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ABSTRACT

Gene expression in plant mitochondria involves a
complex collaboration of transcription initiation
and termination, as well as subsequent mRNA pro-
cessing to produce mature mRNAs. In this study, we
describe the function of the Arabidopsis
mitochondrial stability factor 1 (MTSF1) gene and
show that it encodes a pentatricopeptide repeat
protein essential for the 30-processing of mitochon-
drial nad4 mRNA and its stability. The nad4 mRNA is
highly destabilized in Arabidopsis mtsf1 mutant
plants, which consequently accumulates low
amounts of a truncated form of respiratory
complex I. Biochemical and genetic analyses
demonstrated that MTSF1 binds with high affinity
to the last 20 nucleotides of nad4 mRNA. Our data
support a model for MTSF1 functioning in which its
association with the last nucleotides of the nad4 30

untranslated region stabilizes nad4 mRNA.
Additionally, strict conservation of the MTSF1-
binding sites strongly suggests that the protective
function of MTSF1 on nad4 mRNA is conserved in
dicots. These results demonstrate that the mRNA
stabilization process initially identified in plastids,
whereby proteins bound to RNA extremities consti-
tute barriers to exoribonuclease progression occur
in plant mitochondria to protect and concomitantly
define the 30 end of mature mitochondrial mRNAs.
Our study also reveals that short RNA molecules
corresponding to pentatricopeptide repeat-binding
sites accumulate also in plant mitochondria.

INTRODUCTION

The production of functional RNA molecules is a
multistep process that requires the participation of a
high number of protein factors. In plant mitochondria
and plastids, this process has increased in complexity
throughout evolution, given the considerable number of
post-transcriptional events that are required to generate
and express mature RNAs. Post-transcriptional modifica-
tions include C-to-U RNA editing, cis- and trans-splicing
of introns and 50 and 30 processing (1). RNA stabilization
and ultimately RNA degradation are also important steps
in regulating the quality and quantity of organellar RNAs
and thus their functions. Most of these RNA modification
and expression steps are still poorly understood at the
molecular level in higher plant organelles, particularly
in mitochondria. Nevertheless, the vast majority of
involved proteins are encoded in the nucleus, which has
superimposed complex gene expression machinery on the
eubacterial core of these organelles throughout the
evolution (1). Genetic analyses, especially in maize,
Chlamydomonas and Arabidopsis, have revealed the
prevalence of the pentatricopeptide repeat (PPR)
proteins in organellar RNA metabolism [for review, see
(2,3)]. PPR proteins have been associated with all RNA
processing and expression steps as well as gene transcrip-
tion in plant mitochondria and chloroplasts. These
proteins are made up of loosely conserved 35 amino acid
repeat motifs (4), and PPR proteins appear to be site-
specific RNA-binding proteins with a strong preference
for single-stranded RNA (5). Their mode of action may
imply direct or indirect recruitment of effector proteins to
specific RNA sites (6). It has been shown that PPR
function can include local RNA structure reorganization
to make otherwise hidden binding sites more accessible to
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other proteins or complexes (7). One PPR protein protects
RNA from degradation in plastids by concealing an
endoribonuclease cleavage site (5,8). Another important
feature of PPR proteins is their considerable expansion
in land plants: there are >400 PPR members in
Angiosperms, and most of them are predicted to be trans-
ported into mitochondria or chloroplasts (6,9). An evolu-
tionarily distinct subgroup of PPR proteins, called
restorers of fertility (Rf), has also evolved notably to
suppress the expression of mitochondrial genes involved
in cytoplasmic male sterility (10,11).

Transcript end processing and the intricately connected
process of RNA stabilization are fundamental steps in the
production of mature RNA in plant organelles. In the case
of plastids, genes are organized in operons, which give rise
to the production of long polycistronic transcripts (12).
Therefore, a complex pattern of 50 and 30 RNA processing
involving both endonucleolytic and exonucleolytic
cleavage is necessary to produce monocistronic plastid
mRNAs; for review, see (12). There has been recent
progress on the understanding of intercistronic RNA pro-
cessing and mRNA stabilization in plastids. The current
underlying model proposes that endoribonucleases cleave
long plastid precursor RNAs in a relatively non-specific
manner, and exoribonucleases then continue to degrade
the RNAs until they encounter proteins, such as PPRs,
located at specific sites at the ends of monocistronic
mRNAs, thereby stopping the degradation process (3).
This process was first revealed on analysis of the maize
PPR10 protein (13), but other PPRs and other types
of helical repeat proteins associated with the accumulation
of processed chloroplastic transcripts likely have simi-
lar protective activity against exoribonuclease-mediated
degradation (14–22). Housekeeping endoribonucleases,
such as RNase E and possibly RNase J, have been
proposed to be involved in the initial processing steps,
whereas secondary exoribonucleolytic degradation is
most likely due to the action of PNPase (30–50) or
RNase J (50–30) (12,23,24).

