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Summary

� The pentatricopeptide repeat (PPR) protein family is a large family characterized by tandem

arrays of a degenerate 35-amino-acid motif whose members function as important regulators

of organelle gene expression at the post-transcriptional level. Despite the roles of PPRs in

RNA editing in organelles, their editing activities and the underlying mechanism remain

obscure.
� Here, we show that a novel DYW motif-containing PPR protein, PPS1, is associated with

five conserved RNA-editing sites of nad3 located in close proximity to each other in mitochon-

dria, all of which involve conversion from proline to leucine in rice. Both pps1 RNAi and

heterozygous plants are characterized by delayed development and partial pollen sterility at

vegetative stages and reproductive stage.
� RNA electrophoresis mobility shift assays (REMSAs) and reciprocal competition assays using

different versions of nad3 probes confirm that PPS1 can bind to cis-elements near the five

affected sites, which is distinct from the existing mode of PPR-RNA binding because of the

continuity of the editing sites. Loss of editing at nad3 in pps1 reduces the activity of several

complexes in the mitochondrial electron transport chain and affects mitochondrial morphol-

ogy.
� Taken together, our results indicate that PPS1 is required for specific editing sites in nad3 in

rice.

Introduction

The mitochondrion is a unique organelle that functions as a
powerhouse that generates the ATP needed for cell mainte-
nance and growth in eukaryotes (Newmeyer & Ferguson-
Miller, 2003). More than 95% of the proteins required to
maintain the function of mitochondria are encoded by the
nuclear genome and imported to the mitochondrion, whereas
only ~40 genes are encoded by the mitochondrion itself
(Heazlewood et al., 2004). In eukaryotic cells, RNA editing
changes the genetic information from the DNA master
(Knoop, 2011). RNA editing is widespread in mitochondria
and chloroplasts, particularly in plants (Moreira et al., 2016;
Sun et al., 2016). In this process, conserved codons are con-
verted, or start or stop codons are created, serving as a cor-
rection mechanism for otherwise defective organellar
transcripts (Stern et al., 2010).

The pentatricopeptide repeat (PPR) protein family are a new
group of nuclear-encoded organellar processing factors defined
by degenerate motifs of 35 amino acids arranged with two to 30
tandem repeats (Small & Peeters, 2000; Lurin et al., 2004). PPR
proteins function as important regulators of organelle gene
expression at the post-transcriptional level, including playing
roles in RNA editing, splicing, cleavage, RNA stability, and
translation (Hashimoto et al., 2003; Kotera et al., 2005; Chi
et al., 2008; Ichinose et al., 2013; Haili et al., 2016; Wu et al.,
2016). Some PPR proteins mediate both RNA editing and splic-
ing; for example, OsPPR6, a rice plastid localized PPR protein,
was reported to be involved in RNA editing and splicing (Tang
et al., 2017). The first RNA-editing factors identified in chloro-
plasts and mitochondria were CRR4 and MEF1, respectively
(Kotera et al., 2005; Zehrmann et al., 2009). It is reasonable to
expect that higher plants can manage RNA-editing events in
organelles by incorporating PPR proteins, MORFs/RIPs and
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other factors (Takenaka et al., 2012). We recently reported that a
rice dual-localized PPR protein, OsPGL1, is required for RNA
editing at ccmFc-543 and ndhD-878 sites in mitochondria and
chloroplasts, respectively (Xiao et al., 2018).

The PPR proteins can be divided into two subfamilies: the P
and PLS subfamilies. The P subfamily proteins contain tandem
arrays of canonical PPR motifs (P motifs, 35 amino acids in
length), whereas the PLS subfamilies are characterized by triplets
of P, L (35–36 amino acids) and S (31 amino acids) motifs. The
latter subfamily is further classified into three subgroups: E, E+,
and DYW, according to the characteristics of the C-terminal
motifs. P-type PPR proteins have been shown to participate pri-
marily in various aspects of organellar RNA processing, whereas
PLS PPR proteins are almost exclusively associated with C-to-U
RNA editing (Barkan & Small, 2014). Recent crystal structures
show that PPR motifs adopt an anti-parallel helix-turn-helix fold,
and the mechanism of sequence-specific RNA recognition by
PPR motifs has been revealed; studies have shown that combina-
tions involving amino acid 6 of the front motif and amino acid 1
of the subsequent motif correlate strongly with the identity of the
RNA base that is bound (Takenaka et al., 2013; Yagi et al., 2013;
Yin et al., 2013).

Here, we characterized a DYW motif-containing PPR protein,
PPS1, which is responsible for five consecutive RNA-editing sites
of nad3 in mitochondria in rice. Interestingly, all conserved edit-
ing sites involve the conversion of proline to leucine across vari-
ous species, suggesting a conserved function of NAD3 in
complex I. We next demonstrated the RNA-binding activities of
the PPR motifs of PPS1 directly. The results showed that the five
consecutive sites are edited simultaneously, which is a significant
finding and is important for RNA-editing application of the PPR
protein in the future.

Materials and Methods

RNAi constructs and plant materials

A 251 bp fragment (ranging from 56 to 306 bp) of
LOC_Os12 g36620 cDNA was cloned into the pH7GWIWG(II)
vector to construct the RNAi vector. Calli derived from
ZhongHua 11 (Oryza sativa. L. Japonica) were used for
Agrobacterium-mediated transformation. Wild-type (WT) and
independent multiple RNAi lines were grown in a paddy field
and glasshouse in Wuhan, China, under proper management.

pps1mutants

pps1 mutants were generated using the CRISPR/Cas9 system;
two target sites located 20 bp upstream of the protospacer-
adjacent motif sequence (PAM) were designed. The com-
bined target sequence was introduced to the gRNA-U3 and
gRNA-U6 vectors, followed by two rounds of nested PCR.
The PCR products were subsequently introduced to the
CRISPR/Cas9 vector. The construct was verified through
PCR and sequencing. Calli derived from O. sativa japonica
Zhonghua 11 (ZH11) were used for Agrobacterium-mediated

transformation. WT and CRISPR/Cas9 knockout lines were
grown in a paddy field and glasshouse in Wuhan, China,
under proper management.

