
came from studies demonstrating that the Chlamydomonas 
reinhardtii chloroplast protein Nac2, which naturally stabilizes 
the psbD mRNA (Boudreau et al. 2000), can be used to effec-
tively control the expression of chloroplast transgenes (Surzycki 
et al. 2007, Rochaix et al. 2021). Nac2 is neither a PPR protein 
(although similar in structure), nor synthetic (by the definition 
used in this review), but illustrates one way in which PPR pro-
teins could be used to switch on expression of specific organelle 
transcripts.

The advantage of using synthetic over natural proteins as 
regulators of transgene expression is that they can be designed 
to be ‘orthogonal’ to the endogenous regulatory machinery, 
i.e. the synthetic protein does not interact with any regula-
tory elements in endogenous mRNAs, and its target site in the 
transgene mRNA is not bound by any endogenous regulatory 

proteins. The potential of this approach has been emphati-
cally demonstrated using a synthetic version of PPR10 originally 
used to validate the PPR code (Barkan et al. 2012). Deliber-
ate modifications to the fifth and sixth motifs in PPR10 gave 
synthetic versions that could no longer recognize the original 
binding site, but that bound avidly to variants with the appro-
priate nucleotides at the aligned positions. Rojas et al. (2019) 
used these modified binding sites as activator elements 5′ of 
a transgene in tobacco chloroplasts, resulting in a remarkable 
up to 40-fold increase in expression of a transgene-encoded 
reporter protein in the presence of the corresponding synthetic 
PPR10 variant. The effectiveness of PPR10 in this role may be 
explained by the fact that not only does it stabilize the target 
mRNA but also it contributes significantly to activating its trans-
lation (Prikryl et al. 2011). The same transgene regulatory system 
was introduced into potato (Solanum tuberosum), where plas-
tid reporter protein increased from 0.06% to 1.2% in tubers by 
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expressing the engineered PPR10 from the tuber-active patatin 
promoter (Yu et al. 2019). However, this system did not pro-
vide complete tissue-specificity, as low levels of reporter protein 
were still produced in leaves where the engineered PPR protein 
was not expressed. These examples illustrate that using syn-
thetic variants of native PPR proteins is a viable path to creating 
novel regulatory systems for organelle transgenes. However, the 
binding specificities of natural PPRs are often influenced by non-
canonical interactions that are not currently described by the 
PPR code. This makes re-targeting natural PPR proteins some-
what unpredictable and time consuming, as well as limiting the 
number of possible modifications.

More options would be available if fully synthetic PPR pro-
teins could be used in the same way. Manavski et al. (2021) took 
the first steps toward this goal by demonstrating the potential 
of fully synthetic PPR proteins to stabilize chloroplast mRNAs 
in vivo. Two synthetic P-type PPR proteins were targeted to the 
binding sites of natural Arabidopsis P-type PPR proteins MRL1 
and PGR3, and they effectively stabilized the 5′ ends of target 
transcripts in Arabidopsis mutants lacking the corresponding 
natural PPR protein. However, transcript stabilization by the 
synthetic PPR proteins only resulted in minor improvements in 
target protein synthesis. Therefore, the potential of this strategy 
for biotechnology requires further exploration.

Applications of synthetic PPR proteins: 
target-specific RNA cleavage
PPR proteins can also be used to turn off organelle gene expres-
sion. Restorer-of-fertility PPR proteins act to suppress expres-
sion of mitochondrial genes that cause cytoplasmic male steril-
ity (CMS), generally by binding to the CMS-causing mRNA and 
inducing its cleavage (Kazama et al. 2008, Melonek et al. 2021) 
or blocking its translation (Wang et al. 2021). This expression 
suppression effect can be manipulated by re-targeting the PPR 
to a different transcript. This has now been done twice with 
synthetic variants of the Arabidopsis RFL protein RPF2, whose 
native targets are the 5′ UTRs of the mitochondrial transcripts 
cox3 and nad9. RPF2 was redesigned to target the nad6 or atp1
mRNAs within their coding sequences (Colas Des Francs-small 
et al. 2018, Yang et al. 2022). In both cases, the synthetic PPRs 
induced cleavage of the target mRNAs and thus the reduction of 
the Nad6 and Atp1, respectively, resulting in low levels of assem-
bled complexes I and V. Very few off-target binding events were 
detected (Colas Des Francs-small et al. 2018, Yang et al. 2022). 
The potential applications of this approach are relatively lim-
ited, though, as the re-targeting of natural PPR proteins tends 
to be only successful for sites very similar to the original target 
site, and the RNA cleavage induced by these proteins is almost 
certainly dependent on an endogenous endonuclease (Huynh 
et al. 2023), making it unlikely that these proteins would induce 
cleavage in other genetic systems, even chloroplasts.

