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Abstract

Pentatricopeptide repeat (PPR) proteins constitute one of the largest protein
families in land plants, with more than 400 members in most species. Over
the past decade, much has been learned about the molecular functions of
these proteins, where they act in the cell, and what physiological roles they
play during plant growth and development. A typical PPR protein is targeted
to mitochondria or chloroplasts, binds one or several organellar transcripts,
and influences their expression by altering RINA sequence, turnover, process-
ing, or translation. Their combined action has profound effects on organelle
biogenesis and function and, consequently, on photosynthesis, respiration,
plant development, and environmental responses. Recent breakthroughs in
understanding how PPR proteins recognize RNA sequences through mod-
ular base-specific contacts will help match proteins to potential binding sites
and provide a pathway toward designing synthetic RNA-binding proteins
aimed at desired targets.
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INTRODUCTION

It has been 14 years since the pentatricopeptide repeat (PPR) motif was first recognized to be a
distinct class of helical repeat motif defining a family of remarkable size in plants (3, 145). At that
time, a smattering of genetic data linking PPR proteins to organelle RNA metabolism provided
the only solid information concerning the functions of the PPR motif and the proteins that harbor
it. These data, in conjunction with predictions that the majority of PPR proteins localize to
organelles and a structural model suggesting that PPR tracts bind extended acidic ligands, led to
the hypotheses that (#) PPR tracts bind RNA and (/) the expansion of the PPR family in plants
had an evolutionary link with the complex RINA metabolism characteristic of plant organelles
(145). In the context of the time, these were bold suggestions, as the known helical repeat motifs,
including the closely related tetratricopeptide repeat (TPR), were believed to form only protein-
binding surfaces (94). These hypotheses have since been borne out by a wealth of data, with
far-reaching implications for mechanisms of genome evolution and organellar gene expression,
and with unforeseen applications in agriculture and biotechnology.
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Today, PPR proteins are recognized to be members of the alpha-solenoid superfamily, which
comprises proteins with short helical repeats that stack to form extended surfaces (94). Most
alpha-solenoid proteins bind protein ligands, but examples that bind nucleic acids are increasing
(46, 132). The best-characterized examples—the DNA-binding transcription activator-like
(TAL) motifs and the RNA-binding PUF and PPR motifs—share a key property: modular
one-repeat:one-nucleotide binding, whereby base specificity is dictated by amino acids at a few
specific positions in the repeating units. This feature offers unprecedented promise for the engi-
neering of nucleic acid-binding proteins with desired sequence specificities. As discussed below,
the PPR scaffold may be particularly amenable for the engineering of designer RNA-binding
domains.

PPR proteins are found in all eucaryotes and function universally in organellar gene expression,
but the PPR family in plants is notable for its enormous size. With more than 400 members in
land plants (108), the expansion of the PPR family has had a major impact on the evolutionary tra-
jectory of plant organellar genomes. The essential physiological functions of organellar genomes
have, in turn, provided selective pressure to diversify the plant PPR family. We now know that
the expansion of the PPR family in plants is closely tied to the evolution of the complex RNA
metabolism that is characteristic of plant organelles (12, 53). The unusual features of PPR pro-
teins and the genes that encode them also underpin the frequent emergence of cytoplasmic male
sterility (CMS) and cognate nuclear restorer loci in plants (24, 36).

In this review, we summarize the major themes that have emerged from the roughly 250
papers published on PPR proteins to date. We focus on the PPR family in plants, where the
deepest insights into mechanisms and evolution have been obtained and where the impact of the
PPR family on genomes, gene expression, and physiology are particularly profound. We aim to
highlight the enormous progress that has been made as well as the many fundamental questions
that remain to be answered.

EVOLUTION OF THE PPR FAMILY

The PPR Motif Likely Evolved from a TPR Progenitor Early
in the Evolution of Eucaryotes

The PPR motif was originally defined (145) as a 35-amino-acid repeat (hence the name pentatri-
copeptide) predicted to fold into a pair of antiparallel alpha helices based on faint but compelling
sequence similarity to the TPR motif. These predictions have recently been confirmed by crystal
structures of PPR repeats in several contexts (5, 73, 85, 130, 172) (Figure 1a). Arrays of tandem
PPR motifs form a superhelical ribbon-like sheet (5, 49, 73, 85, 172) (Figure 1b,c). TPR motifs
have a broader phylogenetic distribution (present throughout procaryotes and eucaryotes) and are
embedded into a greater diversity of protein architectures than are PPR motifs, suggesting that
the PPR motif arose through divergence of a TPR motif rather than vice versa. The two motifs
are generally easy to distinguish [e.g., by tools such as TPRpred (82)] based on characteristic
differences in the conserved residues in each motif (145).

Based on the distribution of PPR proteins in extant organisms, it seems likely that they arose
very early in eucaryotic evolution or in the immediate ancestors of the first eucaryotic cell. Es-
sentially all PPR proteins are predicted or established to localize to mitochondria or chloroplasts
(108). They are ubiquitous in eucaryotes with a mitochondrial genome but absent from most
procaryotes (110). The few bacteria that contain PPR proteins are all pathogens or symbionts
of eucaryotes (23, 140), suggesting that they may have acquired PPR sequences via horizontal
transfer from their eucaryotic hosts.
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Figure 1

Structure of a PPR motif and model of a PPR tract bound to RNA. Each repeat consists of a pair of antiparallel helices connected by a
short loop, with the N-terminal helix of each motif forming the RNA-binding face and the C-terminal helix forming the external
surface of the protein. (#) A single PPR motif from the Arabidopsis organellar RNase P (PRORP1) (73). Residues 210-245 from
structure 4G23 are shown, with the 6 and 1’ positions that have been proposed to determine the nucleotide-binding specificity of PPR
motifs (6, 152, 169) shaded in black. (b)) A model of 10 consensus PPR repeats ( gray) bound to 9 nucleotides of poly(U) RNA (magenta),
oriented to show that the bases are predicted to interdigitate with the PPR helices. The sixth PPR motif is shaded in black to highlight
a single repeat. The model was produced as described in Reference 49 and visualized with Jmol (http://www.jmol.org). A recent
crystal structure of a PPR-RNA complex confirmed the general features of this model (172). (¢) The same model viewed from the side,
to show that the bases are predicted to interact with the edges of the solenoid array (loop/beginning of helix).