Pollen grain staining and examination of pollen grains on
the stigma

Pollen grains were stained with 1% I2-KI solution and observed
under an optical microscope. The spikelets of RNAi lines and
WT were harvested after flowering and fixed in FAA fixation
(18 : 1 : 1 (v/v) mixture of formalin, 70% ethanol, and acetic
acid) for 24 h followed by dehydrating through an ethanol series
(70%, 50%, and 30%) and washed with distilled water three
times. Following incubation in 10 N sodium hydroxide for 5 min
at 50°C, the spikelets were washed with distilled water three
times and stained with 0.1% water blue (95290; Fluka, Shanghai,
China) overnight. Finally, the samples were examined and
counted using a fluorescence microscope (Leica DM4000B,
Wetzlar, Germany). At least 100 pollen grains were counted per
spikelet, and 10 spikelets were counted for each line.

Scanning electron microscopy and transmission electron
microscopy assays

Both scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) assays were performed as described in
our recent work (Xiao et al., 2018).

RNA Extraction, RT-PCR and qRT-PCR

Total RNA was extracted with 1 ml Trizol reagent according to
the manufacturer’s instructions (Invitrogen) and treated with
RNase-free DNase I (New England Biolabs, Beijing, China).
Approximately 5 lg of total RNA were reverse-transcribed using
random primers (Invitrogen). Reverse transcription polymerase
chain reaction (RT-PCR) analyses were performed using the
SuperScript III one step RT-PCR system according to the manu-
facturer’s instructions (Invitrogen); the primers are listed in Sup-
porting Information Table S1.

Subcellular localization of PPS1

For transient expression in rice protoplast, full-length cDNA of
the PPS1 was cloned into HBT-sGFP vector driven by the
cauliflower mosaic virus 35S promoter to construct the 35S:
PPS1:sGFP fusion protein. Protoplast preparation and transfor-
mation procedures were carried out as previously described (Xiao
et al., 2018).

Moreover, PPS1-FLAG fusion protein driven by ubiqui-
tin (UBI) promoter was constructed for Agrobacterium-
mediated transformation in rice. Mitochondria and chloro-
plasts were extracted and purified from calli and 4-wk-old
seedlings, respectively, using methods described previously
(Hu et al., 2012). Anti-FLAG, anti-isocitrate dehydrogenase
(anti-IDH) and anti-RbcL antibodies (Agrisera, Vannas,
Sweden) were used in this study.
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Histochemical analysis of GUS activity

A 1208 bp upstream sequence of PPS1 from ZH11 containing
the promoter cassette was amplified (Table S1) and cloned into
the binary vector pCAMBIA1391 to drive the GUS reporter gene
expression. GUS histochemical staining with various tissues from
transgenic plants was performed as described previously
(Jefferson et al., 1987).

RNA electrophoresis mobility shift assays

The corresponding cDNA fragments of PPS1 were amplified
with specific primers (Table S1) and cloned into the pGEX-6p-1
vector to generate recombinant GST-PPS156-919 and GST-
PPS156-717. RNA probes were synthesized and labelled with
biotin at the 30 end by GenScript (Nanjing, China). For RNA
electrophoresis mobility shift assays (REMSAs), the recombinant
protein was incubated with an RNA probe in a 20 ll reaction
mixture including 10 ll of 29 binding buffer (100 mM Na
phosphate (pH 7.5), 10 units RNasin, 0.1 mg ml�1 BSA, 10 mM
dithiothreitol, 2.5 mg ml�1 heparin, and 300 mM NaCl). The
mixture was incubated at 25°C for 30 min, followed by separa-
tion through 5% native polyacrylamide gel electrophoresis
(PAGE) in 0.59 TBE buffer and then transfer to a nylon mem-
brane (Roche). For the competitive REMSAs, a gradually increas-
ing concentration of unlabelled probe was added to the reaction
mixture following the procedure described earlier.

Analysis of mitochondrial RNA editing

For RNA editing analysis, total RNAs were isolated from the
mature anthers using the Trizol reagent and were reverse-
transcribed as mentioned earlier. Primers were designed to cover
all 491 mitochondrial editing sites (Table S2). The RT-PCR
products were sequenced directly. This analysis was performed
with three biological replicates.

Immunoblot analysis

Mitochondria were isolated and purified from rice calli as
described previously (Liu et al., 2012). Protein was quantified
with the BCA protein assay kit (Thermo Scientific, Rockford, IL,
USA). Mitochondrial proteins (10 lg) were separated by sodium
dodecyl sulphate–PAGE (SDS-PAGE), transferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and
incubated with various primary antibodies against NAD3,
NAD7, cytochrome c1, Cox II, Atp-alpha, IDH (Beijing Protein
Innovation, Beijing, China) and alternative oxidase 1/2 (AOX1/2)
antibody (Agrisera). Detection was carried out by the ECL
Western Blotting Detection Reagents (Bio-Rad).

Blue-native (BN)-PAGE and evaluation of mitochondrial
complex activity

The equivalent of 500 lg of total mitochondrial protein was
treated and then loaded into a BN-PAGE gel according to a

previous protocol (Liu et al., 2012). The gel was first stained with
Coomassie brilliant blue (CBB), and the activities of several com-
plexes were assessed as described previously (Sabar et al., 2005).
For immunoblotting, the proteins were transferred from the gel
to PVDF membranes, and antibodies against NAD3, Cox II and
ATP-alpha were used for detection.

To precisely examine the activity of the mitochondrial com-
plexes, 10 lg of total mitochondrial protein was quantified with
an activity test kit (Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China). The activities of complex I and complex IV and
the ATP content were measured via a colorimetric assay accord-
ing to the manufacturer’s instructions.

Accession numbers

Sequence for rice PPS1 and the related mitochondrial gene nad3
can be found in the GenBank database under accession numbers
XP_015618345 and YP_002000566, respectively.

Results

Phenotypic and genetic characterization of pps1

To identify the function of PPRs, we generated several RNAi
lines corresponding to tens of PPRs using an RNA interference
(RNAi) strategy in the ZhongHua 11 (ZH11, O. sativa Japonica)
background. Some lines exhibited obvious phenotypic differences
from the WT. Among the multiple independent RNAi lines, we
checked the relative RNA expression level of Os12 g36620 to
evaluate knockdown efficiency (Fig. S1). These multiple indepen-
dent RNAi lines exhibited pleiotropic phenotypes, including
growing slowly, dwarfing and delayed development in vegetative
stages (Fig. 1a), smaller and shorter anthers (Fig. 1b), sterile pol-
len (Fig. 1c), lower germination on the stigma (Fig. 1d), shorter
panicles and lower seed-setting rates (Fig. 1e). Therefore, we
selected the progenies of T0–6 for subsequent experiments.