In contrast to plastids, plant mitochondria have few
polycistronic transcripts, and protein-coding genes are
generally separated by large and poorly conserved
intergenic sequences (25). Therefore, a complex interplay
of transcription initiation and termination as well as
correct processing of precursor RNAs is required to
produce mature mRNA extremities in plant mitochondria.
An extensive analysis of mitochondrial mRNA extremities
in Arabidopsis indicates that most protein-encoding
mRNAs present multiple 50 ends, whereas almost all tran-
scripts have a single and precise 30 terminus (26). This
analysis also shows that 50 mRNA ends rarely originate
from transcription initiation, being more often generated
post-transcriptionally. No particular sequence motif near
50 or 30 mitochondrial mRNA termini has been found,
although in a few cases, tRNA or tRNA-like structures
(t-elements) correlate with mRNA extremities. Three PPR
proteins belonging to the Rf-like subfamily and one P-type
PPR protein (6) appear to be involved in producing the 50

ends of some mitochondrial mRNAs (27–30).
Surprisingly, the produced 50 mRNA extremities rarely
seem essential for the function of the corresponding

mitochondrial mRNAs, as mutants affected in the corres-
ponding PPR genes accumulate 50-extended but equally
stable mitochondrial transcripts in most cases analyzed.
As there is probably no 50-to-30 exonuclease activity in
plant mitochondria, the mechanism by which these Rf-
like PPR proteins help to define 50 mRNA ends is cur-
rently not understood. Instead, Rf-like PPR proteins
may recruit an as-of-yet unknown endonuclease at the 50

extremities of mature mRNAs. Evidence supporting this
endonucleolytic model includes the detection of the
upstream cleavage product (28,29). Although almost
nothing is known about 30 transcript formation in plant
mitochondria, it may involve exonucleolytic trimming
initiated at the 30 extremity of precursor RNAs. PNPase
and RNase R homolog 1 represent two 30-to-50

exoribonucleases likely involved in removing unnecessary
sequence extensions in the 30 region of mRNA (31). In
chloroplasts, stem-loop structures located in 30 untrans-
lated regions (UTRs) are important in determining the 30

ends and the stability of mRNAs (32,33). These structures
are only occasionally found at the 30 extremities of mito-
chondrial mRNAs (26,34), which suggest that RNA sta-
bilization processes mediated by 30 inverted repeats are not
frequent in plant mitochondria.
Much remains to be discovered on 30-end formation in

plant mitochondria, and, critically, there is currently no
evidence for protein-mediated 30-end stabilization of mito-
chondrial mRNAs. Here, we examined the function of the
mitochondria-targeted mitochondrial stability factor 1
(MTSF1) protein in Arabidopsis thaliana. We provide
evidence that this PPR protein is required for correct 30

processing and stability of the mitochondrial nad4
mRNA. Furthermore, we demonstrate that the MTSF1-
binding site matches the 30 end of the mature nad4mRNA.
This study thus reveals that the protein-based model of
mRNA end processing and stabilization previously
demonstrated in plastids is also conserved in higher
plant mitochondria.

MATERIALS AND METHODS

Plant materials

Arabidopsis Col-0 plants were obtained from the
Arabidopsis thaliana Resource Centre at INRA Versailles
(http://dbsgap.versailles.inra.fr/portail/). The N654650
(mtsf1-1) and N586724 (mtsf1-2) Arabidopsis mutant
lines were acquired from the European Arabidopsis
Stock Centre (http://arabidopsis.info/). The mtsf1-1
mutant plants were genotyped with the MTSF1-3 and
the MTSF1-5 primers combined with the LB-SALK2
primer. The mtsf1-2 mutant plants were genotyped with
the MTSF1-7 and the MTSF1-8 primers combined with
the LB-SALK2 primer.

