REVIEW

ADVANCED
SCIENCE

Open Access,

PPR-SMR Proteins

www.advancedscience.com

The Enigmatic Roles of PPR-SMR Proteins in Plants

Yi Zhang and Congming Lu*

The pentatricopeptide repeat (PPR) protein family, with more than 400 mem-
bers, is one of the largest and most diverse protein families in land plants. A
small subset of PPR proteins contain a C-terminal small MutS-related (SMR)
domain. Although there are relatively few PPR-SMR proteins, they play essen-
tial roles in embryo development, chloroplast biogenesis and gene expres-
sion, and plastid-to-nucleus retrograde signaling. Here, recent advances in
understanding the roles of PPR-SMR proteins and the SMR domain based

on a combination of genetic, biochemical, and physiological analyses are
described. In addition, the potential of the PPR-SMR protein SOT]1 to serve as

a tool for RNA manipulation is highlighted.

1. Introduction

Pentatricopeptide repeat (PPR) proteins are characterized by
tandem helical repeats of a degenerate 31-36 amino acid motif,
with 2-30 repeats per protein."2l The PPR protein family
was discovered through early, incomplete Arabidopsis thaliana
genome analysis for proteins predicted to be targeted to chlo-
roplasts and/or mitochondria.># Although further genome
sequencing analyses revealed that PPR proteins are widespread
in eukaryotes, PPR proteins are notably more abundant in
plants than in other organisms.*>! More than 450 putative PPR
proteins have been identified in Arabidopsis thaliana (Arabi-
dopsis) and 477 in rice (Oryza sativa) whereas only six and
five PPR proteins are predicted in human and yeast, respec-
tively.2>~7] The reason for the striking expansion of the PPR
family in plants remains unclear. The large number of PPR
proteins in plants might be an evolutionary adaption for com-
plex RNA metabolism within chloroplasts and mitochondria.!®!
Most PPR proteins bind RNA in a highly specific manner and
thus play roles in post-transcriptional control, such as RNA
stabilization, RNA cleavage, RNA editing, RNA splicing, and
translation in plant organelles.’*1%

The PPR family is subdivided into two major subfami-
lies, P and PLS, based on motif structure. The P-class sub-
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family members contain one or several
canonical 35-amino-acid PPR (P) motifs.
The PLS-class subfamily members con-
sist of characteristic triplets of P, L, and
S motifs. The L and S motifs are related to
the 35/36 amino-acid and 31 amino-acid
PPR motifs, respectively.>>!1] Occasion-
ally, PLS-class members contain addi-
tional, interspersed S motifs. Almost all
PLS-class members possess C-terminal
E domains following the last PPR motif.l'!]
Approximately half of the PLS-class mem-
bers with E domains contain =136-amino-
acid DYW domains.'>” The E and DYW
domains are involved in RNA editing via a
reaction that deaminates specific cytidines (C) to uridines (U)
in plant organelles.l'>1% Unlike PPR proteins in the PLS-class
subfamily, most P-class PPR proteins do not possess additional
domains. Nevertheless, a few P-class subfamily members con-
tain small MutS-related (SMR) domains following an array of
P-class PPR motifs.”] These P-class PPR proteins with SMR
domains are referred to as PPR-SMR proteins.

PPR-SMR proteins represent a relatively small subset of PPR
family members in plants.['”) For instance, only eight PPR-SMR
proteins have been identified in Arabidopsis. These proteins
contain between 4 and 11 PPR-motif repeats; five of the eight
proteins are predicted to be localized to chloroplasts, with other
three being predicted to be mitochondrial. Bayesian phyloge-
netic analysis demonstrated that orthologs of all Arabidopsis
PPR-SMR proteins are present in the major angiosperms,
including both monocots and dicots.!'’]

Although few in number, PPR-SMR proteins play essential
roles in chloroplast retrograde signaling and biogenesis.'%17:18]
SMR domains in other organisms possess endonucleolytic
activity, suggesting that PPR-SMR proteins could have unique
functions related to the presence of this domain.'*24 Indeed,
we recently found that the PPR motif of the PPR-SMR protein
SOT1 confers RNA sequence specificity while its SMR domain
confers endonucleolytic activity.’]

The evolution, localization, and possible functions of PPR-
SMR proteins in plants have been summarized in a previous
review.l'”] Here, we focus on recent progress in uncovering the
roles of PPR-SMR proteins in general and the SMR domain in
particular, primarily in Arabidopsis and maize. We also discuss
the potential use of SOT1 as a tool for RNA manipulation.