Because of the reduced seed-setting rate of the transgenic lines,
we next checked the viability of the stigma and pollen after polli-
nation. A total of 10 stigmas were assessed, and the results indi-
cated that all stigmas exhibited normal pollination in the WT
and pps1-RNAi plants, whereas the germination rate of the pollen
was quite distinct (Table S3). The pollen germination rate on
WT stigmas was c. 90%, whereas only c. 24% of the pollen was
pollinated on pps1-RNAi stigmas. These data confirmed that the
sterility of the pps1-RNAi plants resulted from nonfunctioning
pollen, whereas the female gametes were normal.

To evaluate the morphological details of the anthers and pol-
len, we used SEM and TEM. The SEM results showed that the
anthers were tightly packed in the WT (Fig. 2a), whereas the
anthers of pps1-RNAi plants were curly and much shorter than
those of the WT (Fig. 2g). Furthermore, reticulate anther cuticles
were clearly observed on the surface of the WT (Fig. 2b), but not
in pps1-RNAi lines (Fig. 2h). The anther cuticle is a hydrophobic
layer coating the outermost surface of the anthers and plays a pro-
tective role in the development of microspores. The SEM results
also showed that the pollen grains of the WT were complete,
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spheroidal and plump (Fig. 2c), and the germination pore was
clear (Fig. 2d). However, half the pollen grains of pps1-RNAi
plants exhibited shrunken features and were incomplete and
spheroidal, and the germination pore was hard to observe
(Fig. 2i,j). These results are consistent with the decreased germi-
nation rate observed on stigmas. Furthermore, the TEM assay
showed that starch granules accumulated in mature pollen
(Fig. 2e). However, the number of starch granules was signifi-
cantly reduced in pps1-RNAi plants compared with that in the
WT (Fig. 2k), suggesting that the pollen was sterile. Detailed
observations of the pollen walls showed intact exines and intines
of mature pollen in the WT (Fig. 2f), whereas the structure of the
sterile pollen of the pps1-RNAi lines was severely impaired
(Fig. 2i).

PPS1 encodes a DYW motif-containing mitochondrial pro-
tein

The results of PFAM analysis (http://pfam.xfam.org/) showed that
PPS1 consisted of 19 PPR motifs (seven S motifs, six P motifs
and six L motifs in a triple motif arrangement, P-L-S), and each
PPR motif was linked by two antiparallel alpha helices (helix A
and helix B) (Fig. S2). Moreover, the C-terminal region between
residues 717 and 919 harboured the consensus sequences of the
extension domains (E, E+, and DYW domains) (Fig. S3), indi-
cating that PPS1 belongs to the DYW PLS subfamily. The align-
ment of rice PPS1 with its orthologues in various plants showed
78%, 59%, 52%, 56% and 52% similarity with Zea mays
(GRMZM2G056996), Nicotiana tabacum (XP_016440080),
Brassica napus (XP_013723128), Glycine max (XP_006574752)

and Arabidopsis thaliana (NP_193101), respectively (Fig. S3).
The high similarity between PPS1 and GRMZM2G056996 also
suggested that their function may be conserved in monocots.

Numerous reports have shown that PPR proteins are targeted
to either plastids or mitochondria. In this study, PPS1 was also
predicted to localize to mitochondria by TARGETP (http://
www.cbs.dtu.dk/services/TargetP/). To confirm the subcellular
localization of PPS1, the full-length cDNA of PPS1 was fused
with green fluorescent protein (sGFP), driven by the 35S pro-
moter, and the fusion protein was transiently expressed in rice
protoplasts. The results showed that the PPS1-sGFP signals com-
pletely overlapped with the mitochondrial signals, indicating that
PPS1 localizes to mitochondria (Fig. 3a). Moreover, we fused
PPS1 with a FLAG tag for transgenic analysis to verify its subcel-
lular localization. Mitochondria and chloroplasts were obtained
from transgenic plants. Immunoblot analysis with an anti-FLAG
antibody was then performed to detect the PPS1-FLAG fusion
protein in the different extracts. A specific signal from the mito-
chondrial fraction confirmed that PPS1 was exclusively targeted
to mitochondria (Fig. 3b). Taken together, these data indicated
that PPS1 encodes a DYW motif-containing PPR protein and is
exclusively targeted to mitochondria.

Spatial and temporal expression pattern analysis of PPS1

To dissect the expression pattern of PPS1, we first used RT-PCR
and quantitative RT-PCR (qRT-PCR) to analyse various devel-
opmental stages in WT plants. The results showed that PPS1 was
constitutively expressed in both vegetative and reproductive tis-
sues, including roots, stems, leaves, anthers and inflorescences

(a) (b)

(c)

(d)

(e)

Fig. 1 Phenotypic characterization of the rice pps1-RNAi line. (a) The pps1-RNAi line (right) is slightly dwarfed relative to the wild-type (WT) plant (left) at
the heading stage. (b) Comparison of a WT (left) and a pps1-RNAi line (right) spikelet. (c) Comparison of pollen fertility between the WT (left) and pps1-
RNAi line (right) by 1% I2-KI staining. Darkly stained pollen is fertile and lightly stained pollen is sterile. (d) Comparison of pollen grain germination on
stigma betweenWT (left) and pps1-RNAi line (right). (e) Comparison of panicle at the harvest stage between the WT (left) and pps1-RNAi line (right). The
spikelet fertility of the pps1-RNAi line is c. 52%. Arrowheads indicate the sterile spikelets. Bars: (a) 15 cm; (b) 0.5 cm; (c) 300 lm (d) 1mm; (e) 5 cm.
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(Fig. 4a,b). Because the expression level in floral organs was rela-
tively high, we further examined the expression profile of PPS1 at
various panicle development stages in detail, based on a previous
study (Nonomura et al., 2004). During the reproductive phase,
the panicles were classified into five groups according to their
development: panicles of c. 5 mm in length (P1); c. 10 mm (P2);
c. 30 mm (P3); c. 60 mm (P4); and c. 100 mm (P5). P1 panicles
have generally developed a flower primordia; P2 and P3 panicles

have developed anthers but have not entered meiosis; P4 panicles
exhibit some meiocytes entering meiosis; and in P5, all meiocytes
are entering meiosis. The anthers subsequently entered the post-
meiotic (PM) and pollen maturation (PMA) stages. Interestingly,
the expression level of PPS1 decreased gradually from stages P1
to P5, whereas PPS1 transcripts progressively accumulated and
peaked at the stage of pollen maturation (Fig. 4c). Furthermore,
we compared the expression levels of PPS1 isolated from mature
anthers between the WT and pps1 RNAi lines to assess knock-
down efficiency. The results showed that the expression level of
PPS1 was decreased to nearly half of that in the WT (Fig. 4d).