RNA extraction and analysis

Total RNA was extracted from 8-week-old Arabidopsis
leaves and flower buds using the TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions.
When needed, total RNA was treated with RNase-free
DNase I (RNeasy Mini Kit, Qiagen) before further

Nucleic Acids Research, 2013, Vol. 41, No. 13 6651

http://dbsgap.versailles.inra.fr/portail/
http://arabidopsis.info/


analysis. For northern blot analyses, 15 mg of total RNA
was loaded on a 1.5% agarose gel containing 3% formal-
dehyde in 1� MOPS buffer (20mM MOPS at pH 7,
0.5mM sodium acetate, 1mM EDTA). Following electro-
phoresis for �5 h at 100V, RNA samples were transferred
onto a nylon membrane (Genescreen) and covalently
bound to membranes by a UV treatment (Stratalinker,
Stratagene). Hybridizations with radiolabeled, gene-
specific probes were performed overnight at 65�C in
Church Buffer [7% SDS, 0.25M Na2HPO4 (pH 7.4),
2mM EDTA, 200 mg/ml heparin]. Blots were washed
twice in 1� SSC, 0.1% SDS for 15min, then in 0.1�
SSC, 0.1% SDS for 15min at 65�C before being exposed
to a phosphorimager screen. Primer combinations used to
PCR-amplify the corresponding DNA probes are shown
in Supplementary Table S1.
For the circular reverse transcriptase-polymerase chain

reaction (RT-PCR) analysis, 10 mg of total RNA was self-
ligated for 2 h at 37�C with 40 U of T4 RNA ligase
(Fermentas) according to the manufacturer’s instructions.
After phenol extraction and precipitation, first strand
Complementary DNA (cDNA) synthesis was done for
3 h at 40�C using 400 U of M-MLV reverse transcriptase
(Fermentas), 8mM of random hexamers (Eurofins), 1�
M-MLV buffer, 0.5mM dNTPs and 40 U of Riboblock
RNase inhibitor (Fermentas). The cDNAs were diluted
four times, and 1/20th of the obtained cDNA solution
was used in a single PCR amplification reaction. The
Nad4-E5 and Nad4-CRT1 primers were used to map the
nad4 mRNA extremities. Amplified DNA products were
then cloned in pTopoII plasmids (Invitrogen) and
sequenced.
For the sRNA detection analysis, 30 mg of total

Arabidopsis RNA were loaded onto a 15% polyacryl-
amide gel containing 7.5M urea and 1� Tris-Borate-
EDTA buffer (Sigma). Electrophoresis was carried out
at 2W 280 V for 45min then at 600 V for 90min. Gels
were then stained with ethidium bromide and elec-
trotransferred to a nylon membrane (HybondNX,
Amersham). Blots were hybridized with the AS-30 UTR-
NAD4 antisense RNA synthetic oligonucleotide previ-
ously labeled at the 50 end with [g-32P]ATP and T4 poly-
nucleotide kinase (Fermentas). A synthetic sense RNA
oligonucleotide (150 pg), mimicking the putative MTSF1
footprint was also loaded on the gel as a hybridization
control and size marker. Hybridization was carried out
at 50�C in a buffer containing 5� SSC, 20mM
Na2HPO4 (pH 7.2), 7% SDS and 2� Denhart’s
PerfectHyb Plus hybridization solution (Sigma). Blots
were washed twice in a solution containing 3� SSC,
25mM Na2HPO4 (pH 7.2), 5% SDS then once in a
solution containing 1� SSC, 1% SDS before
phosphoimaging.
Quantitative RT-PCR analysis measuring steady–state

levels of mitochondrial pre-mRNA and mature mRNA
were performed as in (35) with a slightly different set of
primers (Supplementary Table S1). The reverse transcrip-
tion step was performed on 3 mg of DNase-treated RNA
(Ambion DNase, for 1 hr at 37�C), using Superscript III
(Invitrogen) and random hexamer primers.

Primer pairs used for quantifying alternative NAD(P)H
dehydrogenase (NDA and NDB) and alternative oxidase
(AOX) mRNA levels are listed in Supplementary
Table S1. For these genes, real-time PCR was then
performed on a Mastercycler Ep Realplex (Eppendorf).
Two technical and three biological repeats were
analyzed. Expression levels were estimated by the
comparative ��Ct method and normalized to EF1
expression (36).

Oligonucleotides

The DNA and RNA oligonucleotides used in this study
are listed in Supplementary Table S1.