The PPR Family in Land Plants

Most eucaryotes contain a small multigene family encoding ~5-30 PPR proteins, but in the land-
plant lineage the family has greatly expanded (118). This expansion probably occurred early in the
colonization of land, as all land-plant genomes that have been examined contain many more PPR
genes (from 400 to more than 1,000) than any algal genome sequenced to date. The PPR family
in plants consists of two major subfamilies, denoted P and PLS (108) (Figure 2). Considering
the canonical PPR motif as the archetypal P motif, P-class proteins contain arrays of only P
motifs; PLS-class proteins, originally termed plant combinatorial modular proteins (3), contain
characteristic triplets of P, L, and S motifs, where L motifs are 35-36 amino acids and S motifs
are 31 amino acids, each with specific patterns of amino acid conservation that distinguish them
(108, 131) (Figure 2).

Most P-class proteins consist of one or more PPR tracts, an N-terminal organelle-targeting
sequence, and little else. However, additional domains are appended in some cases. Of particular
interest are eight proteins conserved across angiosperms that harbor an array of P motifs followed
by a small MutS-related (SMR) domain (101) (Figure 2). In other proteins, this domain confers
RNA or DNA endonuclease activity (51), but its role in these PPR proteins is unknown.

PLS proteins almost always possess C-terminal domains denoted E or DYW (Figure 24),
which are unique to this class of proteins (108). These domains are implicated in RNA editing
in plant organelles (26, 119, 120), a deamination reaction converting specific cytidines to uridine
(30). The DYW domain is related to nucleotide deaminase domains in other proteins (77) and
contains a conserved signature similar to the active-site signature of known cytidine deaminases

RNA editing: (138). The expansion of the PLS clade paralleled an increase in RNA editing in organelles, and

posttranscriptional
change of specific

cytidine residues in . . . . . .
RNA to uridine zero in Marchantia to more than 1,000 in Selaginella) (reviewed in 49) are unclear. One proposal

the diversity of PLS-class PPR proteins in each species correlates with the number of organellar
editing sites (50, 136). The driving forces behind these spectacular changes in gene number (from

ties this to increased mutation pressure on organellar genomes following the transition to dry land,
which would have brought higher light and UV levels and coincided with a significant change in
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Figure 2

Differences between P- and PLS-class proteins and between P, L, and S motifs. (#) The P and PLS
subfamilies. P-class proteins consist of one or more tandem arrays of P motifs, whereas PLS-class proteins
consist of triplets of P, L, and S motifs, occasionally interspersed with additional S motifs. A few P-class
proteins contain additional motifs, such as the PPR—small MutS-related (SMR) example shown here. Almost
all PLS-class proteins contain C-terminal E motifs, and many contain, in addition, a DYW motif. All motifs
are drawn approximately to scale. () Sequence logos for P, L, and S motifs. P and S motifs differ primarily at
the C terminus, where the S motif is four residues shorter. L motifs differ from P and S motifs throughout
the central loop and second helix. The amino acid positions in the P logo are numbered according to three
alternative schemes: The black numbers are as in References 6 and 108, the dark gray numbers describe the
scheme proposed in Reference 172 based on structural data, and the light gray numbers show the scheme
used by Pfam (PF01535). The two positions shown to be the primary determinants of RNA-binding
specificity are indicated by arrows (6, 152, 169). The boundaries of the two alpha helices in the P consensus
are indicated by gray shading. The secondary structure formed by L and S motifs has not been
experimentally validated; although a recent crystal structure was reported to be that of a PLS protein (5),
that protein is more accurately viewed as a P-type protein. Sequence logos were constructed with WebLogo
3 (http://weblogo.berkeley.edu).
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the base composition of the DNA (50). We discuss various explanations for the retention of such
huge numbers of PPR genes at the end of this review.

It waslong thought that PLS-class proteins were specific to land plants. Itis becoming apparent,
however, that they are more widely distributed than originally thought. The protist Nuegleria
contains a handful of PLS-class proteins (91) that correlate with the presence of RNA editing in
this organism (134). Small numbers of PLS proteins have since been discovered in other protists
(and, more surprisingly, in rotifers), but these are likely due to horizontal transfer from plant
sequences (140). However, the discovery of DYW-containing PLS proteins in the alga Nite/la may
lead to an understanding of when and where the plant proteins arose (140). It will be interesting
to see whether in each case these PLS proteins are associated with RNA-editing events.

Coevolution of PPR Proteins with Organellar Genomes

In general, PPR gene contentis similar across angiosperms; for example, more than 80% of rice and
Arabidopsis proteins form orthologous pairs in phylogenetic trees (118). This implies conservation
of both protein activity and target sequence in the organelle genome. Evidence in favor includes
editing factors shown to edit heterologous transcripts (14, 33, 34), even sites that no longer exist
in their own organelle transcriptome (33, 81, 158). P-class proteins and their target sites are at
least as well conserved; for example, the maize MPPRG6 protein can complement loss-of-function
Arabidopsis mutants lacking the orthologous protein (111). For such long-term conservation of
function to be possible, the target sequences must be highly constrained (69, 70, 137, 177).

One particular clade of PPR proteins merits a particular mention in a coevolution context. The
restorer-to-fertility-like (RFL) genes (36) form a small subclade of P-class genes that are entirely
typical in terms of their motif structure and sequence but entirely atypical in terms of their
evolutionary behavior (49). RFL genes are highly diverse among species and even among different
strains of the same species, showing strong signals of diversifying selection (49, 52). They are
generally present in chromosomal clusters (52) and show evolutionary features reminiscent of R
genes implicated in pathogen resistance (36, 71). At least part of the explanation for their diversity
is their involvement in suppressing CMS, a mitochondrially encoded trait that prevents the plant
from making fertile pollen (24). The coevolution of fertility-restoring PPR genes with CMS-
inducing mitochondrial genes has been described as an arms race between the mitochondrial and
nuclear genomes, with the RFL genes being the weapons employed by the nuclear genome (159).

EFFECTS OF PPR PROTEINS ON PLANT PHYSIOLOGY

Despite the enormous size of the PPR family, there appears to be little redundancy between
different family members, as reflected by the high proportion of mutants with distinct molecular
and physiological phenotypes. PPR mutants have been discovered in classical genetic screens
searching for many varied phenotypes: photosynthetic defects (7, 20, 47, 65, 78, 86, 98, 112, 119,
120, 171), aberrant leaf development (123), changes in leaf pigmentation (28, 102, 160, 173, 178),
restricted growth (149, 174, 179), defective seed or embryo development (19, 38, 58, 87, 104,
111, 146, 147, 174), hypersensitivity to abiotic stress (183), hypersensitivity to abscisic acid (103,
115), tolerance to inhibitors of different biosynthetic pathways (92, 97), and restoration of pollen
fertility (1, 9, 18, 37, 74, 84, 88, 95, 96, 166). As we shall see, these diverse phenotypes hide
the simple truth that most PPR proteins have similar molecular functions, in that they serve as
sequence-specific RNA-binding proteins inside organelles.
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Many of the most frequent phenotypes associated with mutations in PPR genes (e.g., seedling
lethality or slow growth) result from deficits in energy supply. These arise from a defect either in
photosynthesis or in oxidative phosphorylation, correlated with whether the protein acts in chloro-
plasts or mitochondria, respectively. Pleiotropic effects of energy deficits on plant metabolism and
development include alterations to signaling pathways involving sugars and abscisic acid (35, 103)
and can explain many of the phenotypes listed above. Although some PPR proteins have been
reported to be present outside organelles (38, 63), no physiological phenotypes clearly associated
with an extraorganellar function have been demonstrated.