To further elucidate the spatial and temporal expression pat-
terns of PPS1, we generated transgenic plants expressing b-
glucuronidase (GUS) driven by the native PPS1 promoter. GUS
signals were observed in various tissues, and extremely strong sig-
nals were observed in the anthers (Fig. 4e), consistent with the
results of RT-PCR and qRT-PCR. These data suggested that
PPS1 is ubiquitously expressed and accumulates to particularly
high levels in the anthers. Taken together, these data supported
the phenotype of the pps1-RNAi lines, which exhibited pollen
sterility and pleiotropic effects on vegetative development.

PPS1 is involved in C-to-U RNA editing of nad3 transcripts

Guided by the previous hypothesis that most PPR proteins of the
DYW subfamily play a role in RNA editing (Salone et al., 2007),
we checked all 491 known editing sites in mitochondrial RNAs
to dissect the function of PPS1 in rice using PCR sequencing (the
primers used in these assays are listed in Table S2). The sequenc-
ing results for the RT-PCR products revealed a significantly
decreased C-to-U editing efficiency at five editing sites of nad3
transcripts in pps1-RNAi lines compared with that in the WT.
These five sites, nad3-155, nad3-172, nad3-173, nad3-190 and

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

Fig. 2 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) examination of wild-type (WT) and pps1-RNAi anther and pollen.
(a) SEM image of mature WT anther. (b) A higher-magnification SEM image of mature WT anther surface. (c) SEM image of mature WT pollen grains. (d)
A higher-magnification SEM image of a mature WT pollen grain from (c). (e) TEM image of a mature pollen inner structure showing a large number of
starch granules in a WT pollen grain (arrowhead indicates normal starch granules). (f) A higher-magnification TEM image of the normal-shaped pollen
grain from (e). fl, foot layer; c, columella; te, tectum. (g) SEM image of mature pps1-RNAi anther. (h) A higher-magnification SEM image of mature pps1-
RNAi anther surface. (i) SEM image of mature pps1-RNAi pollen grains (arrowheads indicate abnormal pollen grains). (j) A higher-magnification SEM
image of an abnormal-shaped pps1-RNAi pollen grain from (i). (k) TEM image showing that there is little accumulation of starch granules in the abnormal-
shaped pps1-RNAi pollen grain. (l) A higher-magnification TEM image of the normal-shaped pollen grain from (k) showing abnormal intine and exine. fl,
foot layer; co, columella; te, tectum. Bars: (a, g) 1mm; (b, h) 30 lm; (c, i) 100 lm; (d, e, j, k) 10 lm; (f, l) 1 lm.

(a)

(b)

Fig. 3 Subcellular localization of PPS1. (a) Transient expression of 35S:
PPS1-sGFP (top) and 35S:sGFP (bottom) in rice protoplast. MitoTracker
Red was used as a mitochondria indicator. Bars, 5 lm. (b) Total proteins,
mitochondrial proteins and chloroplast proteins of transgenic plants were
isolated for immunoblot assays. The large subunits of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RbcL) and isocitrate dehydrogenase
(IDH) were used as controls for the chloroplast and mitochondrial
fractions, respectively.
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nad3-191, were edited at an efficiency of 73%, 75%, 80%, 79%
and 83%, respectively, in the WT, but the efficiency was only 12-
%, 10%, 15%, 8% and 10% in pps1-RNAi plants (Fig. 5a;
Table S4). We also checked the RNA-editing efficiency of nad3
in the other independent RNAi lines, and the data showed the
same decreased RNA-editing efficiency (Fig. S4). The failure of
editing at the five sites resulted in the failure of amino acid codon
conversion from CCG to CUG at NAD-52 and CCA to UUA at
NAD3-58 and NAD3-64. Interestingly, all editing sites changed
the corresponding amino acid from proline to leucine. Proline is
a heterocyclic amino acid and could disrupt the secondary struc-
ture of NAD3 when it is assembled into complex I.

To determine whether PPS1 affects the RNA stability of nad3,
nad3 transcripts were quantified in the WT and pps1-RNAi lines.
The expression level of the nad3 transcript in the pps1-RNAi lines
was indistinguishable from that of the WT, suggesting that PPS1
does not alter nad3 transcript abundance (Fig. S5). These results
indicated that PPS1 is specifically involved in the RNA editing,
rather than the RNA stabilization, of target RNA.

To investigate the possible evolutionary conservation of the
alteration from proline to leucine at the 52nd, 58th and 64th

positions of the NAD3 protein sequence, the five corresponding
editing sites in genomic DNA (gDNA) and cDNAs from five
other species (Z. mays, G. max, B. napus, N. tabacum, and
A. thaliana) were analysed (Fig. 5b–f). The results revealed vari-
ous C-to-U editing events at these editing sites in the five tested
species. The three corresponding amino acids were leucine as a
result of natural RNA editing only in Z. mays (Fig. 5b). A ‘T’
nucleotide was already present at most of these RNA-editing sites
in the genomic DNA: nad3-44 (corresponding to nad3-155 in
O. sativa) in G. max and B. napus (Fig. 5c,d); and nad3-61, 62
(corresponding to nad3-172,173 in O. sativa) in G. max. Few of
these sites are edited simultaneously, and PPS1 is the first identi-
fied RNA-editing factor for five consecutive sites in a transcript.

Alternatively, the RNA secondary structure of the nad3 tran-
script may vary as a result of changes in the editing sites, thus
affecting the function of its transcript. Therefore, we analysed the
RNA secondary structure of nad3 in relation to the edited and
unedited states of the five affected sites. The data showed that
whether the nad3-155 site was edited or unedited, it did not
affect the nad3 secondary structure. So we speculated that the
nad3-155 site was less important than other sites (Fig. S6a).