2. Roles of PPR-SMR Proteins in Plants

PPR-SMR protein functions have been studied mainly in Arabi-
dopsis and maize, with only a few studies in rice. The cur-
rent data on PPR-SMR proteins come from a combination of
genetic, biochemical, and physiological analyses. Thus far, there
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are no reports about AT2G17033, AT1G18900, AT1G74850, or
their orthologs. In addition, there is only basic information
on a mitochondrion-localized PPR-SMR protein EMB2217
that is required for embryo development and seed germina-
tion in Arabidopsis.??! Below, we describe recent progress in
determining the functions of four chloroplast-localized PPR-
SMR proteins (pTAC2, GUN1, SVR7/ATP4/OsPPR676, and
SOT1/PPR53).

2.1. pTAC2

In Arabidopsis, the loss of pTAC2 results in pale yellow-green
primary leaves and seedling-lethal phenotype. Chloroplast bio-
genesis and plastid-encoded bacterial-type RNA polymerase
(PEP) dependent transcription are severely impaired in ptac2
mutants.””] In rice, the loss of pTAC2 results in a more
extreme phenotype compared to Arabidopsis; the rice mutant
is albino.l?® Chloroplasts in osptac2 mutants lack thylakoids,
which are replaced by empty vesicles, indicating that chloro-
plast biogenesis is arrested at an early stage of development in
these mutants. PEP-dependent transcription is also defective in
osptac2 mutants.?®! These observations suggest that pTAC2 is
required for PEP function in both Arabidopsis and rice. Thus,
it appears that the function of pTAC2 is conserved in monocots
and dicots.

2.2. GUN1

Chloroplast development and function relies on the coordinated
expression of genes in both chloroplast and nuclear genomes
by anterograde and retrograde signals. It is widely thought that
retrograde signaling is of fundamental importance, in par-
ticular during chloroplast biogenesis and under various con-
ditions where chloroplasts are stressed.?%-% The first genetic
screen for mutants defective in plastid-to-nucleus retrograde
signaling resulted in the discovery of six GENOMES UNCOU-
PLED (GUN) loci.l’”) The gun mutants are characterized by their
capacity to express photosynthesis-associated nuclear genes
(PhANGS) after exposure to norflurazon (NF), an inhibitor of
carotenoid biosynthesis, while NF efficiently blocks expression
of PhANGs in wild-type plants. GUN2 to GUNG are enzymes
involved in tetrapyrrole biosynthesis, representing one of the
retrograde signaling pathways.?¥#2 By contrast, GUN1 is a
chloroplast-localized PPR-SMR protein and has not been impli-
cated in tetrapyrrole biosynthesis.¥l GUN1 plays an important
role in multiple stress-related retrograde signaling pathways,
including those related to tetrapyrrole biosynthesis, plastid
gene expression, and the redox state of the photosynthetic elec-
tron transport chain.*¥l Recently, it was clarified that GUN1
also plays a role in chloroplast development since gunl mutants
show a hypersensitive phenotype to NF and lincomycin (Linc,
a chloroplast-specific protein synthesis inhibitor).***! Thus,
GUNT1 plays a role in both early chloroplast development and
retrograde signaling.

Interestingly, the GUNT1 protein is present at very low levels
and hardly detectable by proteomic approaches, while other
PPR-SMR proteins are particularly abundant compared with
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most PPR proteins.l'”] It was found recently that GUNT is rap-
idly turned over when chloroplast biogenesis has been com-
pleted, providing a possible explanation for its low abundance.
GUNT1 accumulates at high levels only during very early chlo-
roplast development and under stress conditions that involve
retrograde signaling such as NF and Linc treatments,[*! further
defining the role of GUN1 in both chloroplast biogenesis and
retrograde signaling. The lack of visible phenotypes of mature
gunl mutant plants under normal growth conditions suggests
that GUN1 is maintained at very low levels under unstressed
conditions when its function may be not required./*>4¢l

Although there are numerous studies about GUNT1, its exact
biochemical mechanism and its precise role in retrograde
signaling remain unknown.*¥ For further information about
GUN1 and plastid retrograde signaling, we direct readers to
recent detailed reviews.31:33:35:3642]

2.3. SVR7/ATP4/OsPPR676
SVR7 is a PPR-SMR protein localized to chloroplasts, and its

functions have been revealed by characterizing mutants. The
svr7 (suppressor of variegation7) mutant was initially isolated in
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Figure 1. Proposed models for the possible roles of SVR7 in Arabidopsis and its maize ortholog, ATP4. a) SVR7 is directly or indirectly involved in
chloroplast rRNA processing. b) SVR7 and/or ATP4 enhance translational efficiency in atpB/E (SVR7/ATP4), rbcL (SVR7), and atpA (ATP4). c) SVR7
and/or ATP4 enhance the stabilization of rpl16-rpl14 dicistronic RNA (SVR7/ATP4, cooperating with PGR3), psa/ transcripts (ATP4, cooperating with
PPR10), and atpF transcripts (ATP4) by blocking the invasion of 3" to 5 exonucleases. See related text for details.