An ideal solution would be to combine the RNA-binding 
PPR array and the endonuclease activity in a single protein. 
This combination does occur naturally, the best-studied exam-
ples being proteinaceous RNase P (PRORP) proteins. PRORP1 

is an organelle-targeted RNase P enzyme that endonucleolyt-
ically cleaves tRNA precursors at the 5′ end of the mature 
tRNA (Gobert et al. 2010). PRORP proteins contain 2–3 PPR 
motifs that bind RNA, with endonucleolytic cleavage catalyzed 
by a C-terminal YacP nuclease domain. Gobert et al. removed 
the nuclear localization sequence from PRORP2 and demon-
strated its activity to cleave viral tRNA-like structures com-
monly present in plant viral transcripts (Gobert et al. 2021). 
However, whether synthetic versions of PRORP proteins that 
could target any RNA sequence could be constructed is still 
unknown. A second potential route to a generic synthetic PPR-
endonuclease is via PPR-SMR proteins. The SMR domain is 
found in a select group of P-class PPRs in plants (Liu et al. 2013) 
and has been associated with endonucleolytic activity (Zhou 
et al. 2017). At least in vitro, the PPR-SMR protein SOT1 can 
be engineered to target and cleave alternative RNA sequences, 
but as for other engineered variants of natural PPR proteins, it 
is likely that there is a limited scope for targeting a wide range 
of different sequences. As yet, the successful combination of a 
fully synthetic PPR array capable of being designed to target any 
sequence together with an effective RNA endonuclease domain 
has not been reported.

Applications of synthetic PPR proteins: 
target-specific RNA editing
Much more precise and subtle control of gene expression could 
be achieved by altering the sequence of the target RNA rather 
than simply stabilizing or destabilizing it. Using synthetic RNA 
editing factors to selectively alter transcripts is thus a long-term 
goal of synthetic PPR protein research. The first fully synthetic C-
to-U RNA editing factors were designed and tested in E. coli and 
A. thaliana using scaffolds of PLS motifs (Royan et al. 2021) and 
S-type motifs (Bernath-Levin et al. 2021). Royan et al. designed 
a novel synthetic PPR protein with the motif arrangement 
(P1–L1–S1)3–P2–L2–S2–E1–E2–DYW based on representative 
aas at each position in each motif based on 9730 PPR protein 
sequences from 38 species of seed and non-seed plants. The 
synthetic PPR protein, called ‘dsn3PLS-DYW’, was targeted to 
bind the RNA sequence upstream of the A. thaliana chloroplast 
rpoA-78691 C-to-U RNA editing site. The rpoA-78691 editing site 
in the A. thaliana chloroplast transcriptome is one of two RNA 
editing sites targeted by the PLS-class PPR protein CLB19, with 
the other being clpP1-69942 (Chateigner-Boutin et al. 2008). 
The dsn3PLS-DYW synthetic PPR protein was designed to selec-
tively edit just the rpoA-78691 site. It was able to edit its target 
transcript up to 37% in bacteria in combination with the co-
factor protein MORF9 and ∼40% in planta in the presence of 
MORF9. In the absence of MORF co-factors, dsn3PLS-DYW was 
able to edit just ∼8% of its target transcript. A synthetic RNA 
editing factor utilizing an array of synthetic S-type PPR motifs, 
designed largely based on the S-type PPR-RNA editing factors of 
seed-free plants, was also demonstrated to edit RNA in bacteria 
(Bernath-Levin et al. 2021). A nine-motif synthetic S-type PPR 
protein with a C-terminal P2–L2–S2–E1–E2–DYW RNA editing 
domain was assembled targeting the rpoA-78691 target of the 
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A. thaliana rpoA transcript. When expressed in E. coli, TRX-9S-
DYW was able to bind and edit the rpoA target site and edit 
rpoA-78691 without reliance on the MORF co-factor proteins 
that were required by dsn3PLS-DYW (Bernath-Levin et al. 2021, 
Royan et al. 2021). This co-factor-independent synthetic pro-
tein achieved up to ∼50% conversion of cytidine to uridine in 
the presence or absence of MORF2 (Bernath-Levin et al. 2021).