(a) (b)

(c)

(e)

(d)

Fig. 4 Expression analysis of PPS1. (a) Reverse transcription polymerase chain reaction (RT-PCR) analysis of the PPS1 in various wild-type (WT) tissues. (b)
Real-time quantitative RT-PCR analysis of the PPS1 in various WT tissues. (c) Real-time quantitative RT-PCR analysis of the PPS1 at various panicle
development stages in WT. (d) Real-time quantitative RT-PCR analysis of the PPS1 in mature anthers betweenWT and pps1-RNAi. Data are means � SD
from three independent biological replicates. (Student’s t-test: ***, P < 0.001). (e) Histochemical staining analysis of PPS1 promoter–GUS reporter gene in
various tissues. Bars: (leaf and stem) 5mm; (young spikelet and spikelet) 4 mm; (anther) 2 mm.
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Interestingly, the structure was distinguishable downstream of
the nad3-155 site for the pairs of nad3-172,173 and nad3-
190,191 (Fig. S6b,c), and the structure of nad3 was not changed
when both of the consecutive sites were either edited or unedited.
However, when one of the two sites was not edited, the nad3 sec-
ondary structure was changed. Specifically, when cytidine was
edited to uridine at the nad3-172 site while its neighbouring site,
nad3-173, was not edited, the two sites were translocated from
the loop to the stem (Fig. S6b). Analogously, when cytidine was
edited to uridine at the nad3-191 site, while its neighbouring site,
nad3-190, was not edited, the two sites were translocated from
the stem to the loop (Fig. S6c). These data suggest that PPS1 is a
novel PPR gene that regulates the RNA editing of several consec-
utive sites.

Evolutionary conservation of mitochondrial protein NAD3
and the nuclear PPS1 proteins

To further explore the evolution of PPS1 in plants, the full-
length sequence of PPS1 was used as a query to obtain its homo-
logues, all of which were used to construct a phylogenetic tree.
We screened the available plant sequence data and focused on
species with highly similar protein data, which ultimately resulted
in a widely phylogenetically distributed set comprising 68
angiosperm taxa (Fig. S7). The data showed that 14 monocots
and 53 dicots were clustered together, suggesting that PPS1
evolved from ancient plants and is conserved in monocots. Con-
sidering that the phylogenetic distribution of the DYW motif is
strictly correlated with the presence of RNA editing (Salone et al.,

Fig. 5 Conserved RNA editing of NAD3 in plants. (a) RNA-editing analysis of the nad3-155, 172, 173, 190, 191 sites in wild-type (WT) and pps1 plants of
mature anther, respectively. (b) RNA-editing analysis of the nad3-44, 61, 62, 79, 80 sites in Zea mays leaves. gDNA represents genome DNA sequence. (c)
RNA-editing analysis of the nad3-44, 61, 62, 79, 80 sites in Glycine max leaves. gDNA represents genome DNA sequence. (d) RNA-editing analysis of the
nad3-44, 61, 62, 79, 80 sites in Brassica napus leaves. gDNA represents genome DNA sequence. (e) RNA-editing analysis of the nad3-44, 61, 62, 79, 80
sites in Nicotiana tabacum leaves. gDNA represents genome DNA sequence. (f) RNA-editing analysis of the nad3-47, 64, 65, 82, 83 sites in Arabidopsis

thaliana leaves. gDNA represents genome DNA sequence. Stars indicate the unedited ‘C’ in genome DNA (gDNA) and the edited ‘T’ in cDNA.
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2007), we further analysed the nad3 editing status of these 68
species; only 32 of the 68 species had available mitochondrial
genome information. The results showed that the RNA-editing
events nad3eU155PL, nad3eU172, 173PL and nad3eU190,
191PL (corresponding to nad3eU44PL, nad3eU61, 62PL and
nad3eU79, 80PL, respectively, in other species) were conserved
in five species, Beta vulgaris, Nelumbo nucifera, O. sativa, Z. mays
and Amborella trichopoda. Interestingly, four of the five corre-
sponding nucleotides in the genomic sequences of three species
(Daucus carota, Physcomitrella patens and Funaria hygrometrica)
were already ‘T’, directly encoding leucine at the corresponding
sites (Fig. S7). Moreover, at least one of the five nucleotides
existed in four species: G. max, N. tabacum, A. thaliana and
B. napus. Conversely, loss of editing events at one of the other
four editing sites occurred in 22 species, which resulted in the
replacement of leucine with proline or serine (Ziziphus jujuba)
with respect to the corresponding amino acids. The results sug-
gested that leucine residues in the mitochondrial NAD3 protein
are conserved at these corresponding editing sites and indicated
that the presence of the nuclear protein PPS1 is essentially consis-
tent with the requirements of RNA editing of the nad3 transcript
in mitochondria.

PPS1 binds directly to nad3 transcripts

Based on the RNA-binding activities of PPR proteins, we pro-
posed that PPS1 binds directly to the nad3 transcript. To confirm
the binding activity of PPS1, the N terminus of PPS1 (residues
1–55) was removed and fused with a glutathione S-transferase
(GST) tag for expression in Escherichia coli. The recombinant
protein (GST-PPS156-919) was analysed by western blotting using
anti-GST antibodies to confirm its purity (Fig. S8a,b). The
recombinant protein was further dialysed to remove contamina-
tion using RNase for REMSAs. Three nad3 RNA probes of 35
nucleotides (from �26 bp upstream to +8 bp downstream of the
nad3-155, 172, and 190 editing sites) were designed according to
a previous study (Toda et al., 2012), which were designated probe
1, probe 2 and probe 3 (Fig. 6a). Probe C (nad5-1580), which
has been reported as a specific target of another rice PPR protein,
MPR25, was used as a negative control (Fig. 6a). GST-PPS156-
919 and the GST tag were incubated with the biotin-labelled
RNA probes. The protein–RNA complex was detected as a
shifted band that migrated more slowly than the free RNA probe
in the native gel; however, no shifted band was observed follow-
ing incubation with GST (Fig. 6b). In addition, no shifted band
was observed when probe C was incubated with GST-PPS156-919

(Fig. 6b). We then performed competitor assays using unlabelled
RNA probes. The binding intensity decreased as the competitor
concentration increased, and the labelled RNA probes were free
to undergo binding in the presence of a competitor at concentra-
tions 10-fold greater than those of the probes (Fig. 6c–e).