Antibody production and purification

A DNA insert encoding an MTSF1 protein fragment,
from amino acid residue 445–847, was PCR amplified
using the MTSF1-GW5 and MTSF1-GW7 primers. The
AttB1 and AttB2 recombination sites were then completed
in a second PCR amplification using the GW5 and GW3
oligonucleotides and recombined by GatewayTM LR
reaction in the pDEST-17 expression vector (Invitrogen),
yielding a 46 kDa polypeptide bearing an N-terminal poly-
histidine tag. The recombinant plasmid was transformed
in Escherichia coli BL21 (DE3) pLysS cells (Novagen),
and protein expression was induced by addition of 1mM
IPTG for 3 h at 37�C. The recombinant MTSF1 fragment
was solubilized from inclusion bodies in 50mM Tris–HCl
at pH 7, 150mM NaCl and 10% N-lauryl sarcosine. The
fusion protein was further purified on a nickel-Sepharose
column and then dialyzed against a buffer containing
50mM Tris–HCl at pH 7, 150mM NaCl and 0.1%
N-lauryl sarcosine. The purified protein was injected
into rabbits to produce polyclonal antisera (Biogene)
that were affinity purified against the antigen used for
injection.

Protein extraction and analysis

Arabidopsis mitochondria were isolated from flower buds,
and chloroplasts were purified from young leaves as
described in (37). Total and organellar proteins were ex-
tracted in 30mM HEPES-KOH (pH 7.7), 10mM Mg-
acetate, 150mM K-acetate, 10% glycerol, 0.5% CHAPS.
Protein concentration was measured using the Bradford
colorimetric method (Bio-Rad). Approximately 50 mg of
proteins were fractionated by SDS–PAGE, electro-
transferred to PVDF membrane (Perkin-Elmer) and
hybridized with polyclonal antibodies recognizing either
MTSF1 (diluted 1:100), NAD9 [diluted 1:100000; (38)],
FDH [diluted 1:2000; (39)] or the ATPC protein (diluted
1:5000; a gift of Jorg Meurer, Ludwig-Maximilians-
Universität, Germany), or with monoclonal antibodies
recognizing the PORIN protein (diluted 1:500; a gift of
David Day, University of Western Australia, Australia).
Detection was carried out using peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech). The apparent
molecular masses of the proteins were estimated with
pre-stained molecular mass markers (Fermentas).
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At least two individual experiments were performed
for each analysis. Analysis of the sub-mitochondrial
distribution of MTSF1 protein was performed as
described in (37).

Blue Native gel and activity stain

Mitochondrial pellets representing �500 mg of total mito-
chondrial proteins were solubilized in a solution containing
50mM bis-Tris (pH 7), 750mM 6-aminohexanoic acid,
0.5mM EDTA and 5 g of digitonin (Sigma) per gram of
protein. About 200 mg of solubilized proteins were loaded
in each lane of 4–13% acrylamide gradient gels and ran
overnight at 100 V followed by 5 h at 200 V. After migra-
tion, the gels were stained with Coomassie blue G-250
solution for visualization of protein complexes. The
NADH dehydrogenase activity of complex I was revealed
in gel by incubation in the presence of 0.2% nitroblue tetra-
zolium, 0.2mM of NADH and 0.1M Tris–HCl (pH 7.4).
When sufficient signal was obtained, the staining reaction
was stopped by soaking the gel in fixing solution (30%
methanol and 10% acetic acid).

Expression of recombinant MTSF1 and RNA-binding
assays

The MTSF1 protein deprived of its first 146 amino acids
was expressed as a His-tag fusion protein in E.coli Rosetta
2 cells (Novagen). The corresponding DNA fragment was
first PCR amplified using the MTSF1-GW3 and MTSF1-
GW4 primers. The AttB1 and AttB2 recombination sites
were then completed in a second PCR amplification using
the GW5 and GW3 oligonucleotides. The obtained amp-
lification product was cloned by GatewayTM BP reaction
into pDONR207 (Invitrogen) and subsequently
transferred into the pDEST17 expression vector by LR
reaction (Invitrogen). Following expression at 37�C, the
6xHis-MTSF1 protein appeared to be highly insoluble and
was solubilized from E.coli inclusion bodies in 150mM
NaCl, 50mM Tris (pH 7.5) and 10% N-lauryl sarcosine,
0.5 mg/ml leupeptin and 0.06 mg/ml pepstatin. The
obtained protein solution was subsequently dialyzed over-
night against the same buffer in which the N-lauryl sarco-
sine concentration was changed to 0.01%. The protein
was then enriched to high purity using a Ni-Sepharose
column (GE Healthcare) and stored at 4�C before use.
Gel mobility shift (GMS) assays used gel-purified syn-
thetic RNA derived from the 30 UTR and the coding
sequence of the nad4 mRNA (Eurofins MWG Operon).
Purified RNA oligonucleotides were labeled at the 50-end
with T4 polynucleotide kinase (Fermentas) and
[g-32P]ATP according to manufacturer’s instructions.
Before each GMS assay, 100pM of purified oligonucleo-
tides were heated to 95�C for 1min and snap-cooled on ice.
The RNA-binding reactions contained 40mM Tris–HCl
(pH 7.5), 100mM NaCl, 0.1mg/ml BSA, 10% glycerol,
1mg/ml heparin, 10 U Riboblock (Fermentas), 100pM
radiolabeled RNA and protein concentrations indicated
in figure legends. The reactions were carried out 30min at
room temperature, and samples were deposited on a 5%
polyacrylamide (29:1 acrylamide/bis-acrylamide) running

