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ABSTRACT

The mitochondrial transcription termination factor
(mTERF) proteins are nucleic acid binding proteins
characterized by degenerate helical repeats of �30
amino acids. Metazoan genomes encode a small
family of mTERF proteins whose members influence
mitochondrial gene expression and DNA replication.
The mTERF family in higher plants consists of
roughly 30 members, which localize to mitochondria
or chloroplasts. Effects of several mTERF proteins
on plant development and physiology have been
described, but molecular functions of mTERF
proteins in plants are unknown. We show that a
maize mTERF protein, Zm-mTERF4, promotes the
splicing of group II introns in chloroplasts.
Zm-mTERF4 coimmunoprecipitates with many
chloroplast introns and the splicing of some of
these introns is disrupted even in hypomorphic
Zm-mterf4 mutants. Furthermore, Zm-mTERF4 is
found in high molecular weight complexes that
include known chloroplast splicing factors. The
splicing of two transfer RNAs (trnI-GAU and
trnA-UGC) and one ribosomal protein messenger
RNA (rpl2) is particularly sensitive to the loss of
Zm-mTERF4, accounting for the loss of plastid ribo-
somes in Zm-mTERF4 mutants. These findings
extend the known functional repertoire of the
mTERF family to include group II intron splicing
and suggest that a conserved role in chloroplast
RNA splicing underlies the physiological defects
described for mutations in BSM/Rugosa2, the
Zm-mTERF4 ortholog in Arabidopsis.

INTRODUCTION

Mitochondria and chloroplasts originated from free-living
bacteria and have retained small genomes that primarily
encode subunits of their energy-transducing membranes

and gene expression machineries. Mechanisms of gene ex-
pression in plant organelles combine features acquired
from their prokaryotic ancestors with novel features that
evolved in their eukaryotic host (1–4). Distinctive features
of gene expression in plant organelles include RNA editing,
the protein-dependent splicing of group II introns and
the processing of messenger RNAs (mRNAs) from longer
precursors. The expression and regulation of organellar
genes require the participation of hundreds of nuclear-
encoded proteins, most of which are unrelated to bacterial
proteins or to proteins that act in the nuclear–cytosolic
compartment. These features are exemplified by the
pentatricopeptide repeat (PPR) family, an unusual family
of RNA binding proteins characterized by degenerate
helical repeats of �35 amino acids (5). PPR proteins bind
to specific RNA sequences via a modular 1 repeat-1-nucleo-
tide mechanism (6,7) and participate in various aspects of
organelle gene expression that were acquired post-endo-
symbiosis (8).
The mTERF (mitochondrial transcription termination

factor) protein family shares several key features with the
PPR family. The mTERF proteins are likewise defined by
tandem degenerate helical repeats, although mTERF
repeats have only �31 amino acids and form three
helices instead of two (9,10). Like PPR proteins,
mTERF proteins are found only in eucaryotes and
almost all are predicted to localize to mitochondria or
chloroplasts. In animals, the mTERF family contains
three or four members, and these influence mitochondrial
transcription, ribosome biogenesis and DNA replication
[reviewed in (11)]. By contrast, the genomes of higher
plants encode �30 mTERF proteins [reviewed in (12)].
Defects in development or stress responses have been
linked to mutations in five mTERF genes in Arabidopsis,
but little information is available concerning the direct
molecular functions of the proteins encoded by these
genes.
We describe here molecular functions of Zm-mTERF4

(GRMZM2G029933), the maize ortholog of an Arabidopsis
protein known variously as BSM, RUGOSA2 (RUG2)
or mTERF4 (12–14). We show that Zm-mTERF4 is
required for the accumulation of plastid ribosomes and
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for the splicing of several group II introns in chloroplasts.
Zm-mTERF4 is found in large complexes in the chloroplast
stroma that include intron RNAs and known chloroplast
splicing factors, providing strong evidence for a direct role
in splicing. Zm-mTERF4 is required for the splicing of
several RNAs that are necessary for plastid translation;
the failure to splice these introns can account for the loss
of plastid ribosomes in Zm-mTERF4 mutants. We suggest
that a conserved role in plastid RNA splicing is likely to
underlie the developmental and physiological defects
described for mutations in Arabidopsis BSM/RUG2.

MATERIALS AND METHODS

Plant material

A recessive mutation conditioning pale yellow green
seedlings and an aberrant population of plastid atpF
transcripts arose in our collection of Mu-transposon-
induced non-photosynthetic maize mutants (http://pml.
uoregon.edu/photosyntheticml.html). An Illumina-based
approach (15) revealed a cosegregating Mu1 insertion
18-bp upstream of the start codon of locus
GRMZM2G029933. A second allele was retrieved via a
polymerase chain reaction (PCR)-based reverse genetic
screen of the same mutant collection; this allele harbors
a MuDR insertion 10-bp upstream of the start codon that
cosegregates with an ivory, seedling lethal phenotype.
Complementation crosses involving plants that are
heterozygous for each allele produced heteroallelic
mutant progeny with an intermediate phenotype, confirm-
ing that the chlorophyll deficiency results from disruption
of GRMZM2G029933. Phenotypically normal siblings of
each mutant allele served as the wild-type sample in each
experiment. Zm-mTERF4 is orthologous to Arabidopsis
BSM/RUG2/At4g02990 (http://cas-pogs.uoregon.edu/#/
pog/15427). Other mutants used in this work include
hcf7 mutants, which are pale green due to a global reduc-
tion in plastid translation (16) and albino iojap mutants,
which lack plastid ribosomes entirely (17). Seedlings were
grown in soil under 16-h light/8-h dark cycles at 26�C and
harvested between 7 and 9 days after planting.

Generation of anti- Zm-mTERF4 antibodies

The coding sequence of mature Zm-TERF4 (i.e. lacking
the transit peptide) lacks introns and was amplified by
PCR from Zea mays B73 DNA in two steps. First, two
overlapping fragments were amplified with primer pairs (i)
k134 (50- GGGGggatccTCCTCCCTCTACGCGCGCCC
CAGC) and k137 (50-GCTCTGTTGTGCAACCAGTTT
GTCCCTCAG) and (ii) k136 (50-CTGAGGGACAAACT
GGTTGCACAACAGAGC) and k135 (50-GGGGa
agcttTTATCGAACAAACTCATCATCAGAGTCACC).
Second, the two fragments were joined by amplification
with primers k134 and k135. The product was digested
with BamHI and HindIII and cloned into pMAL-TEV
to encode a maltose binding protein–mTERF4 fusion
protein. MPB–mTERF4 was expressed in Escherichia
coli, purified by amylose affinity chromatography and
cleaved with TEV protease, and the untagged protein
was then purified on a gel filtration column as described

previously for HCF107 (18), except that Zm-mTERF4
fractions were subjected to a second amylose affinity chro-
matography to remove contaminating maltose binding
protein. The purified protein was used for immunization
of rabbits at Alpha Diagnostic International (http://www.
4adi.com/).