Defects in fertility, embryo, and seed development are also commonly associated with mutations
in PPR-encoding genes (19, 42, 108, 111, 146, 147). For mitochondria-localized PPR proteins,
these effects likely result from the disruption of respiration. However, photosynthesis per se is not
required for seed development, as illustrated by the numerous nonphotosynthetic mutants that
germinate and survive as seedlings until seed reserves are exhausted. Therefore, embryo-lethal
phenotypes caused by plastid defects must have another cause. These are generally associated with
disruption of the plastid translation system, thus preventing expression of factors beyond those
required solely for photosynthesis (8, 19, 86, 106, 143, 167). There are interesting differences in
the phenotypes conditioned by such mutations among different species: In Arabidopsis, mutations
leading to loss of plastid translation are lethal early in embryo development (19), whereas in cereals
such mutations are generally lethal only at the seedling stage (e.g., 8, 86, 106, 143, 167). Even in
maize, however, the stage at which lethality occurs varies depending on the genetic background
(176). Possible mechanisms underlying these differences have been discussed elsewhere (19, 176).

Almost all phenotypes exhibited by PPR mutants can be explained as resulting from the loss of
one or several mitochondrial or chloroplast gene products. A select few, however, cannot easily
be explained in this way. For example, genomes uncoupled 1 (gunl) is disrupted in a retrograde
signaling pathway that links the expression of specific nuclear genes to various aspects of chloro-
plast development (35, 99, 133). A possibly analogous defect is shown by the mutant flavodentata,
also known as defectively organized tributaries 4 (123), which shows defects in leaf morphology
owing to aberrant expression of transcription factors that determine cell fate in early leaf devel-
opment (154). We favor the hypothesis that these two PPR proteins have molecular functions
similar to those of the others, but that their targets within the plastid must encode gene products
that help provide a retrograde signal (157). These are particularly interesting targets for future
study.

MOLECULAR FUNCTIONS OF PPR PROTEINS

An intriguing feature of the PPR family is that it comprises a relatively small range of protein ar-
chitectures yet exhibits a diverse repertoire of molecular functions. Genetic data have implicated
PPR proteins in every step of organellar gene expression: transcription, RINA stabilization, RNA
cleavage, RNA splicing, RNA editing, and translation (reviewed in 12, 36, 144). Because it can
be challenging to distinguish direct from indirect effects of a mutation, evidence for a physical
association between a PPR protein and a particular RNA has been instrumental in demonstrating
direct molecular functions. Some PPR-RNA partnerships have been validated by coimmunopre-
cipitation from organelle extracts (8, 16, 54, 86, 124, 142, 143, 161, 180) and some with in vitro
binding assays involving recombinant proteins (6, 21, 60, 62, 67, 83, 121, 122, 124, 168). The
recent elucidation of an amino acid code by which PPR tracts recognize specific nucleotides offers
a computational approach for evaluating the likelihood that a PPR protein binds directly to a
particular RNA (6, 68, 152, 169).
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Some readouts of PPR function are relatively easy to spot, such as changes in transcripts
encoding proteins that are missing in a particular mutant. Others are more elusive, such as changes
in the translation of open reading frames (ORFs) within polycistronic mRNAs. Genome-wide
assays facilitate the discovery of the less obvious (but not necessarily less important) functions. The
current tool kit includes RNA immunoprecipitation-on-microarray assays (RIP-chip) to detect
native PPR-RNA interactions (142), quantitative real-time reverse-transcription polymerase chain
reaction (QRT-PCR) analysis of organelle transcriptomes (41, 97), circular RT-PCR (cRT-PCR)
profiling of mitochondrial mRNA termini (48), large-scale RNA-editing assays (11, 29, 150), and a
ribosome-profiling method that provides a genome-wide readout of chloroplast RNA abundance
and ribosome occupancy (182). This last method revealed additional functions for several PPR
proteins that had already been characterized in considerable depth (182), suggesting that deeper
analysis of other characterized PPR proteins will often reveal functions beyond those that have
been reported.

P-Type PPR Proteins Can Stabilize Specific RNAs and Position
Processed RNA Termini

A major function of P-type PPR proteins in chloroplasts is the stabilization of specific RNAs. PPR
proteins can stabilize 5" or 3’ termini at the ends of transcription units as well as termini that result
from processing between ORFs in polycistronic transcripts. All of these effects reflect the same
mechanism: A long PPR tract bound to a high-affinity RNA ligand serves as an effective barrier to
exoribonucleases (Figure 34). The bound protein determines the position of the processed ends
while also protecting the adjacent RNA from destruction.

Elucidation of this simple mechanism occurred in steps that spanned more than a decade. Early
genetic data showed that maize CRP1 and Arabidopsis HCF152 are required for the accumulation
of processed RNAs with 5’ or 3’ termini in the pezB-petD and psbH-petB intergenic regions, respec-
tively (7, 47, 112), but it was initially unclear whether they promoted RINA processing or RNA
stabilization. Elegant genetic experiments in Chlamydomonas later showed that the PPR protein
MCALI protects the chloroplast pezA mRINA from degradation by a 5'— 3’ exonuclease (105). Sub-
sequent analysis of the maize protein PPR10 revealed that the “intercistronic processing” activities
of proteins like CRP1 and HCF152 and the 5’ protective function of proteins like MCA1 are fun-
damentally the same (124, 127). PPR10 is required for the accumulation of processed RNAs with
a 5’ or 3’ terminus in the atpl-atpH or psaf-rpi33 intercistronic region. Mapping the PPR10 bind-
ing sites and PPR10-dependent RNA termini to high resolution revealed the mechanism: PPR10
binds similar sequences in each region and blocks exoribonucleases intruding from either the 5’ or
3" direction (124, 127). This results in a characteristic overlap between processed RNAs with 5" or
3 termini in each intercistronic region, with the shared sequences harboring the PPR-binding site
(Figure 3a). Clarification of the positions of the HCF152-dependent RNA termini and HCF152
binding site (124, 177) showed that the same mechanism promotes the accumulation of processed
RNAs with termini in the psbH-petB intercistronic region. Processed RNA termini mapping to
many other intercistronic regions in chloroplasts have an analogous overlapping arrangement
(137, 177), suggesting that they are typically the result of stabilization by a PPR roadblock rather
than the product of site-specific endonucleolytic cleavage.