Ichinose et al. were the first to show site-specific U-to-C 
RNA editing by synthetic PPR protein in E. coli and human 
cell cultures, while also experimentally validating that U-to-
C RNA editing is carried out by PPR proteins with the ‘KP’ 
variant of the DYW domain (Ichinose et al. 2022). In this 
study, a synthetic PLS-type (P1–L1–S1)3 PPR tract was designed 
based on consensus sequences of PPR motifs from 66 plant 
genomes. As in the study by Royan et al. and Bernath-Levin 
et al., the (P1–L1–S1)3 tract was targeted to bind sequences 
upstream of the rpoA editing site. The same PPR tract was 
fused to seven different C-terminal sequences, each encoding 
for P2–L2–S2–E1–E2–DYW:KP motifs designed based on con-
sensus sequences of these motifs from PPR proteins previously 
suggested to carry out U-to-C editing in seed-free plants (Gerke 
et al. 2020). Three of the resulting designer proteins were func-
tional and achieved editing efficiencies of up to 50% in E. coli
and 28% in HEK293T human cells (Ichinose et al. 2022). One of 
the three proteins was also observed to have low levels of C-to-U 
editing activity in HEK293T cells. Interestingly, the presence of 
MORF2 or MORF9 proteins did not improve editing efficiency 
of the proteins even though the (P1–L1–S1)3 PPR tract in this 
study had 95% identity with the (P1–L1–S1)3 sequence in Royan 
et al. (2021).

Research on synthetic RNA editing factors is looking promis-
ing, but as yet, there are no published demonstrations that a 
synthetic RNA editing factor can be designed to target a com-
pletely novel editing site, the publications to date either target 
known editing sites or report off-target events at novel sites that 
were not the intended target. The ability to target any desired 
site would open up some exciting possibilities for controlling 
gene expression in new ways, e.g. by the creation of start or 
stop codons (via C-to-U editing) or by their removal (via U-to-C 
editing).

Applications of synthetic PPR proteins: novel and 
potential applications
We have covered the major areas of basic and applied research 
on synthetic PPR proteins, but many other potential uses are 
being explored or can be envisaged. In addition to design-
ing synthetic PPR proteins that substitute for functions carried 
out by natural PPR proteins, such as RNA editing or transcript 
stabilization, synthetic PPR proteins have been engineered for 
entirely novel uses. For example, many natural PPR proteins 
are implicated in RNA splicing, but how they act in these pro-
cesses is too uncertain for the time being to engineer PPR 
proteins to predictably influence plant organellar RNA splic-
ing. However, PPR proteins can be used to control alternative 
splicing in mammalian cells by deliberately targeting the PPRs 

at sequences required for exon recognition (Yagi et al. 2022). 
In this study, the authors used synthetic PPR proteins to pro-
mote exon-skipping in transcripts encoding a bi-chromatic flu-
orescent reporter protein in HEK293T cells. They went on to 
demonstrate that the same approach could work to influence 
exon-skipping of endogenous mRNAs in the same cells (Yagi 
et al. 2022). This is exploiting the sequence-specific RNA binding 
ability of PPR proteins to disrupt a process that they are not nat-
urally involved in (exon recognition in the mammalian cytosol 
and plant organelles differs greatly).

Tight sequence–specific binding by PPR proteins can be 
exploited in other ways. McDermott et al. demonstrated the use 
of synthetic PPR proteins as a research tool to identify proteins 
that bind specific RNA sequences in vivo. They generated sta-
bly transformed Arabidopsis plants expressing 3× FLAG-tagged 
synthetic 11 and 14 motif P-type PPR proteins designed to bind 
the 3′ untranslated region of chloroplast psbA mRNA. They 
first verified the binding of the proteins to the intended target 
RNA sequence in vivo by co-immunoprecipitation sequencing 
(RIP-seq) (McDermott et al. 2019). They then identified other 
proteins that interact with the psbA mRNA by detecting pro-
teins that were present in the RIP-seq co-immunoprecipitates 
using mass spectrometry. This novel use of synthetic PPR pro-
teins for RNA capture could be widely used in plant organelles 
to identify proteins that interact with a specific RNA of interest.