Chloroplast fractionation and protein analysis

Chloroplast subfractions came from a preparation that
was described and validated previously (19). Stromal
extract was prepared and fractionated as described by
Watkins et al. (20). Protein–protein coimmunopre-
cipitation and immunoblot experiments were performed
using the antibodies and method described previously
(20–25).

Analysis of RNA

Quantitative reverse transcriptase-polymerase chain reac-
tion (qRT-PCR) was performed as described in (26), using
the primers listed in Supplementary Table S1. Unspliced
RNA isoforms were amplified with a forward primer com-
plementary to the intron and a reverse primer mapping to
the upstream exon. Spliced isoforms were amplified with a
forward primer spanning the spliced exons in conjunction
with a reverse primer mapping within the upstream exon.
RNA gel blot hybridizations were performed as described
previously (27).

RNA coimmunoprecipitation assays (RIP-chip) were
performed with stromal protein extract and affinity-
purified anti-Zm-mTERF4 antibody, using the protocol
described in (28). Two RIP-chip experiments were per-
formed using different array designs and independent
stromal preparations: The first experiment used the
array format described in (29), with overlapping tiled
PCR products of �500 bp spanning the maize chloroplast
genome. The second experiment used custom high
resolution microarrays with synthetic 50-mers tiling all
annotated maize chloroplast transcripts. The latter
microarrays were produced by Mycroarray (http://www.
mycroarray.com); the genome coordinates and hybridiza-
tion signal for each probe are given in Supplementary
Table S2. Coimmunoprecipitation with affinity-purified
anti-OE16 or anti-AtpB antibody served as the negative
control in the first and second RIP-chip experiment,
respectively.

RESULTS

Recovery of Zm-mterf4 insertion mutants

Mutant Zm-mterf4 alleles were recovered during a system-
atic effort to identify causal mutations in our collection of
Mu transposon-induced non-photosynthetic maize
mutants (30). These mutants came to our attention due
to their pale yellow-green phenotype (Figure 1A) and their
aberrant population of transcripts from the plastid atpF
gene (see later in the text). Mu insertions that cosegregate
with this phenotype were sought with an Illumina-based
method for sequencing the DNA flanking all Mu inser-
tions in individual plants (15). Among the several
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cosegregating insertions that were identified, an insertion
in GRMZM2G029933 stood out as a good candidate for
the causal mutation because its gene product is
orthologous to Arabidopsis At4g02990 (known also as
BSM, RUG2 and mTERF4), whose mutation disrupts
chloroplast biogenesis (13,14). We assigned the name
Zm-mterf4 to this gene, in accordance with a

nomenclature proposed recently for the Arabidopsis
mTERF family (12). Zm-mTERF4 is predicted to
harbor nine consecutive mTERF repeats. A structural
model generated by I-TASSER (31) predicts that these
helical repeats continue outside of the nine predicted
mTERF motifs and make up virtually the entirety of the
protein other than a predicted chloroplast targeting
sequence at the N-terminus (Supplementary Figure S1).
An independent insertion in the same gene was

recovered in a reverse genetic screen of our mutant collec-
tion and cosegregates with an ivory seedling phenotype
(Figure 1A). Complementation crosses between plants
heterozygous for each allele yielded �25% chlorophyll-
deficient heteroallelic progeny with an intermediate
phenotype (Figure 1A), confirming that the chlorophyll
deficiency results from disruption of Zm-mterf4. The
severity of the visual phenotypes is consistent with the
positions of the insertions: the Zm-mterf4-1 allele
harbors an insertion 10-bp upstream of the predicted
start codon and conditions an ivory leaf phenotype,
whereas the Zm-mterf4-2 insertion lays 18-bp upstream
of the predicted start codon and conditions a pale green
phenotype. Plants that are homozygous for either allele
die after the development of three to four leaves upon
exhaustion of seed reserves, as is typical for non-photo-
synthetic maize mutants.

Zm-mTERF4 localizes to the chloroplast stroma

A polyclonal antibody raised against recombinant
Zm-mTERF4 was used to probe immunoblots of
proteins from basal, middle and apical sections of the
second seedling leaf, which contain chloroplasts at
increasing stages of differentiation (32). The antibody
detected a protein running slightly ahead of the 50 kDa
marker, consistent with the size of mature Zm-mTERF4
(49 kDa) (Figure 1B). The abundance of this protein was
strongly diminished in the basal and middle leaf sections
of Zm-mterf4 mutants, confirming it to be Zm-mTERF4.
The magnitude of the Zm-mTERF4 protein deficiency
correlated with that of the chlorophyll deficiency in
plants harboring each combination of mutant alleles.
Zm-mTERF4 protein was detectable even in plants homo-
zygous for the stronger allele, Zm-mterf4-1. Zm-mTERF4
builds up to �50% of normal levels at the tip of
Zm-mterf4-2 mutant leaves. An analogous developmental
profile was observed for the chloroplast splicing factor
RNC1 in hypomorphic rnc1 mutants (20). These results
suggest that a reduced rate of Zm-mTERF4 and RNC1
synthesis in hypomorphic mutants is compensated by
increased protein stability as chloroplast development
proceeds.
To determine the intracellular location of Zm-mTERF4,