Plant mitochondria contain an abundance of P-type PPR proteins with architectures similar
to those that stabilize chloroplast RNAs (108). Interestingly, most such proteins studied thus
far promote RNA cleavage rather than RNA stabilization (see below). An exception is MTSF1 in
Arabidopsis, which stabilizes the 3" end of the mitochondrial nzd4 mRINA (60). It will be interesting
to discover whether this is a typical mechanism for stabilizing the 3’ termini of RNAs in plant
mitochondria, and whether 5 termini can be stabilized in a similar manner.
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Sequestration of a long RNA segment can account for many activities reported for P-type PPR proteins.
P-type PPR tracts have the unusual ability to bind with high affinity to long RNA segments, thereby
preventing the bound RNA from interacting with other proteins or RNA. These interactions can affect gene
expression in various ways depending on their position with respect to cis-elements and open reading frames
(ORFs). This mechanism mimics that of many small RNAs in bacteria. (#) PPR proteins can stabilize RNAs
and define the positions of processed RINA termini by blocking exoribonucleases. Examples of PPR proteins
with this activity in chloroplasts include PGR3 and MCA1 (5 stabilization) (21, 105, 171), PPR10 and
HCF152 (intercistronic stabilization) (112, 124, 127), and unidentified PPR proteins that protect 3" ends of
petD and 7ps16 RNAs (137, 177). MTSF1 stabilizes the 3" end of a mitochondrial mRNA in this manner (60),
but whether this is a general mechanism for RNA stabilization in plant mitochondria is not known. “PPR
footprints” accumulate as metastable degradation intermediates when exonucleases converge on a tightly
bound PPR protein from both directions (124, 137, 177). Different PPR proteins are shown in different
colors. (/) Mechanism of translational activation by PPR10. PPR10 prevents the formation of an RNA
structure that masks the ##pH ribosome-binding site (RBS) (124, 127). Binding of PPR10 to this site also
stabilizes atpH RNA by blocking 5'— 3’ degradation. (¢) RNA remodeling activity of a generic PPR protein
could potentially expose (or mask) cis-elements for translation, RNA splicing, RNA cleavage, or RNA editing.
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PPR-LIKE PROTEINS WITH DISTINCT REPEAT ARCHITECTURES

Although this discussion focuses on PPR proteins, it is important to recognize that several other classes of helical
repeat protein play similar roles in plant and algal organelles. The HAT repeat (126) is a variant TPR motif found
in several proteins that stabilize and/or activate the translation of specific chloroplast RNAs (15, 45, 139, 163).
Mechanisms underlying the effects of the chloroplast HAT protein HCF107 are very similar to those of certain
PPR proteins (61), as discussed in the main text. The octatricopeptide repeat (OPR) has been found in proteins
involved in the translation or splicing of specific chloroplast mRNAs in Chlamydomonas (4, 40, 113, 128). Whereas
PPR proteins are few in number in Chlamydomonas, the OPR family is quite large (40, 128). Little information is
available about specific features of OPR-RNA interactions, but the strong parallels between the architectures of
PPR and OPR proteins and the functional niches they have acquired suggest similar modes of action. The mTERF
family is another family of helical repeat proteins that bind nucleic acids and function predominantly in organelles
(reviewed in 89, 132). This family is particularly large in plants (in comparison to its size in metazoa), and its

members may also have mechanistic parallels to PPR proteins.

@Supplemental Material

PPR footprint:

a small RNA segment
that is protected by a
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PPR Footprints Reveal a Global Role for PPR-Mediated RNA Stabilization
in Land-Plant Chloroplasts

Seven PPR proteins have been shown to stabilize specific mRNA termini in land-plant chloro-
plasts (7, 21, 47, 66, 67, 78, 112, 124, 127, 171, 180, 182) (Supplemental Table 1; follow the
Supplemental Material link from the Annual Reviews home page at http://www.
annualreviews.org). However, there is evidence that the impact of this mechanism goes far
beyond these examples. The roadblock mechanism predicts that exonucleases should sometimes
converge on a bound PPR protein from both directions, producing a small RNA corresponding
to the protein’s “footprint” (Figure 34). In fact, the binding sites of PPR10 and HCF152 are rep-
resented in small RNA data sets (124), and the boundaries of these small RNAs match the RNA
termini that are protected by these proteins in vivo (Figure 3#). Mining of transcriptome data
from barley, rice, and Arabidopsis identified roughly 40 small chloroplast RNAs with hallmarks of
PPR footprints (137, 177); these map to the 5’-terminal ~20 nucleotides of almost all processed
mRNAs and to many 3’ termini as well, implying that these termini are protected by PPR or
PPR-like proteins (see sidebar, PPR-Like Proteins with Distinct Repeat Architectures). Most of
these are orphan footprints, whose protective protein is not known. Nonetheless, these results
provide strong evidence that ancestral RNA-based stabilization mechanisms such as 3" RNA hair-
pins are, over time, being replaced by protective PPR (or PPR-like) proteins. Furthermore, these
findings imply a major role for the PPR family in shaping the complex transcript populations that
are characteristic of land-plant chloroplasts (53).

P-Type PPR Proteins Can Activate and Repress the Translation
of Specific mRNAs

Four PPR proteins have been shown to stimulate the translation of specific chloroplast ORFs,
each of which also stabilizes specific RNAs. PPR10 and PGR3 activate the translation of the
same RINAs they stabilize (#tpH and petL, respectively) (21, 124, 127, 171, 182), ATP4 enhances
atpB translation but stabilizes azpF and 7p/14 mRNAs (180, 182), and CRP1 has dual effects at
petD but serves solely as a translational activator at psaC and petA (7, 182). All of these proteins
have been shown to interact with the 5" untranslated region (UTR) of the ORFs whose trans-
lation they activate (21, 124, 142, 180). Quantitative profiling of chloroplast ribosome positions
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in ppr10 and ¢rpl mutants (182) showed that translational activation contributes more than RNA
stabilization to enhancement of target gene expression by PPR10 and CRP1. Translational ac-
tivation may be a much more common feature of PPR function than is currently appreciated:
The paucity of examples may simply reflect the technical challenge of detecting translation-level
effects.