an ethyl methanesulfonate mutagenesis screen as a suppressor
of var2 variegation.[*’! The mutation of VAR2 (also designated
FtsH2), encoding a chloroplast thylakoid membrane-localized
metalloprotease, alters the developmental patterns of leaves,
leading to the production of variegated true leaves with obvious
green and yellow (or white) sectors.**8 The svr7 allele is reces-
sive epistatic to var2, as the phenotype of the svr7 var2 double
mutant resembles that of the svr7 single mutant; both display
pale-green leaves lacking white sectors.[*/=

Intriguingly, an unexpected functional versatility of SVR7
has been described. The loss of SVR7 results in significantly
increased levels of the 23S rRNA precursor and significantly
reduced levels of mature 23S rRNA. In addition, the 16S rRNA
precursor and the 23S—4.5S rRNA dicistronic precursor accu-
mulate in svr7 mutants. These results suggest that SVR7 plays
a role in chloroplast rRNA processing (Figure 1a).*”] SVR7 also
increases the association of ribosomes with atpB/E and rbcL
mRNAs, suggesting that it acts as a translational activator for
these genes (Figure 1b).°!l Moreover, the major dicistronic
spliced rpl16-rpl14 transcripts are absent in svr7 and pgr3
mutants, and the transcript patterns of svr7 and pgr3 mutants
are similar, suggesting that SVR7 may cooperate closely with
PGR3 to stabilize rpl16-rpl14 dicistronic RNA (Figure 1c).’%
Although the architecture of SVR7 resembles that of GUNI,
svr7 did not display the “genome uncoupled” phenotype upon
treatment with NF, indicating that SVR7 is not involved in the
NF-generated retrograde signaling pathway.>!l

Most suppressors of var2 identified to date show defects in
chloroplast rRNA processing, translational machinery compo-
nents, or related processes.l”®l Therefore, it is likely that the sup-
pression of var2 variegation caused by SVR7 mutation is related
to the modest perturbation of chloroplast rRNA processing.[*’]

ATP4 is the ortholog of SVR7 in maize. The loss of SVR7
leads to the production of pale-green seedlings. Although the
svr7 mutant is smaller than the wild type, it can complete its
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lifecycle.*’l However, the loss of ATP4 results in visible chlo-
rosis and a seedling-lethal phenotype in maize.’* ATP4 plays
diverse roles in post-transcriptional control (Figure 1). Like
SVR7, ATP4 promotes translational efficiency by strength-
ening the association of mRNA with ribosomes, specifically
by binding to the 5" ends of dicistronic atpB/E mRNA. ATP4
might also cooperate with PGR3 to stabilize rpl16-rpl14 dicis-
tronic RNA at its 3’ ends, mostly likely by blocking 3" to 5
degradation.’525%5] Maize atp4 mutants have slightly higher
levels of rRNA precursors than the wild type, which is likely
a secondary effect’* Unlike SVR7, ATP4 promotes the trans-
lation efficiency of atpA. Also, ATP4, together with PPR10, is
required to stabilize the 3-end downstream of psaJ from exo-
nuclease invasion. In addition, ATP4 is required to stabilize the
3’-end downstream of atpF mRNA by blocking its degradation
by 3’ to 5’ exonucleases.>>*° Therefore, it appears that ATP4
has functionally diverged from SVR7 (Figure 1).

OsPPR676, the rice ortholog of SVR7 and ATP4, has also
been characterized.’”) The loss of OsPPR676 results in plants
with slightly pale-green leaves and significantly retarded
growth. Like SVR7 and ATP4, OsPPR676 also promotes the
translation of atpB in chloroplasts. Interestingly, however,
approximately half of the pollen grains are sterile and shrunken
in osppr676 compared to the wild type. OsPPR676 interacts
with Osj10gBTF3, the B-subunit of the nascent polypeptide-
associated complex, which is crucial for pollen development.l>l
This finding suggests that OsPPR676 plays an important role
in pollen development,’”) indicating that a novel function for
this protein has evolved in rice.

2.4. SOT1/PPR53

The roles of SOT1, a chloroplast-localized PPR-SMR protein,
have been well examined by genetic studies. The sot1 (suppressor
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of thfl) mutant was initially identified as a suppressor of the
variegated leaf phenotype of the Arabidopsis thfl (thylakoid
formation 1) mutant.’%! The loss of SOT1 results in smaller
plants with pale-green cotyledons compared to wild-type Arabi-
dopsis. The sot1 thfl double mutant does not display variegated
leaves with white sectors, instead having a phenotype similar
to that of the sot1 single mutant. Interestingly, the sot1 mutant
also suppresses the leaf variegation phenotype of var2. In addi-
tion, the svr7 mutant recovers the variegated leaves of thf1 and
var2 to a more normal-like pattern resembling those of wild-
type plants.®! These genetic studies suggest that sot1 and svr7
share similar molecular mechanisms to control leaf variega-
tion. It should be noted that the sot1 mutant cannot rescue the
expression of PhANGs in plants treated with NF, indicating
that like SVR7, SOT1 is not involved in the NF-generated retro-
grade signaling pathway.