we probed immunoblots of leaf, chloroplast and mitochon-
drial extracts with the Zm-mTERF4 antibody (Figure 1C).
The results show that Zm-mTERF4 localizes to chloro-
plasts, consistent with its detection in the maize plastid
nucleoid proteome (33); the results suggest further that
Zm-mTERF4 is absent from mitochondria. Localization
of Zm-mTERF4 to chloroplasts and not to mitochondria
is consistent with findings of Babiychuk et al. (13) for the
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Figure 1. Overview of Zm-mterf4 mutants. (A) Positions of Mu trans-
poson insertions in Zm-mterf4 and the corresponding plant phenotypes.
The open reading frame, which lacks introns, is indicated by a black
rectangle. Sequences flanking the insertions are shown below, with the
target site duplications underlined. The start codon is marked with an
arrow. Plants were grown in soil for 9 days. The mterf4-1/-2 plant is the
heteroallelic progeny of a complementation cross between Zm-mterf4-1
and Zm-mterf4-2 heterozygotes. (B) Immunoblots showing loss of Zm-
mTERF4 in Zm-mterf4 mutants. Protein was extracted from the base,
middle and tip of the second seedling leaf of plants of the indicated
genotype. The Ponceau S-stained blot (below) serves as a loading
control. The band corresponding to the large subunit of rubisco
(RbcL) is marked. (C) Subcellular localization of Zm-mTERF4. D1
(PsbA subunit of photosystem II) is a marker for the thylakoid
fraction, MDH (malate dehydrogenase) is a marker for the mitochon-
drial fraction and RbcL shown in the Ponceau-stained blot is a marker
for the stromal fraction; these images were reported previously (21) and
are reproduced here with permission. Env: envelope; Cp: chloroplasts;
Mito: mitochondria; Thy: thylakoid membranes.
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Arabidopsis ortholog BSM/RUG2. Thus, it is possible that
the dual-localization of a BSM/RUG2-GFP fusion protein
to both chloroplasts and mitochondria (14) was an artifact
of overexpression. Analysis of chloroplast subfractions
show that Zm-mTERF4 is found primarily in the stromal
fraction.

Zm-mTERF4 is required for the accumulation of plastid
ribosomes

Maize mutants with albino phenotypes similar to that
conditioned by the Zm-mterf4-1 allele typically have
severe plastid ribosome deficiencies (e.g.19–21,34). Core
subunits of each photosynthetic enzyme complex harbor-
ing a plastid-encoded subunit [adenosine triphosphate
(ATP) synthase, photosystem II, photosystem I, cyto-
chrome b6f and rubisco] are severely reduced even in
hypomorphic Zm-mterf4-2 and Zm-mterf4-1/-2 mutants
(Figure 2A). Furthermore, Zm-mterf4 mutants have
reduced levels of the plastid 16S and 23S ribosomal
RNAs (rRNAs), and the magnitude of the rRNA defi-
ciency corresponds with the degree of chlorophyll defi-
ciency (Figure 2B). Therefore, Zm-mTERF4 is required
for the accumulation of plastid ribosomes, as is BSM in
Arabidopsis (13).

Zm-mTERF4 associates with chloroplast group II introns
and stimulates splicing in vivo

The plastid ribosome deficiency conditioned by mutations
in Zm-mterf4 together with the atpF RNA defect that drew
our attention to these mutants suggested that Zm-mTERF4
influences plastid gene expression at the post-transcrip-
tional level. To determine whether Zm-mTERF4 associates
with chloroplast RNA in vivo, we used genome-wide RNA
coimmunoprecipitation assays (29). Stromal extract was
subject to immunoprecipitation with affinity-purified
Zm-mTERF4 antibody, and coimmunoprecipitating
RNAs were identified by hybridization to tiling micro-
arrays of the maize chloroplast genome. Replicate assays
performed with different stromal preparations and different
microarray formats gave similar results (Figure 3 and
Supplementary Figure S2). Several RNAs were strongly

enriched in the Zm-mTERF4 coimmunoprecipitation, all
of which harbor group II introns. Enrichment was particu-
larly apparent for intron sequences from trnK-UUU,
trnG-UCC, atpF, ycf3, trnV-UAC, petB, petD, rpl2, trnI-
GAU and trnA-UGC.

To address whether Zm-mTERF4 influences the
splicing of the introns with which it associates, the ratio
of spliced to unspliced RNA for each plastid group II
intron was assessed in Zm-mterf4 mutants. Because
plastid ribosome deficiency causes pleiotropic effects on
the splicing of plastid introns (35), splicing in Zm-mterf4
mutants was compared with that in other maize mutants
with ribosome deficiencies of a similar magnitude: pale
green Zm-mterf4-2 and Zm-mterf4-1/-2 mutants were
compared with pale green hcf7 mutants, which exhibit
a moderate loss of plastid ribosomes (16); albino Zm-
mterf4-1 mutants were compared with albino iojap
mutants, which lack plastid ribosomes entirely (17). The
relative abundance of plastid rRNAs in these mutants can
be seen in Figure 2B.

The splicing of plastid transfer RNAs (tRNAs) was
assayed by RNA gel blot hybridization using exon probes
(Figure 4). The accumulation of spliced trnI-GAU and
trnA-UGC was severely compromised even in the
hypomorphic Zm-mterf4-2 and Zm-mterf4-1/-2 mutants
but was only minimally reduced in hcf7 mutants. The
effect on trnV-UAC was slightly more severe in
Zm-mterf4 mutants than in the corresponding controls
(as reflected by the higher ratio of unspliced to spliced
RNA), whereas trnK-UUU and trnG-UCC were spliced to
a similar extent in the Zm-mterf4 and control mutants.
These results provide strong evidence that Zm-mTERF4
is required for the splicing of trnI-GAU and trnA-UGC,
and they suggest that Zm-mTERF4 may stimulate
trnV-UAC splicing. The results are consistent with a role
for Zm-mTERF4 in the splicing of other tRNAs harboring
group II introns, but these splicing defects may instead be a
consequence of the loss of plastid ribosomes in Zm-mterf4
mutants.

A qRT-PCR assay (Figure 5A) revealed an increased
ratio of unspliced to spliced RNA for most intron-
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containing plastid mRNAs in hypomorphic Zm-mterf4-1/-
2 mutants. However, defects in the splicing of rpl2, ndhB,
atpF and ycf3-intron 2 appeared to be particularly severe,
whereas the splicing of rps12, rps16 and rpl16 pre-mRNAs
was minimally affected. RNA gel blot hybridizations con-
firmed that hypomorphic Zm-mterf4 alleles condition
stronger defects in the splicing of the atpF, rpl2 and
ycf3-2 introns than do corresponding control mutants
(Figure 5B), that rps12, rpl16 and rps16 splicing is not
significantly disrupted (Supplementary Figure S3), and
that petB and petD splicing is slightly reduced
(Supplementary Figure S3). However, the RNA gel blot
and qRT-PCR data were inconsistent in the case of the
ndhB intron: whereas qRT-PCR indicated a strong
splicing defect, the RNA gel blot data showed little, if
any, defect (Supplementary Figure S3). We do not have
an explanation for this difference, but the clarity of the
RNA gel blot data argue against a role for Zm-mterf4 in
ndhB splicing.