Study of atpH translation and its activation by PPR10 provided insight into potential mech-
anisms of PPR-mediated translational activation. The notion that the monocistronic zzpH RNA
isoform that is stabilized by PPR10 is intrinsically “more translatable” than its precursors is not
supported by the results of in vitro translation experiments (175). Instead, current data (127)
support the following view (Figure 35): In the absence of PPR10, an RNA hairpin occludes the
atpH ribosome-binding site. PPR10 binding prevents the formation of this inhibitory structure
by occupying the 5" segment of the hairpin. PPR10 bound to this site also blocks a 5'—3" ex-
oribonuclease, thereby stabilizing the atpH ORF. Thus, the translational enhancement and RNA
stabilization effects of PPR10 are two sides of the same coin: Both result from the sequestration
of the same RNA segment by the long PPR tract (Figure 35).

There are hints that PPR proteins may stimulate the translation of many other chloroplast
ORFs in a similar way. First, the PPR-like half-a-tetratricopeptide (HAT) repeat protein HCF107
employs analogous mechanisms to stabilize the psbH ORF and activate psbH translation (45, 61,
139). Furthermore, many PPR footprints map very near to (but do not overlap) the anticipated
footprint of an initiating ribosome at a start codon (137, 177). This placement of a PPR tract
may help to maintain a structure-free ribosome “landing pad” by occupying adjacent RNA that
might otherwise pair with the translation initiation region. However, this simple mechanism may
not account for all instances of PPR-mediated translational enhancement. For example, RNA
coimmunoprecipitation data place the ATP4 binding site hundreds of nucleotides upstream of
the atpB ORF, whose translation it stimulates (181).

Less is known about the effects of PPR proteins on translation in plant mitochondria. Two PPR
proteins in Arabidopsis mitochondria have been shown to associate with polysomes (63, 162), but
their functions are unknown. These two proteins belong to a large class of relatively short P-class
proteins that are abundant in the mitochondrial proteome (90, 156) but apparently absent from
plastids, implying mitochondrial-specific functions. Among the more typical PPR proteins, maize
MPPRG6 has been proposed to stimulate the translation and 5" processing of the mitochondrial 7ps3
mRNA (111), whereas a repressive effect on the translation of sterility-inducing ORFs has been
demonstrated for several Rf-type PPR proteins (reviewed in 36). For example, PPR-B from the
radish Rfo locus (18, 37, 95, 161) prevents the expression of ORF138 without influencing the size
or abundance of ORF138 mRNA (100, 161). Rice Rfla prevents the translation of ORF79 and
also triggers the intercistronic cleavage of the ##p6-0rf79 mRNA (83, 166), but the mechanistic
relationship between these effects is not known. In light of the potent blockade effects of proteins
such as PPR10, it seems plausible that some Rf proteins inhibit the translation of CMS ORFs via
steric interference with ribosome binding or movement.

Stimulation of RNA Cleavage by P-Type PPR Proteins in Plant Mitochondria

It has been known for some time that several PPR-encoding Rf alleles induce the cleavage of
sterility-associated mitochondrial RNAs (reviewed in 36). An innovative forward genetic strategy
(48, 72) recently demonstrated widespread effects of Rf-like PPR proteins in fertile mitotypes
on the processing of mitochondrial RNAs. RPF1 acts on the nad4 5 UTR (72), RPF2 on the
nad9 and cox3 5" UTRs (80), and RPF3 on the cczzC 5" UTR (79). These proteins induce the
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formation of adjacent 5 and 3’ termini, providing strong evidence that they stimulate site-specific
endonucleolytic cleavage (72, 79). An analogous effect was recently demonstrated for RPF5, a
P-type PPR protein that does not belong to the RFL clade (68). RPFS stimulates efficient 5
processing of three different RNAs. The sequences flanking two of the RPF5-dependent sites
share striking sequence similarity, including a segment that is an excellent match to the binding
site predicted for RPF5 based on the “PPR code” (6). This advance lays the foundation for elu-
cidating how pure PPR proteins promote RNA cleavage. Plausible scenarios include recruitment
of an endoribonuclease or a remodeling of RNA structure that unmasks a nuclease-sensitive site
(Figure 3¢).

Chloroplasts harbor many proteins that resemble mitochondrial RFL proteins in their archi-
tecture, but none of these have been associated with RNA-cleavage events. However, the DYW
and SMR domains appended to some PPR tracts have been suggested to have RNA endonuclease
activity (reviewed in 101, 144). CRR2 is a PLS-DYW protein that resembles RNA-editing fac-
tors, but it is required for the accumulation of RNAs with 5" or 3’ termini mapping upstream of
ndhB (65). It has been proposed that CRR2’s DYW domain cleaves the 7ps7-ndhB precursor, and
this view is consistent with the RNA-cleavage activity demonstrated for several DYW domains in
vitro (117, 119). However, high-resolution mapping of the CRR2-dependent RNA termini (137)
revealed an overlapping arrangement that suggests these termini are defined and stabilized via a
PPR10-like blockade mechanism. Additional work will be required to reconcile these observations.

An interesting example is provided by ribonuclease P enzymes in plants, which process the
5 termini of tRNAs (59). Although the corresponding activity in bacteria is performed by a
ribozyme, the plant enzymes consist of a polypeptide with several PPR motifs upstream of an
endonuclease domain (55). The PPR tract increases the enzyme’s affinity for pre-tRNA (73),
possibly by interacting with conserved nucleotides typically found in tRNA loops (56).

PPR Proteins Promote the Splicing of Group II Introns
in Chloroplasts and Mitochondria

Plant organellar genomes encode numerous introns of the group II type: ribozymes with a complex
structure that forms an active site for self-splicing (43). The group II introns in plant organelles
have lost the capacity to self-splice and require a plethora of nucleus-encoded proteins for their
splicing. PPR proteins feature prominently among these (Supplemental Table 1). PPR splicing
factors have a variety of architectures: They include short (THAS8) and long (PPR4, OTP51,
PPRS, and OTP43) P-type proteins both with and without accessory domains (8, 41, 42, 86, 143),
as well as PLS-type proteins (OTP70 and Pp_PPR43) (25, 75). Each of these proteins is required
for the splicing of just one or two introns, and RIP-chip assays have shown that several of them
associate specifically with the introns whose splicing they promote (8, 86, 143).

It is likely that many of these proteins stimulate splicing by occupying RNA segments that
would otherwise interfere with productive intron folding. PPR4 and OTP43 are special cases in
that they promote the #rans-splicing of independently transcribed intron fragments (42, 143); these
could potentially protect the termini of the intron fragments from exonucleases or serve as splints
to join intron segments. The most detailed information is available for PPRS, whose binding
site has been mapped to a 50-nucleotide region in the maize chloroplast #72G intron (8, 168).
It was hypothesized that PPRS prevents the formation of an RNA hairpin that would otherwise
occlude a key cis-element for splicing. PPRS bound to this site also protects the #7G intron from
endonucleolytic cleavage, providing the sole example of PPR employment as an endonuclease
blockade.
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PLS-Type PPR Proteins Typically Function as Site-Specificity
Factors in RNA Editing

RNA editing in plant organelles consists of site-specific deamination of cytidine to uridine, and
almost always alters the coding potential of the transcript (reviewed in 30). Many organelle-
encoded proteins can be synthesized in a functional form only after their transcripts have been
edited. The site specificity of the editing reaction puzzled researchers for many years until the first
specificity factor was identified and found to be a PPR protein (98). Subsequently, many others
have been identified in classical and reverse genetic screens (Supplemental Table 1). So far, all
RNA-editing specificity factors that have been discovered are PLS-class PPR proteins (reviewed in
50, 144, 170). In rare cases, P-class proteins have been shown to influence editing (39), presumably
by effects on RNA turnover or site accessibility, but none have been shown to act as true specificity
factors.