The loss of SOT1 results in increased levels of the
23S-4.5S rRNA precursor and considerably reduced levels
of mature 23S and 4.5S rRNA,?>! indicating that SOT1 is
essential for the maturation of 23S and 4.5S rRNA. Since
SOT1 binds to the 5" region of the 23S-4.5S rRNA pre-
cursor via its PPR domain, Wu et al. suggested that SOT1
protects the 23S—4.5S rRNA precursor via a barrier mecha-
nism similar to that described for some PPR proteins lacking
SMR domains and thus facilitates the maturation of 23S
and 4.5S rRNA.®Y To investigate whether the PPR domain
of SOT1 is fully responsible for the maturation of 23S and
4.5S rRNA, we complemented the sot1 mutants with a con-
struct expressing the PPR domain of SOT1 alone.l? The 3.2-
knt 23S-4.5S rRNA precursor was recovered in transgenic
plants (sot1-3/355:SOT1,,-HA), unlike in the sot1-3 mutant,
confirming that the PPR motifs of SOT1 indeed play a role
in protecting the 235-4.5S rRNA precursor.l®!] However, the
levels of mature 23S and 4.5S rRNA in transgenic plants
were only partially recovered as compared to those in wild-
type plants, indicating that the SMR domain of SOT1 plays a
role in the maturation of 23S and 4.5S rRNA.

Indeed, we found that the SMR domain of SOT1 has endo-
nuclease activity and cleaves the 23S—4.5S rRNA precursor
position —38 relative to the 5’ end of mature 23S rRNA in
vitro. The cleavage at the —38 site was detected in vivo, as the
~35 nt small RNA corresponds exactly to the 5° RNA fragment
expected from cleavage at the —38 site.’!] Tt should be noted
that the cleavage site is =20 nt 3’ of the SOT1 binding site.[*’]
That is a very large gap that exceeds the diameter of the SMR
domain of SOT1, suggesting that some form of RNA structure
is needed to bring the cleavage site within the reach of the SMR
domain. The sequence around the cleavage site might be con-
strained to generate an RNA structure that could be cleavable
by the SMR domain of SOT1. It should also be noted that a
stable 3.2-knt 23S—4.5S rRNA precursor with no cleavage at the
-38 site occurs in wild-type plants.?>!] How does SOT1 bind
to this precursor to protect it from 5—3’ exonucleolytic deg-
radation but without cleaving it? As discussed above, cleavage
at the —38 site appears to conditional and requires the forma-
tion of some form of RNA structure around the cleavage site. It
is likely that this RNA structure is not generated immediately
once SOT1 binds to 5" end of 23S—4.5S rRNA precursor, thus
resulting in a stable 3.2-knt 23S—4.5S rRNA precursor.
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Mini-ribonuclease III cleaves the 23S-4.5S precursor to
simultaneously produce the mature 5 end of 23S and the 3’
end of 4.5S.1%1 The site cleaved by the SMR domain by SOT1
is located =40 nucleotides upstream of the mini-ribonuclease
IIT cleavage site. Thus, we compared to the 5" end of 23S rRNA
and the 3’ end of 4.5S rRNA in sot1 mutants versus mini-rib-
onuclease IIT mutant rnc3/4. Mini-ribonuclease III processing
was disturbed in the sotl mutants.””) However, mini-ribo-
nuclease III cleavage may occur without prior cleavage at the
—38 site in sot1-1 (a point mutation within the SMR domain of
SOT1)..%1 These results suggest that endonucleolytic cleavage
performed by the SMR domain of SOT1 helps facilitate the pro-
cessing by mini-ribonuclease III during the maturation of 23S
and 4.5S rRNA.

Based on the current knowledge of SOT1, we propose a
working model for the role of SOT1 during the maturation of
23S and 4.5S rRNA (Figure 2).