gel prepared in 1� THE [66 mM HEPES, 34mM Tris
(pH 7.7), 0.1mM EDTA]. The gels were run at 10W
(constant power), dried and phosphoimaged (FLA-5000
Fujifilm).

Gas exchange measurements

Photosynthetic and respiratory CO2 gas exchange was
measured with a portable open system Li-Cor Li-6400 xt
(Li-Cor) using the 2 cm2 leaf chamber. Humidity was
strictly controlled at 80% relative humidity using a dew-
point generator Li-610 connected to the inlet of the Li-
6400. Measurements were carried out on 10-week-old
(wild-type) or 15-week-old (mtsf1) plants grown on soil
under long days (16/8 h day/night). Net CO2 assimilation
was first measured under standard conditions (400 ppm of
CO2, 300 mmol/m2/s of Photosynthetically Active Rad-
iation (PAR), 21% O2, 23

�C), and then under high light
(800mmol/m2/s PAR, at 400 ppm CO2) or high CO2

(1000 ppm CO2, at 300 mmol/m2/s PAR). Photosynthetic
measurements are expressed relative to leaf surface area.
Three biological replicates were analyzed per genotype.
Respiratory O2 consumption was measured using a
closed system made of the gas-phase oxygen electrode
(Hansatech Electrode), in which the decrease in the O2

mole fraction monitored. Owing to the rather low sensi-
tivity of the electrode, several leaves were placed in the
cuvette, and thus respiratory O2 uptake is expressed
relative to dry mass rather than surface area.

Synchrotron radiation circular dichroism

An MTSF1 protein solution at 2.3mg/ml was measured in
100mM Tris–HCl buffer (pH 9.0), 150mM Na2SO4 and
0.05% (w/v) N-lauryl-sarcosine, on DISCO beamline at
Soleil synchrotron (Gif-sur-Yvette, France). Four meas-
urements, from 170 to 280 nm, with 1 nm intervals per
second, were performed. For data processing, spectra of
dialysis buffer were subtracted from those of correspond-
ing samples. Spectra were analyzed down to 175 nm: this
corresponds to a photomultiplier high tension remaining
below half of its total variation. The 260–270 nm region
was set to zero, and the resulting spectrum was calibrated
with D-10-camphorsulfonic acid using the CDtool
software (40). Secondary structure determination was per-
formed using ContinLL program in Dichroweb (41). The
reference set used was SP175 (42). Normalized root-mean-
square deviation (NRMSD) gave insight into the most
accurate fit for the spectrum. ContinLL analysis indicated
42% a-helix, 16% b-strand, 15% turn and 27% unordered
with an NRMSD of 0.1.

RESULTS

Arabidopsis mtsf1 mutants are affected in a
mitochondria-targeted P-type PPR protein

The mtsf1-1 mutant was originally identified in a series of
Arabidopis thaliana T-DNA mutants having insertions in
nuclear genes encoding putative mitochondria-targeted
PPR proteins. The mtsf1-1 mutant plants were classified
among slow-growing mutants that can be cultivated
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relatively easily on soil under conventional greenhouse
conditions (Figure 1A). The implicated PPR gene corres-
ponds to the AT1G06710 gene and encodes a 111 kDa
protein comprising 19 PPR repeats [17 P-type and 2 S-
type, (6)] according to motif predictions available on the
FlagDB++database (Figure 1B). A second mtsf1 mutant
allele was identified and mtsf1-2 homozygous plants
showed identical phenotypes to those observed in the
mtsf1-1 mutant line, confirming that the growth alter-
ations were due to the inactivation of gene AT1G06710
(Figure 1A and B).
After 3 months of growth on soil in long-day condi-

tions, mtsf1 mutants reached about half the size of wild-
type plants and had curly rosette leaves (Supplementary
Figure S1A). The plants were also late flowering, but not
sterile (Supplementary Figures S1B and S2). Seeds derived
from mtsf1 mutants were dark brown, flattened and most
contained embryos showing incomplete development
(Supplementary Figure S3A and B). Nevertheless, �20%
of the seeds produced by mtsf1 mutants germinated

in vitro and yielded plantlets that could be further
cultivated on soil (Supplementary Figure S1C).