To gain an insight into the molecular mechanism of PPS1
RNA binding, we dissected the protein and expressed only the
PPR motifs (from 56 to 717 amino acids) in Escherichia coli
(Fig. S8a,c). The recombinant protein PPS156-717 was next quan-
tified and dialysed for REMSAs. GST-PPS156-717 and GST tag

were incubated with the biotin-labelled RNA probes. The pro-
tein–RNA complex was also detected as a shifted band in the
native gel, but the shifted band was not observed when incubated
with GST (Fig. 6f–i). In addition, the shifted band was not
observed when probe C was incubated with GST-PPS156-717. At
the same time, the binding intensity decreased in the presence of
a competitor at concentrations 10-fold greater than those of the
probes (Fig. 6f–i). Probe C was also used as a competitor to com-
pete with three target RNAs for two recombinant PPS1 proteins.
Data showed no combination between PPS1 and probe C
(Fig. S9).

Moreover, to check whether one probe could displace
another in the binding experiments among these three probes,
we used the three RNA templates reciprocally in competition
assays. The signal of PPS1 and the labelled RNA probe com-
plex was reduced in the presence of another nonlabelled
RNA probe, which indicated that these probes can be bound
by PPS1 (Fig. S10). These data definitively confirmed that
PPS1 can bind directly and specifically to the nad3 transcript
based on the PPR motifs.

Deficient mitochondrial electron transport chain complex
activities

Given that the amino acid of NAD352nd, NAD358th and
NAD364th was converted from proline to leucine in the WT, we
further checked the stability of NAD3 and other mitochondrial
proteins in the pps1-RNAi lines. Surprisingly, the NAD3 signal
was much weaker in pps1-RNAi plants than in the WT, suggest-
ing that defective editing in the pps1-RNAi lines resulted in insta-
bility of the NAD3 protein (Fig. 7a). Furthermore, NAD7,
CytC1, COXII, and ATP-alpha of complex I, complex III, com-
plex IV and complex V, respectively, were also investigated, and
IDH served as an internal control (Fig. 7a). The results showed
that these proteins were also reduced in pps1-RNAi plants, except
for NAD7 and CytC1, indicating decreased activities of these
complexes. Generally, a mature defence mechanism opposing
blockage of the electron transfer chain is to increase in the alter-
native respiratory pathway characterized by AOX. Therefore, we
investigated the accumulation of AOX1/2 in pps1-RNAi plants
(Fig. 7a). The results demonstrated strong induction in the pps1-
RNAi lines, suggesting that the AOX pathway is activated when
mitochondrial electron transport chain (ETC) complexes are
impaired.

To obtain an insight into the underlying mechanism, we
further examined the activities of the ETC complexes. Mito-
chondrial complexes isolated from calli were separated in BN
gels and subjected to staining to detect the activity of com-
plex I, complex IV and complex V. CBB staining showed
that several complexes displayed a distinguishable reduction
in pps1-RNAi plants, including super complex I+III2, and
complex I, IV and V (Fig. 7b). Further assays for the detec-
tion of in-gel enzyme activities also revealed decreases in the
NADH dehydrogenase activity of complex I, the cytochrome
c oxidase activity of complex IV and the ATP synthase
activity of complex V in pps1-RNAi lines (Fig. 7c–e).
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(a) (b)

(c) (d)

(f) (g)

(h) (i)

(e)

Fig. 6 PPS1 possesses RNA-binding activities with its pentatricopeptide repeat (PPR) motifs. (a) Schematic sequences of RNA probes. Edited sites are
indicated and marked in red. Probe C is negative control in this study. (b) RNA electrophoresis mobility shift assays (REMSAs) of GST-PPS156-919 and
glutathione S transferase (GST) tag with various RNA probes. GST tag and probe C were used as negative controls. (c) Nonlabelled probe 1 was used as a
competitor at a range of concentrations for competitive REMSA with recombinant GST-PPS156-919. The GST tag was a negative control. (d) Nonlabelled
probe 2 was used as a competitor at a range of concentrations for competitive REMSA with recombinant GST-PPS156-919. The GST tag was a negative
control. (e) Nonlabelled probe 3 was used as a competitor at a range of concentrations for competitive REMSA with recombinant GST-PPS156-919. The GST
tag was negative control. (f) REMSA of GST-PPS56-717 and GST tag with various RNA probes. GST-tag and probe C were used as negative controls. (g)
Nonlabelled probe 1 was used as a competitor at a range of concentrations for competitive REMSA with recombinant GST-PPS156-717. The GST tag was a
negative control. (h) Nonlabelled probe 2 was used as a competitor at a range of concentrations for competitive REMSA with recombinant GST-PPS156-717.
The GST tag was a negative control. (i) Nonlabelled probe 3 was used as a competitor at a range of concentrations for competitive REMSA with
recombinant GST-PPS156-717. The GST tag was a negative control.
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Furthermore, protein gel blotting with anti-NAD3, anti-
ATP-alpha and anti-COXII antibodies was performed to
investigate the number of corresponding complexes. A similar
tendency to that described as above occurred, suggesting that
reduced enzyme activity is accompanied by deficient mito-
chondrial respiratory complex abundance (Fig. 7f–h).

Furthermore, mitochondria were measured in solution to
quantify the activity of complex I, complex IV and complex
V. The results also showed that the activities of these three
complexes were significantly lower in pps1-RNAi plants than
in the WT (Fig. S11a–c). These results indicated that aber-
rant NAD3 derived from unedited nad3 could be unstable
and cause deficiency of complex I, resulting in a lower elec-
tron delivery efficiency. Therefore, the activities of the mito-
chondrial respiratory complexes are affected by other
unknown retrograde signals.

Altered mitochondrial morphology in pps1-RNAi plants

To determine whether the reduced complex activities observed in
pps1-RNAi also compromise mitochondrial morphology, we
investigated the mitochondrial ultrastructure via TEM. In the
WT, sausage-shaped mitochondria with normal compact cristae
were clearly observed, whereas most of the mitochondria in the
pps1-RNAi lines displayed a spherical morphology (Fig. 8a).
Chloroplast ultrastructure was also assessed in this study. No
obvious structural difference between WT and pps1-RNAi plants
was observed (Fig. 8b). These results suggested that the deficiency
of mitochondrial complex activities may only compromise mito-
chondrial morphology, leading to pleiotropic phenotypes and
pollen sterility in pps1-RNAi plants.

pps1 knockout plants generated using the CRISPR/Cas9 sys-
tem exhibit similar problematic results.