PPR53, the maize ortholog of SOT1, has also been character-
ized.[%] The loss of PPR53 results in a chlorotic and seedling-
lethal phenotype. The ppr53 mutants show strong defects in
the maturation of 23S and 4.5S rRNA. PPR53 binds with high
affinity and specificity to the 5 region of 23S rRNA. These find-
ings suggest that PPR53 protects the 5 region of 23S rRNA
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5'to 3' ‘ ‘\‘ S Aﬁ
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Figure 2. Proposed model for the role of SOT1 in chloroplast 235-4.5S
rRNA maturation in Arabidopsis. When SOT1 is present, it binds to the
5’ region of the chloroplast 235—-4.5S rRNA precursor via the PPR motifs
to block 5" to 3” exonuclease invasion. The SMR domain of SOT1 cleaves
the 235-4.5S rRNA precursor at the —38 site. This cleavage appears to
conditional and requires the formation of some form of RNA structure
around the cleavage site. SOT1 helps facilitate the processing by mini-
ribonuclease Il (Mini-111) during the maturation of 23S and 4.5S rRNA. It
appears that SOT1 binding is crucial to maturation of 23S and 4.5S rRNA.
When SOTT1 is missing, 5" to 3’ exonuclease invades the 23S rRNA and
the cleavage at the —38 site does not occur, which results in a defect in
maturation of 23S and 4.5S rRNA.
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and promotes the maturation of 23S and 4.5S rRNA. Moreover,
there was strong decrease in the expression of ndhA and the
translational efficiency of residual ndhA mRNA in the mutants.
However, PPR53 does not directly bind to the 5" region of ndhA
mRNA with high affinity. The authors conclude that PPR53
plays important roles in stabilizing RNA and enhancing trans-
lation at the ndhA locus, probably via the participation of other
unknown factors.[®’]

3. Roles of the SMR Domain

3.1. Roles of the SMR Domain in Nonplant Species

Although the SMR domain was originally described as a C-ter-
minal domain of the MutS2 protein in the cyanobacterium Syne-
chocystis, [ proteins containing the SMR domain are ubiquitous
in prokaryotic and eukaryotic species.?>% However, the biolog-
ical functions of the SMR domain in nonplant species remain
largely unknown. To date, studies of SMR domain-containing
proteins have mainly focused on their specific role as endonucle-
ases. The SMR domain of human BCL-3-binding protein (B3BP)
was first shown to have DNA endonuclease activity in 2003.11%!
The SMR domain of B3BP was also shown to have DNA-binding
activity.2l DNA endonuclease activity and DNA-binding activity
were also confirmed for the SMR domain of MutS2 in Thermus
thermophilus and the “stand-alone” SMR domain-containing
protein, Ydal, in Escherichia coli.?®?Y The DNA endonuclease
activity of the SMR domain of MutS2 allows it to cleave branched
DNA to suppress homologous DNA recombination.?*¢>%% The
Leishmania donovani RNA cycling sequence-binding protein
(LACSBP), containing a CCCH Zn-finger RNA-binding domain
and an SMR domain, has RNA endonuclease activity, but the
full-length protein shows only sequence-specific RNA cleavage
activity.??l Notably, the SMR domain of LdCSBP alone exhibits
DNA and RNA endonuclease activity. Whether the SMR domain
for other SMR-containing proteins has both DNA and RNA
endonuclease activity requires further study.

3.2. Roles of the SMR Domain in PPR-SMR Proteins in Plants

The roles of the SMR domain in plant PPR-SMR proteins have
not yet been extensively investigated. The only known role of
the SMR domain in plants was uncovered from the characteri-
zation of SOTT1 in our laboratory.?>] Like the SMR domain of
LdCSBP, the SMR domain of SOT1 alone exhibits both DNA
and RNA endonuclease activity. The SMR domain of SOT1
contains two conserved motifs, LDXH and TGXG.['"l We found
that the TGXG motif is critical for RNA but not DNA cleavage,
suggesting that this motif is responsible for the RNA endonu-
clease activity of SOT1. Indeed, genetic analysis confirmed that
this amino acid plays an important role in the maturation of
23S and 4.5S rRNA. By contrast, the LDXH motif is respon-
sible for DNA endonuclease activity, and the second and fourth
amino acids within the LDXH motif are critical for DNA endo-
nuclease activity.l?’!

Since the SMR domain of SOT1 has both DNA and RNA
endonuclease activity, we investigated whether full-length SOT1
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Table 1. LDXH and TGXG motifs of the SMR domain in PPR-SMR pro-
teins in Arabidopsis and other organisms.['/]

Accession number/name LDXH motif (DNA

endonuclease activity)

TGXG motif (RNA endo-
nuclease activity)

AT5G46580/SOT12) bLDVR TGTG
AT2G31400/GUN1 LDLH TGWG
AT1G74850/pTAC2 VDVH SVRG
AT4G16390/SVR7 LHLK TGHG
AT2G17033 LDLH SGSG
AT1G79490/EMB2217 LDVR TGPT
AT1G74750 INLH TGWG
AT1G18900 INLH TGWG
Hs_B3BPY LDLH TGRG
Ld_CSBPY LDLH TGQG

IThe LDXH and TGXG motifs in the SMR domain of SOT1 confer DNA and RNA
endonuclease activity, respectively®’]; P)the conserved residues in LDLH and TGXG
motifs are highlighted with underlines; 9 Leishmania donovani cycling sequence
binding protein; ¥ Homo sapiens BCL3 binding protein.