The PPR tracts of PLS-class proteins appear to function similarly to those of P-class proteins,
i.e., they form a binding surface that recognizes the primary sequence in a single-stranded RNA
molecule. Genetic and biochemical evidence showed that the cis-elements targeted by editing
specificity factors are positioned approximately 5-20 nucleotides upstream of the edited cytidine
(e.g., 13,27, 31,44, 151), and direct binding of several PPR editing factors to such sites has been
demonstrated (93, 114, 121, 122, 155). Current models align the PPR motifs to the RNA sequence
such that the terminal S motif is positioned in contact with the nucleotide at the —4 position (6,
152, 169) (Figure 4). This position allows the cytidine deaminase activity to specifically act on the
cytidine to be edited, as shown by the fact that adjacent cytidine residues on either side are not
edited (2). The editing reaction itself requires the C-terminal domains of PLS-class proteins (26,
119,120). The E domain is always essential, whereas the terminal DYW domain is often facultative,
although this may be because it can be recruited from another protein (17). However, although the
sequence-specific RNA-binding activity of editing factors is well documented (121, 122,135, 155),
the editing activity itself has not been reconstituted with purified factors (117, 119), leading to
expectations that other proteins must be involved. Indeed, RINA-editing interacting factor protein
(RIP)/multiple-organellar RNA-editing factor (MORF) proteins are required for editing at many
sites in angiosperm organelles (10, 11, 148, 153), although their function is unknown, and they
appear to be absent from bryophytes and lycophytes, where the RNA-editing factors are otherwise
very similar.

Functions of PPR Tracts That Do Not Rely on an RNA-Binding Activity

The activities of characterized PPR proteins are consistent with the view that the PPR tract
contributes an RNA-binding function. However, there are instances in which interactions of a PPR
tract with protein or DNA may be physiologically relevant. For example, the wheat mitochondrial
protein p63 binds DNA and stimulates transcription by mitochondrial extracts in vitro (76), and
the chloroplast protein PTAC2 copurifies with a plastid transcription complex (125). Whether
these proteins interact in vivo with DNA, RNA, or both is not known.

Some PPR tracts have the capacity to bind proteins. For example, PPR10 and HCF152 form
homodimers in vitro (6, 116). However, PPR10 binds RNA only in monomeric form (6), so
the functional significance of its homodimerization is unclear. PNMI associates with nuclear
chromatin and interacts with several chromatin proteins in a yeast two-hybrid assay (63), but
the physiological relevance of these interactions is unknown. Functionally relevant protein bind-
ing by a PPR tract has been shown for the Chlamydomonas protein MCA1. MCAL collaborates
with TCA1 to stabilize the chloroplast pez4 RINA and activate perA translation (129) via adjacent
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Figure 4

Alignments of PPR proteins on RNA targets. The PPR code (Table 1) facilitates the alignment of plant
PPR proteins with their targets, but all known natural examples include mismatches and/or gaps in the
alignment. (z) Segment of a hypothetical P-class PPR protein bound to the sequence ACGU. Residues at
position 6 (gray) in the front helix and position 1" (b/ack) in the loop connecting adjacent helices specify
which nucleotide is bound (dotted lines). The protein and RNA align in parallel (N terminus aligned with 5’
end). () A real-life example showing some of the possible complexities. The Arabidopsis editing factor
CLB19 (28) is shown aligned to the cis-element upstream of the editing site in the 7poA transcript. Ten PPR
motifs interact with a ten-nucleotide binding site depicted as in panel 4. Interactions matching the code
(Table 1) are indicated in darker lines than those that appear to be “mismatches” or that include uncommon
combinations of amino acids whose preference has not been studied. As in almost all alignments of editing
factors on their target sites, the final S motif aligns with the nucleotide at the —4 position with respect to the
edited C (red uppercase) (6, 152, 169). The C-terminal E domain is faded out, as how it participates in RNA
binding or in constituting the editing complex is not known.

cis-elements in the pet4 5" UTR (105). MCALI also interacts with T'CAl in a yeast two-hybrid
assay, and a PPR-containing region of the protein is required for this interaction (16). A second
example involves the interaction between RNA-editing factors and their RIP/MORF partners
(10, 153), one of which was shown to be mediated by the PPR tract in a yeast two-hybrid assay
(10). Still, it remains to be seen whether all PPR-mediated functions have, at their core, a direct
interaction between the PPR tract and RNA, or whether this presumably ancestral activity has in
some cases been discarded entirely.

RNNA RECOGNITION AND THE PPR CODE

The unusual evolutionary history and functional repertoire of the PPR family are likely to be tied to
the unusual way in which PPR tracts bind RNA. In comparison with classic RNA-binding domains
such as the RNA recognition motif (RRM), K homology (KH), and zinc-finger domains (32), cis-
elements bound by typical PPR tracts are extremely long: PPR binding sites commonly span more
than 12 nucleotides (and can reach up to ~29 nucleotides), and orthologous sites are often highly
conserved across their length (e.g., 64, 70, 105, 127,137,177). Even the structurally analogous PUF
domains recognize only 8-9 nucleotides (reviewed in 46). All PUF proteins, however, recognize
related sequences, whereas there is no relation between the target sequences of different PPR
proteins. Among the protein families capable of recognizing primary RNA sequence with high
specificity, few, if any, have such a diverse range of natural target sequences. These unusual
features have made the molecular basis for sequence recognition by PPR tracts an eagerly sought
goal.
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Table 1 Combinations of amino acids (AAs) in PPR motifs that specify binding to specific bases

Base

Motif type AA 6 AAT Correlation® Experimental®
P,S T N A A>>>G,CU
P, S S N A

P S S A

P N N C C=U>>>GA
P N S C C>U>>>GA
P, S T D G G>>>ACU
S S D G

P, S N D U U>C>>>GA
L P D U

*Base most significantly correlated with this amino acid combination among PPR-RNA partners described in References 6,
152, and 169.

bRelative affinities based on affinities of PPR10 variants for modified RNAs in vitro (6). Nucleotides in bold bind with high
affinity, and those not in bold bind negligibly.