(d) (e) (f) (g) (h)

(a) (b) (c)

Fig. 7 Immunoblot detection of mitochondrial proteins. (a) Coomassie brilliant blue (CBB) staining (left) showing equal loading of the wild-type (WT) and
pps1-RNAi total mitochondrial proteins separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblot
detection of NAD3 and NAD7 of complex I, CytC1 of complex III, COX II of complex IV, Atp-a of complex IV, AOX1/2 with specific antibodies. Isocitrate
dehydrogenase (IDH) used as a mitochondrial reference antibody. (b) CBB staining (left) showing equal loading of the WT and pps1-RNAi total
mitochondrial proteins separated by blue native PAGE (BN-PAGE). Complexes are indicated by arrows. (c) NADH dehydrogenase activity of complex I in
the presence of NADH and nitroblue tetrazolium (NBT). Dihydrolipoamide dehydrogenase (DLDH) is used as a loading control. Positions of the complexes
are indicated by arrows. (d) Succinate dehydrogenase and cytochrome c oxidase activity of complex IV detection with its own substrate, NBT. Positions of
the complexes are indicated by arrows. (e) ATP content determination with ATP and inorganic phosphate Pb(NO3)2. Positions of the complexes are
indicated by arrows. (f) Anti-NAD3 immunoblot to detect complex I by BN-PAGE. (g) Anti-COXII immunoblot to detect complex IV by BN-PAGE. (h) Anti-
Atp-a immunoblot to detect complex V by BN-PAGE.
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To further verify whether the defects were indeed caused by
the PPS1 gene, the CRISPR/Cas9 system was used to generate
pps1 mutants. Two different regions in the first exon of PPS1
were selected (Fig. S12a). No homozygous plants were obtained;
we propose that the pollen sterility may belong to gametophytic
sterility, and the male gametes cannot be transmitted normally.
Two independent heterozygous plants were used for further anal-
ysis; pps1/+ #1, a single-base insertion at target site 1, and pps1/+
#2, a four-base deletion at target site 2 (Fig. S12b). Both plants
exhibited similar pleiotropic phenotypes to the RNAi lines,
including slow growth, dwarfing and delayed development dur-
ing the vegetative stage (Fig. 9a), sterile pollen (Fig. 9b), lower
germination on stigmas (Fig. 9c), and low seed-setting rates
(Fig. 9d). pps1/+ #1 was used for dissecting the morphologic
details of pollen using SEM and TEM. The results showed that
the pollen grains of the WT were completely spheroidal and
plump; the germination pore was clear; and starch granules were
fully accumulated in mature pollen. However, in the pps1 plant,
half of the pollen grains exhibited shrunken features; the germi-
nation pores were difficult to observe; and the number of starch
granules was significantly reduced (Fig. 9e,f).

The editing efficiency at the five editing sites of the nad3 tran-
script was also investigated in both knockout plants. The nad3-
155, nad3-172, nad3-173, nad3-190 and nad3-191 sites were
edited at efficiencies of 73%, 75%, 80%, 79% and 83%, respec-
tively, in the WT, but the editing efficiency decreased to c. 0% in
both knock-out plants, with the exception of a 10% efficiency at
nad3-155 and a 15% efficiency at both nad3-172 and nad3-173
in pps1/+ #2 (Fig. S13).

The activities of the three complexes (I, IV, V) in the ETC
were further validated in the pps1 knockout plants. The data

showed that these complexes (I, I+III2, IV and V) in the pps1
knockout plants displayed distinct reductions (Fig. S14a–d).
Taken together, these data suggest that the defects, including
phenotypes, loss of editing efficiency and the activities of the
three complexes in the ETC, were indeed caused by the loss of
function of PPS1.

Discussion

The conserved leucine is essential for the function of
complex I

Although > 30 edited genes in mitochondria or chloroplasts have
been reported, few reports have focused on the editing factors of
nad3 transcripts. In A. thaliana, MEF22 is involved in the editing
of site 149 of nad3, at which serine is converted to phenylalanine
(Takenaka et al., 2010). SLG1 is associated with a single editing
site, nad3-250, in A. thaliana and controls conversion from CCT
to TCT, resulting in a change from proline to serine (Yuan &
Liu, 2012). PpPPR_56 is involved in RNA editing at the nad3-
230 and nad4-272 sites in moss (Ohtani et al., 2010). Despite
the availability of a few reports on rice PPR proteins, PPS1 is the
first reported editing factor for nad3 in rice.

We recently reported a dual-localized PPR protein, OsPGL1,
that is required for both chloroplast RNA editing of ndhD-878
and mitochondrial RNA editing of ccmFc-543 in rice (Xiao
et al., 2018). Despite the synonymous editing of ccmFc-543,
the loss of ndhD-878 editing causes failure of serine to leucine
conversion. Conversion from proline to leucine is a common
phenomenon in RNA editing (Kim et al., 2009; Liu et al.,
2013; Li et al., 2014; Yap et al., 2015). One interesting finding
regarding these editing sites is that they all contribute to con-
verting proline to leucine, suggesting that the function of
leucine in NAD3 could be evolutionarily conserved in plants.
The highly conserved leucine of NAD3 may also be related to
the structure and function of this protein in plants. Given that
PPS1 shares 80% similarity with GRMZM2G056996
(Z. mays), the coincident editing patterns of nad3 in rice and
maize suggest a conserved function in monocots. These cases
suggest that leucine plays a crucial role in mitochondrial func-
tion and that conversion from proline to leucine is critical for
maintaining the structure or function of NAD3.

The PPR protein family has been recognized as a large family
for almost two decades and it is well known for its essential func-
tions in post-transcriptional processes, including RNA editing,
RNA splicing, RNA cleavage, RNA stability and translation
within mitochondria and chloroplasts (Schmitz-Linneweber &
Small, 2008; Barkan & Small, 2014). In this study, we further
demonstrated that PPS1 is involved in the RNA editing of nad3,
rather than other post-transcriptional processes. The results of
the evaluation of proteins suggested that abnormal NAD3 either
cannot be correctly loaded into complex I or impairs the activity
of complex I when it is loaded, which activates complicated retro-
grade signals in cells. Consequently, the accumulation of NAD3
in pps1 plants is significantly decreased, and other components of
the ETC in mitochondria are also impaired.