A polyclonal antibody raised against the MTSF1
protein was used to hybridize mitochondrial proteins ex-
tracted from wild-type plants and mtsf1 mutants. A
specific signal at the expected size (�100 kDa) was
observed in wild-type, but not in mutant protein
extracts, strongly supporting that both identified mutant
lines represent null mutants (Figure 1C).

MTSF1 encodes a mitochondria-targeted PPR protein

A protein fusion comprising the first 42 amino acids of the
MTSF1 protein and the green fluorescent protein (GFP)
was transiently expressed in tobacco cells (Nicotiana
benthamiana) along with a mitochondria-targeted
mCherry fusion protein as a control (43). Transformed
tobacco cells were observed using confocal microscopy,
and the GFP fluorescence appeared as a punctuated
signal within the cells that overlapped with the
mitochondria-localized mCherry red signal (Figure 2A).
The cellular distribution of MTSF1 was further analyzed
by probing total, chloroplastic and mitochondrial protein
preparations with the immunopurified anti-MTSF1
antibody (Figure 2B). The MTSF1 protein was strongly
enriched in the mitochondrial protein preparation, as
attested with the anti-NAD9 and anti-ATPC control
antibodies. The sub-mitochondrial distribution of
MTSF1 was further determined by analyzing soluble
and membrane-bound mitochondrial proteins for the
presence of MTSF1. MTSF1 was mostly detected in the
membrane protein fraction but also in soluble proteins,
indicating that MTSF1 may exist both as a soluble
and membrane-bound protein or that it is loosely
attached to mitochondrial membranes (Figure 2C).
Mitochondrial integral and peripheral membrane
proteins were further separated by sodium carbonate
treatment, which has been shown to solubilize extrinsic
membrane proteins (44). Most of the MTSF1 signal was
found in the extrinsic membrane proteins, supporting a
peripheral association of MTSF1 with mitochondrial
membranes (Figure 2D).

The mtsf1-1 and mtsf1-2 mutants show altered respiratory
and photosynthetic activities

The respiratory and photosynthetic activities of mtsf1
mutants were determined by gas exchange measurements.
Under standard conditions (400 ppm CO2, 300 mmol pho-
ton.m�2.s�1), both mutants had lower net CO2 assimila-
tion compared with wild-type plants (Figure 3A). At
saturating light (800mmol photon.m�2.s�1), net CO2 as-
similation significantly increased in both mtsf1 mutant
plants but did not reach values measured in control
plants. At a saturating CO2 level (1000 ppm CO2), net
CO2 assimilation increased and reached the value of
wild-type plants under the same conditions. This type of
photosynthetic response to CO2 indicates that mutants
had a photosynthetic capacity similar to the wild-type,
but had higher photorespiratory CO2 release (lower CO2

levels at carboxylation sites) at ordinary CO2 levels.

A

- - -Col 0 mtsf1 1 mtsf1 2

At1g06710 mtsf1-1  ( SALK_053213)

P P P P P P P P P P P P P P S SP PP

B

mtsf1-2  ( SALK_086724)
100 aa

C

α MTSF1

α PORIN

Figure 1. The Arabidopsis mtsf1 mutants grow slowly on soil, but are
fertile. (A) Photograph taken 65 days after germination showing the aer-
ial growth of the mtsf1-1 and mtsf1-2 mutants compared with the wild-
type Col-0 plant. (B) Diagram of the MTSF1 protein showing the
predicted 17 P and the 2 S PPR repeats and the location of the corres-
ponding T-DNA insertion sites present in the mtsf1-1 and mtsf1-2
mutants. (C) Immunodetection of the MTSF1 and PORIN proteins
in mitochondrial protein extracts prepared from wild-type (Col-0) and
mtsf1-1 and mtsf1-2 mutant plants. Fifty micrograms of total mito-
chondrial proteins were deposited on a denaturing gel, transferred to
PVDF membrane and labeled with antibodies directed against the
indicated proteins.
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All plant lines had a similar stomatal conductance (data
not shown); therefore, our results suggest that the internal
mesophyll CO2 conductance was lower in mutants.