exhibits both activities. Full-length SOT1 did not cleave plasmid
DNA or Arabidopsis total TRNA. However, SOT1 specifically
binds to the 5" region of the 235—4.5S rRNA precursor, and we
found that full-length SOT1 cleaves the rRNA precursor near
position —40 relative to the 5" end of mature 23S rRNA. Thus,
we conclude that full-length SOT1 acts as a sequence-specific
RNA endonuclease in vivo, where the PPR domain confers
RNA sequence specificity and the SMR domain confers RNA
endonuclease activity.[*’]

It is currently unknown whether the SMR domains of
other PPR-SMR proteins have DNA and/or RNA endonu-
clease activity. The SMR domain in plants contains two motifs,
LDXH and TGXG. Based on the conservation of the LDXH
and TGXG motifs (Table 1), together with the biochemical
characteristics of the LDXH and TGXG motifs as revealed by
SOT1,*! we could predict whether the SMR domains of other
PPR-SMR proteins have endonuclease activity (Table 2). These
predictions would provide insights into the molecular mecha-
nisms of PPR-SMR proteins but require rigorous experimental
verification.

4, Possible Mechanism of PPR-SMR Proteins

During the last several years, one of the major advances in
understanding the function of PPR-SMR proteins is the eluci-
dation of the role of the SMR domain of SOT1.?’l The char-
acteristics of the SMR domain of SOT1, together with genetic
studies about the PPR-SMR proteins, provide an opportunity to
discuss the possible biochemical or molecular mechanism of
pTAC2, GUN1, and SVR7.

4.1. pTAC2

PTAC2 is required for PEP function. However, the role of
pTAC2 in maintaining PEP activity remains unknown. pTAC2

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Prediction of the DNA/RNA endonuclease activity of the SMR
domain in various PPR-SMR proteins in Arabidopsis.

Accession number/name DNA endonuclease RNA endonuclease

activity activity

AT5G46580/SOT12) Vb x/
AT2G31400/GUN1 V V
AT1G74850/pTAC2 ) ?
AT4G16390/SVR7 ? V
AT2G17033 y ?
AT1G79490/EMB2217 y ?
AT1G74750 > V
AT1G18900 >

4The DNA/RNA endonuclease activity of the SMR domain has been confirmed
experimentally?); D\" represents that the SMR domain of a PPR-SMR protein could
be predicted to possess endonuclease activity; 9*?’ means that it is difficult to pre-
dict whether the SMR domain of a PPR-SMR protein possess endonuclease activity.

was originally identified as a component of plastid transcrip-
tionally active chromosomes (pTACs) from Arabidopsis and
white mustard (Sinapis alba).”’] In white mustard, pTAC2 is
also a key subunit in the PEP complex.[®”) In addition, the maize
ortholog of pTAC2 is enriched in nucleoids.®*"! Thus, it is pos-
sible that pTAC2 forms part of a transcriptionally active complex
that is required for the expression of PEP-transcribed genes.’!
As discussed above, it is difficult to predict whether the SMR
domain of pTAC2 has endonuclease activity (Table 2). Since
PEP requires plastid translation for synthesis of its subunits,
alternatively it is likely that pTAC2 has a role in the biogenesis
of the translation machinery, in particular in rRNA processing.

4.2. GUNI1

Due to the central role of GUN1 in retrograde signaling, many
efforts have been invested in elucidating its molecular mecha-
nism.*672-75] However, its biochemical mechanism and role
in retrograde signaling remain enigmatic. A major problem is
that gun1 mutants show no visible phenotype that distinguishes
them from wild-type plants under normal growth conditions
and thus are difficult to study. Furthermore, it has proven dif-
ficult to obtain an antibody that works for native GUN1, despite
multiple attempts.*! GUN1 is also present very low abun-
dance due to its rapid degradation under normal growth con-
ditions.*®l These problems have hampered the identification
of GUNT’s targets and the discovery of its precise molecular
mechanism.[*>74