Sequence-Specific RNA Binding by PPR Tracts Involves Modular
One-Repeat:One-Nucleotide Recognition and the Combinatorial Effects
of Two Amino Acids in Each Repeat

A structure of a PUF domain bound to RNA (164) provided a first look at the basis for RNA
recognition by an alpha-solenoid protein. This structure revealed an elegant one-repeat:one-
nucleotide binding mode in which the identities of amino acids at two positions in each repeat
specify the bound nucleotide via hydrogen-bonding interactions. With this precedent, it seemed
likely that PPR tracts bind RNA in a similar fashion, but experimental proof took a decade to
obtain. As it turns out, PPR-RNA recognition has similarities to PUF-RNA recognition but also
important differences (6).

Support for a one-repeat:one-nucleotide binding mode by PPR tracts initially came from
correlations between the number of PPR motifs and the number of nucleotides in the binding sites
of two particularly well-characterized proteins (105, 127) and from modeling of PPR structures
based on contact-site prediction (49). Patterns of diversity within PPR motif sequences hinted
at which residues might be involved in determining sequence specificity (49), and compelling
correlations were subsequently found between these residues and aligned RINA bases in several
known or inferred PPR-RNA partners (6, 152, 169). The major determinant is the amino acid
at position 6 (Figures 1 and 4, Table 1). Asparagine at this position correlates strongly with
pyrimidine at the corresponding position in the RNA, whereas serine or threonine correlates with
purine. The second major determinant is at position 1 of the following motif (referred to here as
position 1’). Aspartate at this position correlates with uridine or guanosine, whereas asparagine
correlates with cytidine or adenosine. In this way, a simple code can be described whereby each
of the four bases in the RNA can be recognized by a particular pair of amino acids at these two
sites (Figure 4, Table 1). Amino acids 6 and 1’ are close to one another in three-dimensional
space (Figure 1), such that they are well positioned to contact the same base. All of the amino
acids reported to be involved in nucleotide specification have side chains that are avid hydrogen
bond donors or acceptors, suggesting that base recognition is similar to Watson—Crick pairing in
nucleic acid duplexes. These features are reminiscent of the two-amino-acid codes for RNA and
DNA binding by PUF and TAL effector proteins, respectively (reviewed in 46). However, it is
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important to note that PPR-RNA “duplexes” have the opposite polarity to PUF-RNA duplexes
(parallel versus antiparallel) and employ a distinct amino acid code.

Evidence confirming basic features of this code has come from two types of experiments. First,
in vitro binding assays have shown that altering the sequence of PPR10 alters its RNA recognition
as predicted by the code (6). Second, the code has successfully predicted the binding sites of PLS-
type editing factors (152, 169); such predictions would have a very low chance of success if the
code were not largely correct.

Although it is tempting to refer to a single code, the reality is more complex. For example, the
code is degenerate, with multiple combinations of amino acids at positions 6 and 1’ specifying the
same nucleotide, and the same combination of amino acids sometimes being equally compatible
with more than one nucleotide. In addition, amino acids at positions other than 6 and 1’ are
likely to influence binding. Position 3 has been highlighted as a putative RNA-interacting residue
(49) and incorporated into a three-position code (169). However, this residue is generally large
and hydrophobic, suggesting a distinct mode of base interaction. In fact, a PPR10-psz7 RNA
cocrystal structure (172) showed that this residue stacks between consecutive bases in a manner
that is similar to the intercalation of amino acid side chains between adjacent bases in PUF-RNA
complexes (164). The code also differs between different types of PPR motif: Although the same
positions are involved, P and S motifs show slightly different amino acid-nucleotide correlations,
and L motifs show even more distinct patterns (6, 152) (Table 1).

The current understanding of the code is sufficient to explain many but not all PPR-RNA
alignments inferred from genetic and biochemical experiments. For example, alignments between
P-type PPR proteins and their RNA ligands tend to include a central region containing gaps
or mismatches (6). The crystal structure of PPR10 bound to psa7 RNA (172) confirmed an-
ticipated modular interactions between the protein and RNA at the two ends of the complex
and revealed the absence of RNA-protein contacts in the central region. In a similar fashion,
PUF proteins tend to bind their RNA ligands via two arrays of contiguous motif-base interac-
tions flanking a central region where the interactions are less predictable (165). That being said,
some caution is warranted in interpreting the reported PPR10-psa7 structure because it involved
a dimeric complex whose physiological relevance is unclear (6, 172). Additional crystal struc-
tures of PPR-RNA complexes will be invaluable for providing deeper insight into PPR-RNA
interactions.

Distinctive RNA-Binding Properties of P and PLS Tracts Likely
Underlie Their Distinct Functional Repertoires

The division of labor between PLS- and P-class proteins likely reflects a difference in their RNA-
binding characteristics, although sequence recognition is very similar in both (6). Presumably,
editing factors bind transiently to their targets, as their stable binding within ORFs (where most
editing sites are located) would interfere with translation. In contrast, most functions of P-class
proteins require them to bind tightly for extended periods of time, and all known P-class binding
sites are in noncoding sequences where high-affinity binding would not disrupt translation. The
fact that PPR footprints have been detected only for P-type proteins (137, 177) is in accord with
this view, as the accumulation of a footprint would demand a slow protein off-rate. The irregularity
of PLS motif organization likely mediates lower-affinity RNA interactions compared with P-type
PPR tracts of similar length. This is not necessarily reflected in the Ky values for interactions
reported in the literature, but such numbers should be viewed with caution because of variations
in experimental conditions.
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WHY DO PLANTS HAVE SO MANY PPR PROTEINS?

It is intriguing that hundreds of PPR proteins in plants serve the needs of ~150 organellar genes
whose bacterial ancestors did without. This would seem to place an undue load of genomic baggage
on the maintenance of organelle functions. How did this apparently unfortunate situation arise?
Various adaptive drivers have been suggested. For example, a “genome-debugging” hypothesis
(109) posits that rapidly evolving PPR proteins provide RNA-level “repair” of organelle genome
mutations that accrue owing to the asexual reproduction of organelles. A genome-conflict theory
posits an adaptive role for those organelle genome mutations that confer male sterility and the
compensating PPR proteins that restore male fertility (22). The large reservoir of PPR proteins
could also provide regulatory factors for coordinating nuclear and organellar gene expression (141).

These adaptive hypotheses are not mutually exclusive, and there is support for each of them. It
is clear that PPR proteins can compensate for a variety of genome-level defects: For example, some
point mutations are corrected by RNA editing, loss of stabilizing RNA hairpins can be corrected
by PPR blockades, and the acquisition of RNA structures that mask start codons can be corrected
by a PPR protein that prevents the formation of this structure. In accord with the cross-genome
coordination hypothesis, the expression of one PPR protein has been shown to be a limiting factor
in the expression of its target chloroplast gene (16). However, based on their important role in
organellar gene expression, regulatory roles such as this probably emerged only after the fixation
of these genes.