Taken together, these results separate introns into three
categories. (i) The trnI, trnA, rpl2, atpF and ycf3-2 introns
coimmunoprecipitate with Zm-mTERF4, and their
splicing is strongly enhanced by Zm-mTERF4. (ii) The
ndhA, rps12, rpl16, rps16 and ndhB introns are only
weakly enriched in Zm-mTERF4 coimmunopreci-
pitations, and these introns do not require Zm-mTERF4
for their splicing. (iii) The trnK, trnG, trnV, ycf3-1, petB
and petD introns are strongly enriched in Zm-mTERF4
coimmunoprecipitations, but splicing defects in
Zm-mterf4 mutants were either minor or difficult to
evaluate due to secondary effects resulting from the loss
of plastid ribosomes.

Zm-mTERF4 is found in large complexes and is
associated with known splicing factors in vivo

Many previously identified group II intron splicing factors
in chloroplasts reside in large intron-containing complexes
that sediment in a broad peak between rubisco

(�550 kDa) and ribosomes (�1 MDa) (20,21,23,36–38).
Analysis of sucrose gradient-fractionated chloroplast
stroma showed that Zm-mTERF4 is found in particles
in this same size range (Figure 6A). Ribonuclease treat-
ment of stroma before sucrose gradient centrifugation did
not reduce the presence of Zm-mTERF4 in high molecular
weight particles. This has also been observed for several
other chloroplast group II intron splicing factors
(25,37,38) and is likely due to the compact tertiary struc-
ture of group II introns and to the fact that plastid introns
are tightly associated with many proteins.
To determine whether Zm-mTERF4 is found in par-

ticles containing previously identified chloroplast splicing
factors, Zm-mTERF4 was immunoprecipitated from
chloroplast stroma, and the pellet and supernatant frac-
tions were analyzed by probing immunoblots with
antibodies to various chloroplast RNA binding proteins
(Figure 6B). The chloroplast splicing factors CAF2,
CFM2, CFM3, CRS1, WHY1, RNC1, THA8 and
WTF1 coimmunoprecipitate with Zm-mTERF4, consist-
ent with the fact that these proteins share intron ligands
with Zm-mTERF4 [see summary of intron ligands in (23)].
In contrast, PPR10 and CRP1, which bind specific non-
intronic regions on plastid mRNAs (24,29), do not
coimmunoprecipitate with Zm-mTERF4. In conjunction
with the RIP-chip and sedimentation data, these results
provide strong evidence that Zm-mTERF4 is found in
intron-containing complexes that include other group II
intron splicing factors.

DISCUSSION

Results presented here extend the known functional rep-
ertoire of the mTERF protein family by demonstrating a
role for Zm-mTERF4 in group II intron splicing. We
show that Zm-mTERF4 associates in vivo with many
chloroplast introns and splicing factors, and that it is
required for the efficient splicing of several of the
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signal in the Zm-mTERF4 pellet fraction is plotted after subtracting the corresponding signal in the AtpB control. The genomic region harboring
each group II intron is marked. The peaks are largely confined to intron sequences, although exons are coimmunoprecipitated in some cases. A
bipartite peak maps within the trnK intron; the valley corresponds to the intron-internal matK open reading frame. The fluorescence values for each
genome coordinate can be viewed in Supplementary Table S2. A replicate dataset using a different array design and independent stromal preparation
is shown in Supplementary Figure S2.
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introns with which it associates. This role in plastid RNA
splicing impacts the biogenesis of the plastid translation
machinery, which in turn affects photosynthesis and plant
viability.
Molecular functions for only a handful of mTERF

proteins have been established. The mTERF proteins in
metazoa affect mitochondrial transcription, DNA
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Figure 5. Defects in chloroplast pre-mRNA splicing in Zm-mterf4
mutants. (A) qRT-PCR assays of spliced and unspliced chloroplast
mRNAs in mterf4-1/-2 mutants. Seedling leaf RNA was analyzed by
qRT-PCR using two sets of primers: one set specifically amplified
spliced RNA by using a primer spanning spliced exons; the other set
specifically amplified unspliced RNA by using one exon and one intron
primer. Values represent transcript abundance relative to that in
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Figure 4. RNA gel blot hybridizations demonstrating chloroplast
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and 23S*, an in vivo fragment of 23S rRNA) illustrate the ribosome
deficiency in the mutants.
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replication and translation [reviewed in (11,40)], and
several of these functions are understood in considerable
mechanistic detail. For example, human MTERF1 binds
to a specific site on mitochondrial DNA and triggers tran-
scription termination by acting as a ‘roadblock’ via a
mechanism that involves flipping several bases away
from the DNA duplex (9,41,42). Some mTERF proteins
in invertebrates [reviewed in (39)] and in the alga
Chlamydomonas reinhardtii (43,44) likewise function in
mitochondrial transcription termination, suggesting this
to be an ancient function of the mTERF family.
However, the potential for mTERF motifs to mediate
diverse macromolecular interactions became clear with
the recent discovery of two mammalian mTERF
proteins that function in the biogenesis of mitochondrial
ribosomes. A human protein denoted MTERF4
(not orthologous to the subject of this article) recruits an
rRNA methyl transferase to the mitochondrial large ribo-
somal subunit; one end of the mTERF a-solenoid binds to
the rRNA methyltransferase, and a positively charged
surface along the length of the solenoid was proposed to
bind RNA (45–47). A metazoan protein denoted
MTERF3 is likewise involved in the biogenesis of mito-
chondrial ribosomes, although its precise role is unknown;
importantly, this protein was shown to interact with
rRNA in vitro (48), providing the first direct evidence
that mTERF repeats can interact with RNA. Our results
add a new example of an RNA-related function for an
mTERF protein. Although our attempts to assay nucleic
acid binding activity by recombinant Zm-mTERF4 have
produced inconsistent results (data not shown), the
coimmunoprecipitation of Zm-mTERF4 with intron
RNAs, the splicing defects in Zm-mterf4 mutants and
the fact that one metazoan mTERF protein has been
shown to bind RNA, suggest that Zm-mTERF4 interacts
directly with intron RNA. It will be interesting to discover
the structural variations within mTERF repeat tracts that
confer RNA versus DNA binding activity.