Respiratory activity was measured as CO2 production
and oxygen uptake in the dark (Figure 3A and B). In both
cases, measurements revealed respiratory activity that was
two to three times higher in mtsf1 mutants compared with
wild-type plants. To better understand the origin of this
increase, the expression of alternative components of the
respiratory chain was analyzed. Quantitative RT-PCR
was conducted to determine the steady–state levels of
mRNAs encoding alternative mitochondrial NAD/
NADH dehydrogenases (NDA and NDB) and oxidases
(AOX) in mutant and wild-type plants. Most of these
genes were overexpressed between 2 - to 4-fold in the

mutants, except for the NDB4 gene, whose mRNA abun-
dance was 60 times higher compared with wild-type plants
(Figure 4A). The overexpression of AOX was further
estimated by probing total mitochondrial protein
extracts with an antibody to AOX. A highly significant
increase in the AOX signal was detected in both
mutants, confirming that leaf respiration relied heavily
on the alternative pathway in mtsf1 plants (Figure 4B).

mtsf1 plants are complex I respiratory mutants

To further clarify the respiratory perturbations present in
mtsf1 mutants, we analyzed the steady–state levels of the
different respiratory complexes in comparison with the
wild-type. Mitochondria prepared from mutant and

A

MTSF1:GFP Mito:mCHERRY

Merged signals
Plastid 

autofluorescence

Tot Cp MtB

α MTSF1

α NAD9

α ATPC

Sl MbTotM

α MTSF1

α NAD9

Mb.I Mb.E

α NAD9

α MTSF1

DC

α FDH α PORIN

Figure 2. Sub-cellular and sub-mitochondrial localization of MTSF1. (A) Confocal images showing the cellular distribution of an MTSF1-GFP
fusion protein (green) and a mitochondria-targeted mCHERRY marker (red) in Nicotiana benthamiana mesophyll cells transiently transformed by
agro-infiltration. The location of chloroplasts was revealed by chlorophyll autofluorescence (blue). The good overlap of both GFP and mCHERRY
fluorescence supports a mitochondrial localization of the MTSF1-GFP fusion (shown in the bottom right-hand image). (B) Probing of total (Tot),
chloroplastic (Cp) and mitochondrial (Mt) protein preparations with the anti-MTSF1 antibody. Antibodies against marker proteins NAD9 and
ATPC were used to check the purification of mitochondria and chloroplasts, respectively. (C) Immunoblot analysis of total (TotM), soluble (Sl) and
membrane (Mb) mitochondrial protein fractions. Protein gel blots were probed with anti-MTSF1 antibodies (aMTSF1). Replicate blots were also
probed with antibodies directed against formate dehydrogenase (aFDH, a known soluble matrix protein) and NAD9 (aNAD9, an extrinsic protein
of the inner membrane of mitochondria). Each lane was loaded with �50 mg of the protein preparation. (D) Analysis of protein content in sodium
carbonate-treated mitochondrial membranes. Purified mitochondrial membranes were treated with Na2CO3 to release and solubilize peripheral
membrane proteins Mb.I corresponds to membrane proteins that could not be solubilized by sodium carbonate, such as integral membrane
proteins. Mb.E corresponds to proteins that could be extracted by sodium carbonate, such as extrinsic membrane proteins. Approximately 50 mg
of each protein preparation was loaded onto each lane, and blots were probed with the indicated antibodies. The aPORIN antibody detects an
intrinsic protein located in the outer membrane of mitochondria.
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wild-type plants were lysed in the presence of digitonin,
and respiratory complexes were separated by blue-native
polyacrylamide gel electrophoresis (BN-PAGE). This
approach revealed that the complex I and the
super-complex I+III were missing from mtsf1 mutants
(Figure 5A). No other major differences were observed
in BN-PAGE of mutant and control plants. An in-gel
activity assay confirmed the lack of full-length complex I
in both mutants and revealed two lower bands of smaller
sizes compared with wild-type mitochondria (Figure 5B).
These two lower bands were likely caused by the accumu-
lation of a truncated version of complex I that conserved
its ability to associate with complex III in mitochondrial
membranes. These truncated versions of complex I and
I+III were not detected on BN-PAGE gels stained with
Coomassie blue, indicating that they accumulated only at
low levels.