To gain insight into the molecular mechanism of GUN1, pro-
teomic approach has been employed to identify its interacting
proteins using overexpressed GUNI-GFP transgenic plants.
The large number of GUN1-interacting proteins identified this
way represents a wide range of functions involved in ribosome
biogenesis, tetrapyrrole biosynthesis, protein import, and pro-
tein homeostasis.”1 However, the overexpression of GUNI-
GFP is prone to lead to the identification of false interacting
proteins.”® Given the wide diversity of proteins identified, the
proteomic attempts have so far provided few clues about the
true functions of GUN1.B¢
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What might be the precise role of GUN1 in chloroplast bio-
genesis and retrograde signaling? The impaired repression of
PhANGS in gun1 mutants occurs when the seedlings are treated
with plastid translational inhibitors such as Linc or rifampicin,
suggesting that GUN1 is required for retrograde signaling via
plastid gene expression.l3437778 In general, PPR proteins bind
RNA and are involved in RNA metabolism and thus in plastid
gene expression.’”] Therefore, one obvious target for GUN1
might be the plastid-transcribed RNA. Recently, genetic studies
have shown that both the PPR motifs and the SMR domain are
required for GUN1 function in retrograde signaling.*® The
point mutation within the SMR domain in gunl-11 results in
a typical gun phenotype, which also strongly implies that the
SMR domain of GUNL is involved in retrograde signaling.*’]
Moreover, the GUN1 SMR domain is predicted to possess RNA
endonuclease activity (Table 2). The biochemical characteristics
of the PPR motifs and the SMR domain of GUN1 indicate that
GUNT1 could be a sequence-specific RNA endonuclease. Thus,
we tentatively speculate that GUN1 has a role in plastid RNA
metabolism. Future endeavors should aim to identify RNA tar-
gets of GUNT1.

4.3. SVR7

SVR7 is suggested to play a role in chloroplast 23S rRNA
processing.[*’] There are two known cleavage sites inside 23S
rRNA precursor to generate mature 23S rRNA transcripts (0.5,
1.1, and 1.3-knt 23S rRNA transcripts). The first cleavage site
generates mature 0.5-knt transcripts. The second cleavage site
produces 1.3 and 1.1-knt mature transcripts, as well as 1.8-kb
23S rRNA precursor. Compared with those in wild-type plants,
the levels of the 2.9 and 2.4-knt 23S rRNA precursors are sig-
nificantly increased while those of the 1.8, 1.3, and 1.1-knt 23S
rRNA transcripts are significantly decreased in the svr7 mutant.
Interestingly, there is no obvious change in the level of the 0.5-
knt 23S rRNA transcripts in the svr7 mutant.*’l This suggests
that there is a processing defect in the second cleavage site.
Given that the SVR7 SMR domain may confer RNA endonu-
clease activity (Table 2), we deduce that SVR7 is involved in the
processing of mature 1.3 and 1.1-kb 23S rRNAs by acting as an
RNA endonuclease.

5. SOT1 Represents a Promising Tool for RNA
Manipulation

DNA restriction enzymes were discovered =40 years ago and
were subsequently developed as a set of tools for DNA manip-
ulation. Considering the critical roles of RNAs, tools for RNA
manipulation would be an attractive target for development.
RNA manipulation has several advantages compared to DNA
manipulation: (1) it does not result in permanent changes to
the genomel”?; (2) it can be used as an RNA silencing tool to
complement RNAi, which is sometimes ineffective in certain
organisms(®’; (3) it can be used as an RNA silencing tool for
organelle genes, since RNAi machinery is not present in orga-
nelles such as chloroplasts and mitochondria and CRISPR/
Cas9 is thought to be ineffective for these organelles due to the
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difficultly in importing guide RNAs into organelles.®%8! Thus,
huge efforts have focused on identifying sequence-specific
RNA endonucleases.

To date, many RNA binding proteins have been shown to
recognize RNA sequences and/or structures via their modular
structures, such as zinc finger, K homology, and Pumilio/FBF
homology (PUF) proteins.®? Among these RNA binding pro-
teins, the classic PUF protein contains eight PUF repeats that
recognize eight consecutive RNA nucleotides using an elegant
one-repeat:one-nucleotide binding mode.3l Moreover, the RNA
specificity of the PUF domain has been well documented.®+-50
Thus, PUF proteins represent candidates for engineering RNA
endonucleases that recognize RNA in a highly sequence-spe-
cific manner. Indeed, an engineered PUF motif with the ability
to perform programmable RNA recognition has been devel-
oped. More importantly, the PUF domain fused with the PIN
domain of SMG6, a general RNA cleavage domain, has been
successfully engineered as an artificial sequence-specific RNA
endonuclease that can specifically recognize and cleave its RNA
target.[8)

Like PUF proteins, canonical PPR proteins also possess a
modular configuration and can specifically recognize RNAs in
an intrinsic sequence-specific manner.®”# The 2nd, 5th, and
35th residues at each PPR motif are considered to be RNA
selection “codes.”®8% Based on these codes, two groups have
made advances in artificially engineering PPR proteins that
are optimized to specifically recognize their predicted RNA
targets.[?*2 Recently, it has been demonstrated that the modi-
fied RPF2 (a mitochondrial PPR protein) binds a new target
located within the coding sequence of nad6 and specifically
induces cleavage of nad6 RNA, almost eliminating expression
of the Nad6 protein in Arabidopsis.®l This represents the first
example of a targeted block in expression of a specific mitochon-
drial transcript by a custom-designed RNA-binding protein.
Therefore, it is likely that PPR proteins could be engineered
into custom RNA-binding proteins with high specificity. On the
other hand, a synthetically designed ribozyme led to directed
knockdown of matR expression, suggesting that ribozymes
could also be used as a tool for RNA manipulation.[+%