A fundamental chicken-and-egg issue remains: Which came first, the genome mutation or
the compensating PPR? The genome-debugging analogy and genome-conflict theories place
the organelle mutations prior to the compensating PPR. However, many of the organelle genome
mutations thatare “corrected” by PPR proteins have such serious physiological consequences (e.g.,
embryo lethality or inability to photosynthesize) that the mutation-first scenario is implausible. In
this context, the constructive neutral evolution theory offers an attractive alternative. Constructive
neutral evolution provides a nonadaptive means to generate “gratuitous complexity” in biology,
examples of which include RNA editing and RNA splicing (57, 107). According to this scenario,
the rescuing PPR existed prior to the organelle genome mutation it repairs and, in fact, allows such
mutations to be retained. In the first step, opportunistic binding by a promiscuous PPR protein
relaxes prior constraints on RNA sequence. This is followed by the accrual of mutations that would
not have been tolerated in the absence of the PPR. For example, fortuitous PPR binding in a 3’
UTR could block 3'—5" exonucleases and thus permit the degeneration of the 3/ RNA hairpin
that originally filled this role. In this way, previously superfluous PPR-RNA interactions are fixed,
and millions of years later hundreds of PPR “Band-Aids” are indispensable to plant survival.

PPR TRACTS AS A SCAFFOLD FOR THE ENGINEERING OF
DESIGNER RNA-BINDING PROTEINS

Recent advances in understanding the functions and mechanisms of PPR proteins have exciting
practical implications in the realms of synthetic biology and biotechnology. The ability to design
proteins to bind specified RNA sequences has been a long-sought but elusive goal. The most
promising results to date exploit the PUF domain, whose eight helical repeats each bind a single
nucleotide via a predictable amino acid code (32, 165). The mechanism of RNA recognition by
PPR tracts has similar features (although it differs in details), and the sequence specificity of a
PPR protein has been changed in a predictable way according to the PPR code (6). The more
malleable architecture and extraordinary evolutionary plasticity of the PPR scaffold together with
the unusual ability of long PPR tracts to prevent a substantial length of RNA from interacting
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with other macromolecules suggest applications beyond those that are readily accessible with PUF
domains. That being said, much work remains to understand fundamental aspects of PPR-RNA
interactions such that sequence specificity and affinity can be tailored to the desired function.

Many PPR proteins are required for the expression of one or several organellar genes. There-
fore, it is not a stretch to imagine using natural and engineered PPR proteins to control the
expression of specific organellar genes as a means to modulate photosynthesis, respiration, and
other organelle-dependent processes. Robust and flexible regulation of plastid transgenes (110)
may be achieved by employing regulated nuclear genes encoding engineered PPR proteins in
conjunction with cognate plastid cis-elements. Engineered PPR-based RINA-editing factors could
potentially be used to modify the amino acid sequences of organelle-encoded proteins, and func-
tional domains (e.g., RNA-modifying/cleaving enzymes or fluorescent proteins) could be targeted
to specific organellar RNAs via designer PPR tracts. The development of analogous applications
outside of organelles may be feasible eventually, but will likely be more challenging considering
the lack of natural examples to date.

SUMMARY POINTS

1. PPR proteins are nucleus-encoded helical repeat proteins that play a multitude of roles
in organellar gene expression and organismal physiology. The enormous size and diverse
functional repertoire of the PPR family in plants create an illusion of mechanistic com-
plexity. However, many of the effects of PPR proteins distill down to a few themes and
principles.

2. PPR proteins impact many aspects of plant physiology by altering the expression of
specific organellar genes. The specificity of the effects of PPR proteins on particular genes
derives primarily from the sequence-specific binding of PPR tracts to single-stranded

RINA.

3. A functional divide separates the PLS and P subfamilies: The former is dedicated largely
to RNA editing and the latter to RNA stabilization, RNA cleavage, translational activa-
tion, and RNA splicing.

4. PLS proteins specify sites of cytidine-to-uridine RNA editing by binding upstream of
the target cytidine; the manner in which their C-terminal domains assemble the cytidine
deaminase activity is unknown.

5. Many functions attributed to P-type proteins are a passive consequence of their ability
to sequester a long RNNA segment. This activity can block exoribonucleases, thereby
defining and stabilizing processed 5’ and 3" RNA termini. It can also influence the RNA-
folding landscape, thereby exposing cis-elements for translation, splicing, and possibly
RINA cleavage.

6. PPR tracts bind RNA via a modular one-repeat:one-nucleotide mechanism in which
the identities of two amino acids in each repeat are the primary determinants of the
bound nucleotide. Successes in engineering PPR proteins to bind novel sequences and
in predicting the binding sites of uncharacterized proteins validate key aspects of this
“code,” but there are important gaps in current understanding.

7. Some PPR tracts mediate protein—protein interactions, but the degree to which such
interactions contribute to PPR activities outside the realm of RNA editing remains to be
seen.
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8. The evolutionary malleability of the PPR family, the modular RNA-binding mecha-
nism of PPR motifs, and the diverse functional repertoire that is fostered by varied
motif architectures make the PPR scaffold an especially promising target for develop-
ment of designer RNA-binding proteins with applications in biotechnology and synthetic
biology.

FUTURE ISSUES

1. Improved understanding of PPR-RNA interactions will be necessary to accurately pre-
dict PPR binding sites and the functional consequences of that binding: What are the
structures of P- and PLS-type PPR tracts bound to specific RNA ligands? What is the
affinity and specificity of each PPR motif variant for each nucleotide, and do these pa-
rameters depend on context within a PPR-RNA duplex? To what extent are gaps or
mismatches in a PPR-RNA duplex required or tolerated, and how does this vary de-
pending on the position in the duplex and the biological function of the interaction? Do
PPR proteins in other organisms follow the same rules governing RNA target recogni-
tion, and are there multiple modes of RNA binding by PPR tracts in plants?

2. What are the biochemical functions of the PPR-associated SMR and DYW domains?

3. To what extent does the regulated expression or activity of PPR proteins regulate or-
ganellar gene expression in response to environmental and developmental cues?

4. What s the repertoire of molecular mechanisms that underlie the effects of PPR proteins
on translation, splicing, RNA cleavage, RNA editing, and transcription?

5. Can PPRs be engineered to bind RNA and modulate gene expression in the nuclear-
cytosolic compartment?

6. How can knowledge of PPR-RNA interactions be exploited to develop useful tools?
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