(a)

(b)

Fig. 8 Organelle ultrastructure in wild-type (WT) and pps1-RNAi Leaves.
(a) Mitochondrial ultrastructure observation by TEM of mesophyll cells
fromWT (left) and pps1-RNAi (right). Mitochondria are indicated with
arrows. (b) Chloroplast ultrastructure observation by transmission electron
micrographs of mesophyll cells fromWT (left) and pps1-RNAi (right). Bars,
1 lm.
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PPS1 regulates consecutive editing sites of nad3 transcripts

As organellar RNA-editing factors, most PPR proteins are associ-
ated with one site in RNA editing. Few scenarios exist in which
one PPR protein acts on multiple editing sites of the same RNA
transcript simultaneously. Several continuous pairs of RNA-
editing sites have been reported in Arabidopsis. SLO2 is an
RNA-editing factor associated with two continuous sites, mttB-
144 and mttB-145 (Zhu et al., 2012). In the rice ogr1 mutant,
among its seven RNA-editing sites, nad4-401, 416 and 433 are
consecutively distributed in the nad4 transcript (Kim et al.,
2009). Nevertheless, RNA-binding activity between these editing
factors and the cis-elements near the editing sites has not been
detected, and the recognition of these nearby sites and PPRs
remains unclear. In Physcomitrella patens, two RNA-editing sites,
ccmFc-103 and ccmFc-122, are separated by 18 nucleotides. Two
studies have indicated that PpPPR_71 specifically binds to ccmFc
RNA containing the ccmFc-103 editing site and is required for
ccmFc-122 RNA editing (Tasaki et al., 2010). Additionally,
PpPPR_65 was confirmed to be required for RNA editing of
both sites but binds specifically only to the upstream target site,
ccmFc-103 (Schallenberg-Rudinger et al., 2013).

In our study, we solidly confirmed the binding capacity
between all editing sites and recombinant PPS1 proteins, suggest-
ing that RNA editing of five nad3 sites occurs simultaneously.
However, there does not seem to be any biological or phenotypic
significance caused by the five or one RNA-editing sites. We
think consecutive is important to further study, which is signifi-
cant for designed RNA editing on gene therapy. We also specu-
late that the defect of nad3 RNA editing is unlikely to be a
unique reason for the abnormal phenotype. Therefore, the PPR
proteins should have another function to induce the phenotype.
Another interesting finding is that the interval spaces between
nad3-155 and nad3-172,173 and between nad3-172,173 and
nad3-190,191 are both 16 nucleotides. To our knowledge, few
studies have shown that an RNA-editing factor can directly

possess several consecutive RNA-editing sites in a transcript.
PPS1 is required for five consecutive editing sites in nad3, sug-
gesting a complex mechanism of RNA binding and deamination.

Prediction of the modular recognition mechanism of target
nad3 editing sites for PPS1

Recently, some research groups have decoded the recognition
mechanism of the binding of PPR proteins to RNAs (Barkan
et al., 2012; Takenaka et al., 2013; Yagi et al., 2013; Shen et al.,
2016). Bioinformatics and structural analyses have indicated that
three amino acid positions distributed in two adjacent PPR
repeats are of great importance in recognizing the target RNA
base (Takenaka et al., 2013). Position 6 in the first helix motif is
predicted to be more important for distinguishing between puri-
nes (A and G) and pyrimidines (U and C), whereas position 1 in
the second helix motif directly recognizes amino (A and C) or
keto (G and U) groups (Yagi et al., 2013). Position 3 is less
important and imposes an additional constraint on the binding
nucleotides (Takenaka et al., 2013). However, this mode is suit-
able only for P and S motifs and is supported by experimental
determination between a P-subfamily PPR protein and its target
RNA (Yin et al., 2013). Recently, researchers proposed that PPR
proteins generally bind to their target nucleotides from the �4
nucleotide position of the target to the 50 RNA region over up to
as many nucleotides as the number of repeats in the related PPR
protein (Barkan et al., 2012).

To evaluate the matching of PPS1 with its five target sites, we
performed computational prediction based on recent reports.
PPS1 has 19 PPR repeats, and the putative binding nucleotide
sequences could be located in the �22 to �4 region of the
sequence upstream each of the targets sites. Alignment of the tar-
get sites of PPS1 showed that these editing site-containing
regions exhibit comparatively high PPR-nucleotide matches
among the motifs of PPS1. Notably, because two pairs of the five
nad3 editing sites are distributed consecutively, we propose that

(a) (b)

(c)

(e)

(f)(d)

Fig. 9 Phenotypic characterization of the pps1 knockout plants. (a) The two pps1 knockout plants (right) are slightly dwarfed relative to the wild-type
(WT) plant (left) at the heading stage. (b) Comparison of pollen fertility of a WT (left) and two pps1 knockout plants (right) by 1% I2-KI staining. Darkly
stained pollen is fertile and lightly stained pollen is sterile. (c) Comparison of pollen grain germination on stigma between a WT (left) and two knockout
plants (right). (d) Comparison of panicle of a WT (left) and two knockout plants (right) at the harvest stage. Arrowheads indicate the sterile spikelets. (e)
Scanning electron microscopy (SEM) image of pollen grains of a mature WT (left) and pps1 knockout plants (right). Red rectangle shows a higher-
magnification image of a single pollen grain. (f) Transmission electron microscopy (TEM) image of a single mature pollen grain’s inner structure in WT (left)
and pps1 knockout plants (right), Bars: (a) 15 cm; (b) 300 lm; (c) 1mm; (d) 5 cm; (e) 100 lm; (f) 10 lm.
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these five sites may be located in three cis-elements (Fig. 10).
Based on the continuous character of these editing sites, we fur-
ther analysed the matching scores (predicted matches/all
matches) between the PPR motifs and cis-elements near each site.
The results showed that the scores for the nad3-172 and nad3-
190 sites were relatively higher than those for the other three sites
(Fig. S15), suggesting that each site makes a different contribu-
tion to the PPR recognition of the corresponding cis-element,
which also supports the conclusion that the five editing sites may
indeed be distributed in three cis-elements. An artificial PPR scaf-
fold was generated to illustrate a structurally robust and a pro-
grammed recognition mechanism for sequence-specific RNA
binding between 23,916 PPR sequences and the predefined RNA
targets (Coquille et al., 2014). The results suggested that each
PPR motif shows varying nucleotide-binding intensities, even for
the same amino acid combinations at positions 6 and 10, suggest-
ing limitations of the current prediction tool, which weighs all
possible contact sites equally, and further suggesting that combi-
nations between PPR motifs and targeted nucleotides are very
flexible. Very few PPR proteins regulate more than five RNA-
editing sites. Here, PPS1 is reported, for the first time, to possess
five consecutive RNA-editing sites, which further implies the
complex mechanism of RNA recognition, an important area for
future detailed research.
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