The mTERF family in plants is considerably larger than
that in metazoa, comprising roughly 30 members; all of
these are predicted or demonstrated to localize to
mitochondria or chloroplasts (reviewed in 12). The few
plant mTERF proteins that have been studied emerged
in screens for mutations that disrupt abiotic stress
responses or embryogenesis (12–14,49–52), but the direct
molecular functions underlying these effects are not

known. Our finding that Zm-mTERF4 is a chloroplast
splicing factor is likely to be relevant to other plant
mTERF proteins. In fact, our results were foreshadowed
by evidence that BSM, the ortholog of Zm-mTERF4 in
Arabidopsis, is required to splice intron 2 in the chloro-
plast clpP pre-mRNA (13), a group II intron that is not
found in maize. Defects in atpF, rpl2 and rps12-intron
2 splicing were also detected in that study. However, it
was not clear whether these splicing defects were a direct
or indirect effect of the mutation, as these introns fail to
splice in the absence of plastid translation (35,53) and bsm

Figure 5. Continued
wild-type (WT) siblings and are means of two technical replicates.
(B) RNA gel blot analyses illustrating defects in pre-mRNA splicing
in Zm-mterf4 mutants. Seedling leaf RNA (3 mg) from plants of the
indicated genotype was hybridized with the indicated probes. The
visible phenotype of each mutant is indicated above: pg: pale green;
iv: ivory. The membranes were stained with methylene blue and
excerpts harboring the rRNA bands are shown at bottom. Arrows
mark transcripts that we believe to represent excised introns based on
their hybridization to intron probes and their apparent size. Examples
of spliced (S) and unspliced (U) transcripts are marked. These results
demonstrate a role for Zm-mTERF4 in the splicing of the atpF, rpl2
and ycf3-2 introns, as Zm-mterf4 mutants exhibit an increased ratio of
unspliced RNA to each product of the splicing reaction (spliced RNA
and excised intron), in comparison with control mutants with equiva-
lent losses of plastid ribosomes.
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Figure 6. Zm-mTERF4 is found in high molecular weight complexes
in vivo and associates with known chloroplast splicing factors.
(A) Sucrose gradient fractionation of mock-treated and RNase-A-
treated stroma. An equal volume of each fraction was analyzed on
immunoblots by probing with antibodies indicated at left. Zm-WHY1
is a multifunctional protein that binds to both RNA and DNA and
promotes the splicing of the atpF intron (25); it is included here to
show that the ribonuclease treatment was successful. RPL2 is a
protein in the plastid large ribosomal subunit. The Ponceau S-stained
blot of the mock-treated stromal fractions is shown below. (B) Zm-
mTERF4 coimmunoprecipitates with chloroplast splicing factors.
Stromal extract was immunoprecipitated with Zm-mTERF4 antibody.
An immunoprecipitation with OE16 antibody served as a negative
control. One-tenth of the immunoprecipitation pellets (Pel) or super-
natants (Sup) and one-twentieth of the input (Tot) were analyzed on
immunoblots by probing with antibodies indicated at right. CAF2,
CFM2, CFM3, CRS1, WHY1, RNC1, THA8 and WTF1 are chloro-
plast group II intron splicing factors (20,21,23,25,36–39). CRP1 and
PPR10 associate with specific chloroplast mRNAs (24,29) but are not
involved in splicing.
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mutant plastids lack ribosomes. Although Zm-mterf4
mutants are likewise deficient for plastid ribosomes, we
were able to distinguish direct effects on splicing from
indirect effects due to compromised plastid translation
by (i) comparing plastid splicing in hypomorphic
mutants to that in other mutants with ribosome
deficiencies of a similar magnitude and (ii) performing
coimmunoprecipitation assays to detect physical associ-
ations between Zm-mTERF4, intron RNAs and known
plastid splicing factors. Our results suggest that
Zm-mTERF4 functions directly in atpF and rpl2 splicing
but does not play an important (direct) role in rps12-
intron 2 splicing. Neither BSM nor Zm-mTERF4 is
required for the trans-splicing of rps12- intron 1. The
splicing of other introns was not assayed in the bsm
mutant, but it seems likely that the molecular functions
described here are conserved among monocots and dicots,
as has been shown for many other chloroplast splicing
factors (23,36,37,54–56). As such, it can be anticipated
that the trnI, trnA and ycf3-2 introns, which strongly
coimmunoprecipitate with Zm-mTERF4 and whose
splicing is particularly sensitive to its loss, are likewise
direct targets of BSM/RUG2. A direct role for Zm-
mTERF4/BSM/RUG2 in rpl2, trnI and trnA splicing is
sufficient to account for the loss of plastid ribosomes in
the maize and Arabidopsis mutants. However, the down-
stream effects of severe plastid ribosome deficiency differ
in Arabidopsis and maize: the maize mutants germinate to
yield albino seedlings that die after the development of �3
leaves, whereas the Arabidopsis mutants fail to complete
embryogenesis. Analogous observations involving other
orthologous mutants in maize and Arabidopsis have been
made previously (e.g. 23,34,54,57) and are believed to be
due to differences in plastid gene content in the two species
[reviewed in (52)].
Sixteen nucleus-encoded proteins had previously been

demonstrated to participate in the splicing of the �20
group II introns in land plant chloroplasts [reviewed in
(58)]. These proteins are found in large ribonucleoprotein
complexes together with their intron ligands, and they
function combinatorially to promote the splicing of
various intron subsets. Most such proteins belong to
RNA binding protein families that are dedicated to
organellar gene expression and that appear to have
evolved in that context; these include the CRM (59),
PPR (60), APO (56) and PORR (21) domain families.
Zm-mTERF4 now adds another example. As CRM,
PPR and PORR domain proteins also function in group
II intron splicing in plant mitochondria (61–63), it seems
likely that additional group II intron splicing factors will
be discovered among mitochondrial mTERF proteins.
Zm-mTERF4 coimmunoprecipitates with many known

chloroplast splicing factors, and it is found in stromal par-
ticles of a similar size. The contribution of protein–protein
versus protein–RNA interactions to Zm-mTERF4’s in vivo
intron specificity cannot be determined at this time.
However, Zm-mTERF4 is more promiscuous than previ-
ously described chloroplast splicing factors in that it asso-
ciates with many introns in vivo and it does not have a
strong effect on the splicing of all of the introns with
which it associates. The fact that Zm-mTERF4 associates

with some introns without strongly impacting their
splicing suggests one of two possibilities: either it is func-
tionally redundant with a different protein or these inter-
actions are opportunistic with no functional significance.
The former possibility is consistent with the highly similar
RIP-chip profiles for Zm-mTERF4 and the PORR
domain splicing factor WTF1 (21). The latter possibility
is interesting from an evolutionary perspective, as oppor-
tunistic interactions between weakly specific RNA binding
proteins may provide a reservoir from which obligate
interactions can subsequently evolve.