It is currently unknown whether a PPR protein when fused
with an RNA endonuclease domain can be engineered as an
artificial sequence-specific RNA endonuclease that specifically
recognizes and cleaves its RNA target. As discussed above, PPR
proteins have the capacity for sequence-specific RNA binding.
If the SMR domain of PPR-SMR proteins is confirmed to
have nuclease activity, these proteins would represent natural
sequence-specific RNA endonucleases. Indeed, we recently con-
firmed that the SMR domain of the PPR-SMR protein SOT1
has RNA endonuclease activity.?’) We also demonstrated that
SOT1 serves as a sequence-specific RNA endonuclease. More-
over, we successfully engineered SOT1 to recognize and cleave
RNA with customizable sequence specificity. Therefore, SOT1
might serve as an exciting tool for RNA manipulation.?!

Chloroplast transformation is especially easy in Chla-
mydomonas and is feasible in other plants with practical appli-
cations. To date, chloroplast transformation has been achieved
in some plant species including tobacco, Arabidopsis, solana-
ceous species, lettuce, and poplar.*¢-1%U However, extending the
species range of the chloroplast transformation technology has
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proven extremely difficult, in particular for major agricultural
crops.190192] Mitochondrial transformation has been realized
only in the budding yeast Saccharomyces cerevisiae and Chla-
mydomonas reinhardtii and is very difficult in most organisms
(including plants) since there is lack of viable transforma-
tion approaches.’>1%] In addition, the function of many open
reading frames in chloroplast and mitochondrial genomes
in major agricultural crops, such as rice and maize, remains
unknown. Although SOT1 is a chloroplast-localized protein,
it can also be targeted to mitochondria by replacing its signal
peptide with a mitochondrial signal peptide. Thus, SOT1 rep-
resents a potential tool for use in gene knockdown experi-
ments for both chloroplasts and mitochondria. Crops are often
attacked by various RNA viruses. In an applied context, it is
possible that SOT1 could be used as an RNA manipulation tool
to help defend against RNA viruses in crops.

To better use SOT1 as an RNA manipulation tool, we need
engineer an analogous, artificial PPR-SMR system that recog-
nizes targeted RNA with high specificity and cleaves it with
high efficiency. Based on modular design principles, an artifi-
cial PPR-SMR system should be possible to construct by com-
bining the PPR domain and the SMR domain.

Indeed, an artificial PPR domain that can effectively recog-
nize targeted RNA has already been successfully designed.*-%2
35-amino-acid PPR repeat scaffolds could be constructed that
can specifically bind to RNA bases A, U, C, and G. Recently,
numerous PPR codes have been deciphered recently, which
facilitates the design of PPR repeat scaffolds to recognize
degenerate bases.'™ Also, an effective, convenient method
for custom assembly of designer PPRs has been provided.['*
Thus, constructing an artificial PPR domain that can effec-
tively recognize targeted RNA should be realized easily and
conveniently.

Identifying an SMR domain with high RNA endonuclease
activity is also critical for designing an artificial PPR-SMR
system. Several questions remain to be addressed. First, we
need to identify an SMR domain with high RNA endonuclease
activity by screening the SMR domains in various organisms.
Second, elucidating the detailed catalytic mechanism of the
SMR domain will be invaluable for optimizing the RNA endo-
nuclease activity of the SMR domain. Finally, we need to inves-
tigate whether the SMR domain displays bias for its substrate
elements, such as RNA structure and base preference. If so,
these elements must be identified.

6. Conclusions and Outlook

PPR-SMR proteins comprise only a small subset of the PPR
family. Increasing evidence indicates that PPR-SMR proteins
have crucial and diverse functions, primarily involving orga-
nelle gene expression. There is currently a lack of information
about the functions of three of the eight PPR-SMR proteins
in Arabidopsis (AT2G17033, AT1G18900, and AT1G74850).
Although functions of several PPR-SMR proteins, such as ATP4
and SOT1, have been characterized, we still lack information
about the specific mechanisms of PPR-SMR proteins. Critical
future directions for the study of PPR-SMRs in plant organelles
include efforts to (1) investigate how PPR-SMRs are involved
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in organellar gene expression and their underlying effects on
transcription, RNA metabolism, and translation; (2) verify
the endonuclease activity of the SMR domain and reveal its
catalytic mechanism; and (3) develop SOT1 as a tool for RNA
manipulation in the application of organellar biology and RNA
viral defense in crops.
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