Finally, synthetic PPR proteins are not limited to applications 
involving RNA. A synthetic PPR protein has been designed to 
bind single-stranded telomeric DNA (Spåhr et al. 2018). The 
bound PPR protein inhibited human telomerase activity (Spåhr 
et al. 2018). The specificity of DNA binding was guided by 
the same PPR code as for RNA, so other single-stranded DNA 
targets can potentially be targeted.

Molecular cloning strategies for synthetic PPR 
proteins
Repetitive DNA sequences can be a significant challenge for tra-
ditional molecular cloning techniques. DNA sequences encod-
ing for native PPR proteins tend to be relatively long and highly 
repetitive, which makes them difficult to modify and clone 
by PCR-based techniques (Hommelsheim et al. 2014). This is 
an even more acute issue for genes encoding for fully syn-
thetic PPR proteins that consist of short repetitive sequences 
with variation only at certain codons. Repetitive sequences 
may suffer from unwanted recombination when using DNA 
assembly methods that rely on homologous recombination 
between adjacent DNA fragments, such as Gibson assembly. 
Genes encoding for synthetic PPR proteins can be synthesized 
de novo either in whole or in part [e.g. as in Royan et al. (2021)]. 
However, DNA synthesis companies often charge a premium 
for cloning long repetitive sequences or may reject the gene 
synthesis order altogether. A more cost-effective approach is to 
order repetitive DNA sequences synthesized in multiple shorter 
300- to 500-bp blocks, and to assemble them using a modu-
lar cloning system based on type IIS restriction enzymes, such 
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as the bacterial and plant MoClo system (Weber et al. 2011) or 
loop assembly (Pollak et al. 2019).

Two groups have developed rapid modular assembly sys-
tems to construct libraries of synthetic PPR proteins (Yan et al. 
2019, Yagi et al. 2022). However, the requirement to maintain 
the sequence identity of the last aa of the PPR motif makes the 
design of a modular library of PPR gene fragments challeng-
ing. Yan et al. created a set of PPR monomers by overlapping 
PCR using long primers with unique linkers, specifying the posi-
tion for each monomer in a final assembly reaction. Monomers 
were assembled into 3-mers of PPR motifs, which were assem-
bled into a final vector encoding a 10-repeat designer P-class 
PPR protein (Yan et al. 2019). Yagi et al. employed the princi-
ples of Golden Gate assembly to construct a library of 2-mer 
PPR repeats as a set of 144 plasmids to assemble P-class PPR 
proteins with 18 motifs for expression in E. coli (Yagi et al. 
2022). With this library of modular DNA components, higher-
throughput experiments are possible as new synthetic PPR pro-
teins can be assembled to modify target specificity by altering 
which parts are used in the DNA assembly reaction. Widely dis-
tributed libraries of PPR motif modules will be essential for the 
ultimate goal of being able to rapidly design and implement syn-
thetic PPR proteins for use in targeted RNA binding and RNA
editing.

Perspectives for Synthetic PPR Proteins

Synthetic PPR proteins have the potential to become pow-
erful RNA processing tools with applications in agriculture, 
biotechnology and medicine, particularly when organellar RNA 
is the target. The most obvious potential uses of synthetic 
PPRs have been demonstrated, at least in principle, in a few 
specific cases. Progress has been particularly rapid over the 
last 2–3 years. However, what is still lacking is a widely avail-
able modular cloning system for user-friendly construction of 
custom PPR sequences to target any RNA and indeed the 
demonstration that a large fraction of synthetic PPRs bind their 
intended target. We still have a limited understanding of the 
ways that PPR proteins holistically interact with RNA, that is, 
how they recognize RNA molecules beyond the interactions 
of RNA with two critical aas at the fifth and last positions in 
each PPR motif, and thus, we may find that a significant frac-
tion of synthetic PPRs do not perform as expected. Finally, even 
when these issues are solved, there remain questions about 
the specificity of synthetic PPRs in complex transcriptomes. 
As discussed in McDowell et al. (2022), for applications in 
eukaryotic cytosolic or nuclear compartments, it may be nec-
essary to use split-effector approaches that rely on binding 
of two different PPR proteins to achieve the requisite binding
specificity.
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