The mTERF family joins the PPR and OPR families as
organelle-dedicated nucleic acid binding families with a
helical repeat architecture (59,64,65). It seems that the
tandem repeat architecture may be a particularly
amenable scaffold for the evolution of new nucleic acid
binding functions in the organellar context. Many
mTERF proteins were detected in the maize chloroplast
nucleoid proteome, a major site of plastid RNA and
DNA metabolism (33). In addition, many mTERF
proteins in Arabidopsis are coexpressed with proteins
known to be involved in organellar gene expression (12).
Thus, the elucidation of the functional repertoire—both
molecular and physiological—of the numerous mTERF
proteins in plants will likely lead to further insights into
the expression and evolution of organellar genomes.
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ACKNOWLEDGEMENTS

The authors would like to thank Susan Belcher and
Rosalind Williams-Carrier for identifying the Zm-mterf4
mutants and Tiffany Kroeger and Margarita Rojas for
expert technical assistance with other aspects of this
project.

FUNDING

Postdoctoral fellowship from the European Molecular
Biology Organization and a Marie Curie grant [CIG-
618492-plantMTERF to K.H.]; US National Science
Foundation [IOS-0922560 to A.B.]. Funding for open
access charge: National Science Foundation
[IOS-0922560].

Conflict of interest statement. None declared.

REFERENCES

1. Barkan,A. (2011) Expression of plastid genes: organelle-specific
elaborations on a prokaryotic scaffold. Plant Physiol., 155,
1520–1532.

2. Binder,S., Holzle,A. and Jonietz,C. (2011) RNA processing and
RNA stability in plant mitochondria. In: Kempken,F. (ed.), Plant
Mitochondria. Springer, New York, pp. 107–130.

3. Bonen,L. (2011) RNA splicing in plant mitochondria.
In: Kempken,F. (ed.), Plant Mitochondria. Springer, New York,
pp. 131–156.

5040 Nucleic Acids Research, 2014, Vol. 42, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/8/5033/1066786 by guest on 10 April 2024

,
,
,
,
,
(
(
,
,
-
-
-
-
 - 
 - 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku112/-/DC1
o
: Supplementary Figure S1, Supplementary Figure S2, Supplementary Figure S3, Supplementary Table S1, and Supplementary Table S2


4. Liere,K. and Borner,T. (2011) Transcription in plant
mitochondria. In: Kempken,F. (ed.), Plant Mitochondria.
Springer, New York, pp. 85–106.

5. Small,I. and Peeters,N. (2000) The PPR motif - a TPR-related
motif prevalent in plant organellar proteins. Trends Biochem. Sci.,
25, 46–47.

6. Barkan,A., Rojas,M., Fujii,S., Yap,A., Chong,Y.S., Bond,C.S.
and Small,I. (2012) A combinatorial amino acid code for RNA
recognition by pentatricopeptide repeat proteins. PLoS Genet., 8,
e1002910.

7. Yagi,Y., Hayashi,S., Kobayashi,K., Hirayama,T. and
Nakamura,T. (2013) Elucidation of the RNA recognition code for
pentatricopeptide repeat proteins involved in organelle RNA
editing in plants. PLoS One, 8, e57286.

8. Barkan,A. and Small,I. (2014) Pentatricopeptide repeat proteins in
plants. Annu. Rev. Plant Biol, 65, doi:10.1146/annurev-arplant-
050213-040159.

9. Yakubovskaya,E., Mejia,E., Byrnes,J., Hambardjieva,E. and
Garcia-Diaz,M. (2010) Helix unwinding and base flipping enable
human MTERF1 to terminate mitochondrial transcription. Cell,
141, 982–993.

10. Jimenez-Menendez,N., Fernandez-Millan,P., Rubio-Cosials,A.,
Arnan,C., Montoya,J., Jacobs,H.T., Bernado,P., Coll,M., Uson,I.
and Sola,M. (2010) Human mitochondrial mTERF wraps around
DNA through a left-handed superhelical tandem repeat. Nat.
Struct. Mol. Biol., 17, 891–893.

11. Roberti,M., Polosa,P.L., Bruni,F., Manzari,C., Deceglie,S.,
Gadaleta,M.N. and Cantatore,P. (2009) The MTERF family
proteins: mitochondrial transcription regulators and beyond.
Biochim. Biophys. Acta, 1787, 303–311.

12. Kleine,T. (2012) Arabidopsis thaliana mTERF proteins: evolution
and functional classification. Front. Plant Sci., 3, 233.

13. Babiychuk,E., Vandepoele,K., Wissing,J., Garcia-Diaz,M.,
De Rycke,R., Akbari,H., Joubes,J., Beeckman,T., Jansch,L.,
Frentzen,M. et al. (2011) Plastid gene expression and plant
development require a plastidic protein of the mitochondrial
transcription termination factor family. Proc. Natl Acad. Sci.
USA, 108, 6674–6679.

14. Quesada,V., Sarmiento-Manus,R., Gonzalez-Bayon,R.,
Hricova,A., Perez-Marcos,R., Gracia-Martinez,E.,
Medina-Ruiz,L., Leyva-Diaz,E., Ponce,M.R. and Micol,J.L.
(2011) Arabidopsis RUGOSA2 encodes an mTERF family
member required for mitochondrion, chloroplast and leaf
development. Plant J., 68, 738–753.

15. Williams-Carrier,R., Stiffler,N., Belcher,S., Kroeger,T., Stern,D.B.,
Monde,R.A., Coalter,R. and Barkan,A. (2010) Use of Illumina
sequencing to identify transposon insertions underlying mutant
phenotypes in high-copy mutator lines of maize. Plant J., 63,
167–177.

16. Barkan,A. (1993) Nuclear mutants of maize with defects in
chloroplast polysome assembly have altered chloroplast RNA
metabolism. Plant Cell, 5, 389–402.

17. Walbot,V. and Coe,E.H. (1979) Nuclear gene iojap conditions
a programmed change to ribosome-less plastids in Zea mays.
Proc. Natl Acad. Sci. USA, 76, 2760–2764.

18. Hammani,K., Cook,W. and Barkan,A. (2012) RNA binding and
RNA remodeling activities of the Half-a-Tetratricopeptide (HAT)
protein HCF107 underlie its effects on gene expression. Proc.
Natl Acad. Sci. USA, 109, 5651–5656.

19. Williams,P. and Barkan,A. (2003) A chloroplast-localized PPR
protein required for plastid ribosome accumulation. Plant J., 36,
675–686.

20. Watkins,K., Kroeger,T., Cooke,A., Williams-Carrier,R., Friso,G.,
Belcher,S., van Wijk,K. and Barkan,A. (2007) A ribonuclease III
domain protein functions in group II intron splicing in maize
chloroplasts. Plant Cell, 19, 2606–2623.

21. Kroeger,T., Watkins,K., Friso,G., van Wijk,K. and Barkan,A.
(2009) A plant-specific RNA binding domain revealed through
analysis of chloroplast group II intron splicing. Proc. Natl Acad.
Sci. USA, 106, 4537–4542.

22. Fisk,D.G., Walker,M.B. and Barkan,A. (1999) Molecular cloning
of the maize gene crp1 reveals similarity between regulators of
mitochondrial and chloroplast gene expression. EMBO J., 18,
2621–2630.

23. Khrouchtchova,A., Monde,R.A. and Barkan,A. (2012) A short
PPR protein required for the splicing of specific group II introns
in angiosperm chloroplasts. RNA, 18, 1197–1209.

24. Pfalz,J., Bayraktar,O., Prikryl,J. and Barkan,A. (2009) Site-
specific binding of a PPR protein defines and stabilizes 50 and 30

mRNA termini in chloroplasts. EMBO J, 28, 2042–2052.
25. Prikryl,J., Watkins,K.P., Friso,G., Wijk,K.J. and Barkan,A.

(2008) A member of the Whirly family is a multifunctional
RNA-and DNA-binding protein that is essential for chloroplast
biogenesis. Nucleic Acids Res, 36, 5152–5165.

26. Udy,D.B., Belcher,S., Williams-Carrier,R., Gualberto,J.M. and
Barkan,A. (2012) Effects of reduced chloroplast gene copy
number on chloroplast gene expression in maize. Plant Physiol.,
160, 1420–1431.

27. Barkan,A. (1998) Approaches to investigating nuclear genes that
function in chloroplast biogenesis in land plants. Methods
Enzymol., 297, 38–57.

28. Barkan,A. (2009) Genome-wide analysis of RNA-protein
interactions in plants. In: Belostotsky,D. (ed.), Plant Systems
Biology, Methods in Molecular Biology, Vol. 553. Humana Press,
New York, NY, pp. 13–37.

29. Schmitz-Linneweber,C., Williams-Carrier,R. and Barkan,A. (2005)
RNA immunoprecipitation and microarray analysis show a
chloroplast pentatricopeptide repeat protein to be associated with
the 50-region of mRNAs whose translation it activates. Plant Cell,
17, 2791–2804.

30. Stern,D., Hanson,M. and Barkan,A. (2004) Genetics and
genomics of chloroplast biogenesis: maize as a model system.
Trends Plant Sci., 9, 293–301.

31. Roy,A., Kucukural,A. and Zhang,Y. (2010) I-TASSER: a unified
platform for automated protein structure and function prediction.
Nat. Protoc., 5, 725–738.

32. Leech,R., Rumsby,M. and Thompson,W. (1973) Plastid
differentiation, acyl lipid and fatty acid changes in developing
green maize leaves. Plant Physiol., 52, 240–245.

33. Majeran,W., Friso,G., Asakura,Y., Qu,X., Huang,M., Ponnala,L.,
Watkins,K.P., Barkan,A. and van Wijk,K.J. (2012) Nucleoid-
enriched proteomes in developing plastids and chloroplasts from
maize leaves: a new conceptual framework for nucleoid functions.
Plant Physiol, 158, 156–189.

34. Beick,S., Schmitz-Linneweber,C., Williams-Carrier,R., Jensen,B.
and Barkan,A. (2008) The pentatricopeptide repeat protein PPR5
stabilizes a specific tRNA precursor in maize chloroplasts. Mol.
Cell. Biol., 28, 5337–5347.

35. Jenkins,B., Kulhanek,D. and Barkan,A. (1997) Nuclear mutations
that block group II RNA splicing in maize chloroplasts reveal
several intron classes with distinct requirements for splicing
factors. Plant Cell, 9, 283–296.

36. Asakura,Y. and Barkan,A. (2007) A CRM domain protein
functions dually in group I and group II intron splicing in land
plant chloroplasts. Plant Cell, 19, 3864–3875.

37. Asakura,Y., Bayraktar,O. and Barkan,A. (2008) Two CRM
protein subfamilies cooperate in the splicing of group IIB introns
in chloroplasts. RNA, 14, 2319–2332.

38. Till,B., Schmitz-Linneweber,C., Williams-Carrier,R. and
Barkan,A. (2001) CRS1 is a novel group II intron splicing factor
that was derived from a domain of ancient origin. RNA, 7,
1227–1238.

39. Ostheimer,G., Williams-Carrier,R., Belcher,S., Osborne,E.,
Gierke,J. and Barkan,A. (2003) Group II intron splicing factors
derived by diversification of an ancient RNA binding module.
EMBO J, 22, 3919–3929.

40. Guja,K.E. and Garcia-Diaz,M. (2012) Hitting the brakes:
termination of mitochondrial transcription. Biochim. Biophys.
Acta, 1819, 939–947.

41. Kruse,B., Narasimhan,N. and Attardi,G. (1989) Termination of
transcription in human mitochondria: identification and
purification of a DNA binding protein factor that promotes
termination. Cell, 58, 391–397.

42. Terzioglu,M., Ruzzenente,B., Harmel,J., Mourier,A., Jemt,E.,
Lopez,M.D., Kukat,C., Stewart,J.B., Wibom,R., Meharg,C. et al.
(2013) MTERF1 binds mtDNA to prevent transcriptional
interference at the light-strand promoter but is dispensable for
rRNA gene transcription regulation. Cell Metab., 17, 618–626.

Nucleic Acids Research, 2014, Vol. 42, No. 8 5041

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/8/5033/1066786 by guest on 10 April 2024



43. Wobbe,L. and Nixon,P.J. (2013) The mTERF protein MOC1
terminates mitochondrial DNA transcription in the unicellular
green alga Chlamydomonas reinhardtii. Nucleic Acids Res., 41,
6553–6567.

44. Schönfeld,C., Wobbe,L., Borgstadt,R., Kienast,A., Nixon,P.J. and
Kruse,O. (2004) The nucleus-encoded protein MOC1 is essential
for mitochondrial light acclimation in Chlamydomonas reinhardtii.
J. Biol. Chem., 279, 50366–50374.

45. Yakubovskaya,E., Guja,K.E., Mejia,E., Castano,S.,
Hambardjieva,E., Choi,W.S. and Garcia-Diaz,M. (2012) Structure
of the essential MTERF4:NSUN4 protein complex reveals how
an MTERF protein collaborates to facilitate rRNA modification.
Structure, 20, 1940–1947.

46. Spahr,H., Habermann,B., Gustafsson,C.M., Larsson,N.G. and
Hallberg,B.M. (2012) Structure of the human MTERF4-NSUN4
protein complex that regulates mitochondrial ribosome biogenesis.
Proc. Natl Acad. Sci. USA, 109, 15253–15258.

47. Camara,Y., Asin-Cayuela,J., Park,C.B., Metodiev,M.D., Shi,Y.,
Ruzzenente,B., Kukat,C., Habermann,B., Wibom,R., Hultenby,K.
et al. (2011) MTERF4 regulates translation by targeting the
methyltransferase NSUN4 to the mammalian mitochondrial
ribosome. Cell Metab., 13, 527–539.

48. Wredenberg,A., Lagouge,M., Bratic,A., Metodiev,M.D., Spahr,H.,
Mourier,A., Freyer,C., Ruzzenente,B., Tain,L., Gronke,S. et al.
(2013) MTERF3 regulates mitochondrial ribosome biogenesis in
invertebrates and mammals. PLoS Genet., 9, e1003178.

49. Kim,M., Lee,U., Small,I., des Francs-Small,C.C. and Vierling,E.
(2012) Mutations in an Arabidopsis mitochondrial transcription
termination factor-related protein enhance thermotolerance in the
absence of the major molecular chaperone HSP101. Plant Cell,
24, 3349–3365.

50. Robles,P., Micol,J.L. and Quesada,V. (2012) Arabidopsis MDA1,
a nuclear-encoded protein, functions in chloroplast development
and abiotic stress responses. PLoS One, 7, e42924.

51. Meskauskiene,R., Wursch,M., Laloi,C., Vidi,P.A., Coll,N.S.,
Kessler,F., Baruah,A., Kim,C. and Apel,K. (2009) A mutation in
the Arabidopsis mTERF-related plastid protein SOLDAT10
activates retrograde signaling and suppresses 1O2-induced cell
death. Plant J., 60, 399–410.

52. Bryant,N., Lloyd,J., Sweeney,C., Myouga,F. and Meinke,D.
(2011) Identification of nuclear genes encoding chloroplast-
localized proteins required for embryo development in Arabidopsis
thaliana. Plant Physiol, 155, 1678–1689.

53. Hess,W.R., Hoch,B., Zeltz,P., Huebschmann,T., Koessel,H. and
Boerner,T. (1994) Inefficient rpl2 splicing in barley mutants with
ribosome-deficient plastids. Plant Cell, 6, 1455–1465.

54. Asakura,Y. and Barkan,A. (2006) Arabidopsis orthologs of maize
chloroplast splicing factors promote splicing of orthologous and
species-specific group II introns. Plant Physiol, 142, 1656–1663.

55. Asakura,Y., Galarneau,E., Watkins,K.P., Barkan,A. and van
Wijk,K.J. (2012) Chloroplast RH3 DEAD box RNA helicases in
maize and Arabidopsis function in splicing of specific group II
introns and affect chloroplast ribosome biogenesis. Plant Physiol.,
159, 961–974.

56. Watkins,K., Rojas,M., Friso,G., van Wijk,K.J., Meurer,J. and
Barkan,A. (2011) APO1 promotes the splicing of chloroplast
group II introns and harbors a plant-specific zinc-dependent
RNA binding domain. Plant Cell, 23, 1082–1092.

57. Schmitz-Linneweber,C., Williams-Carrier,R.E., Williams-
Voelker,P.M., Kroeger,T.S., Vichas,A. and Barkan,A. (2006) A
pentatricopeptide repeat protein facilitates the trans-splicing of the
maize chloroplast rps12 pre-mRNA. Plant Cell, 18, 2650–2663.

58. Germain,A., Hotto,A.M., Barkan,A. and Stern,D.B. (2013) RNA
processing and decay in plastids. Wiley Interdiscip. Rev. RNA, 4,
295–316.

59. Barkan,A., Klipcan,L., Ostersetzer,O., Kawamura,T., Asakura,Y.
and Watkins,K. (2007) The CRM domain: an RNA binding
module derived from an ancient ribosome-associated protein.
RNA, 13, 55–64.

60. Schmitz-Linneweber,C. and Small,I. (2008) Pentatricopeptide
repeat proteins: a socket set for organelle gene expression. Trends
Plant Sci, 13, 663–670.

61. Zmudjak,M., Colas des Francs-Small,C., Keren,I., Shaya,F.,
Belausov,E., Small,I. and Ostersetzer-Biran,O. (2013) mCSF1,
a nucleus-encoded CRM protein required for the processing of
many mitochondrial introns, is involved in the biogenesis of
respiratory complexes I and IV in Arabidopsis. New Phytol, 199,
379–394.

62. Francs-Small,C.C., Kroeger,T., Zmudjak,M., Ostersetzer-Biran,O.,
Rahimi,N., Small,I. and Barkan,A. (2012) A PORR domain
protein required for rpl2 and ccmF(C) intron splicing and for the
biogenesis of c-type cytochromes in Arabidopsis mitochondria.
Plant J., 69, 996–1005.

63. Falcon de Longevialle,A.F., Small,I.D. and Lurin,C. (2010)
Nuclearly encoded splicing factors implicated in RNA splicing in
higher plant organelles. Mol. Plant, 3, 691–705.

64. Rahire,M., Laroche,F., Cerutti,L. and Rochaix,J.D. (2012)
Identification of an OPR protein involved in the translation
initiation of the PsaB subunit of photosystem I. Plant J., 72,
652–661.

65. Rubinson,E.H. and Eichman,B.F. (2012) Nucleic acid recognition
by tandem helical repeats. Curr. Opin. Struct. Biol., 22, 101–109.

5042 Nucleic Acids Research, 2014, Vol. 42, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/42/8/5033/1066786 by guest on 10 April 2024