Stability of nad4 mRNA and splicing of nad2 mRNA are
compromised in mtsf1 mutants

Owing to the role of PPR proteins in the processing of
organellar RNAs, we hypothesized that the processing of
one or several mitochondrial mRNAs encoding complex I
subunit was defective in mtsf1 mutants. RNA gel blot
analysis was first carried out to compare the accumulation
levels of mitochondrial mRNAs encoding complex I
subunits in mutant and wild-type plants. The major dif-
ference involved the nad4 and nad2 genes. No mature or
precursor nad4 mRNA was detected at all in the mtsf1
mutants, suggesting strong destabilization of nad4
mRNA (Figure 6). The mature nad2 mRNA accumulated
at a lower level compared with control plants and the
concomitant increase in abundance of a precursor
mRNA indicated that the splicing of nad2 mRNA was
partly affected in mtsf1 plants (Figure 6). No other signifi-
cant differences were observed for any of the other nad
mRNAs, other than a tendency to over accumulate in
both mutants (Supplementary Figure S4). Quantitative
RT-PCR analysis then confirmed that mature nad4 was
almost undetectable in mtsf1 mutants (Supplementary
Figure S5A) and showed that nad2 splicing defects
involved mostly the first intron and, to a lesser extent,
the second intron (Supplementary Figure S5B).
Consistently, a concomitant over accumulation of nad2
mRNA precursors with unspliced introns was detected

Figure 3. Analysis of photosynthetic and respiratory activities in mtsf1
mutants. (A) Net CO2 assimilation in the light and CO2 flux in the dark
as measured in Arabidopsis rosette leaves (still attached). Means±SE
(n=3). (B) Oxygen consumption by dark respiration of rosette leaf
fragments. Means±SE (n=3). Statistically significant differences are
indicated by different letters (a, b: P< 0.01, a*: P< 0.07).
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Figure 4. Genes associated with alternative electron transport in the
mitochondrion are overexpressed in mtsf1 mutants. (A) Quantitative
RT-PCR analysis measuring the relative steady–state level of alterna-
tive NADH dehydrogenase (NDA and NDB) and alternative oxidase
(AOX) mRNAs in mtsf1 mutants. (B) Immunoblot analysis on total
mitochondrial protein prepared from wild-type (Col-0) and mtsf1 plants
and probed with an antibody to AOX. Approximately 50 mg of protein
samples were loaded in each lane.
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(Figure 6). For nad4, no significant increase of any pre-
cursor mRNA species in the mutants was observed
(Figure 6 and Supplementary Figure S5), indicating that
there was no splicing defect for nad4. Altogether, these
results show that the major effect of the mtsf1 mutations
is a strong destabilization of mitochondrial nad4 mRNA.

30-truncated nad4 mRNAs accumulate in mtsf1 mutants

To better understand the molecular events leading to the
destabilization of the mitochondrial nad4 mRNA in mtsf1
plants, its 50 and 30 extremities were mapped by circular
RT-PCR. This PCR-based approach was chosen because
it appeared to be appropriate for mapping the extremities
of the nad4 mRNA found only in low abundance in mtsf1
mutants. On agarose gels, major amplification products of
different sizes were detected in wild-type and mtsf1-1
plants (Figure 7A). These DNA fragments were subcloned
and sequenced. As expected, the major band obtained
from wild-type plants corresponded to the previously
determined 30 end of the stable nad4 mRNA, which is
located 30 nucleotides downstream of the stop codon
(Figure 7B). However, we observed that the shorter
band derived from mtsf1-1 plants corresponded to 30-
truncated nad4 mRNA molecules, and that the most fre-
quently identified 30 extremity of these transcripts was
located 13–15 nucleotides upstream of the UGA stop
codon (37 of 53 clones analyzed, Figure 7B). In contrast,
the 50 end of these shorter mRNA molecules was un-
changed and identical to the wild-type. This analysis
revealed that the rare nad4 mRNA molecules present in
mtsf1 plants bear truncated 30 extremities in most cases.

These truncated transcripts likely correspond to degrad-
ation intermediates whose destabilization is initiated from
their 30-end in a 30-to-50 direction.

The MTSF1 protein binds specifically to the 30 end of
nad4 mRNA

We then investigated the possibility that the MTSF1
protein associates with the 30 end of the mitochondrial
nad4 mRNA to stabilize it in vivo. We used a soluble
and active source of MTSF1. The MTSF1 protein
deprived of its first 146 amino acids was fused to a
6xHis N-terminal extension and expressed in E.coli. This
slightly truncated version of MTSF1 did not contain the
poorly conserved mitochondrial targeting region but con-
tained all PPR repeats present in the wild-type protein.
The MTSF1 protein was solubilized from E.coli inclusion
bodies in the presence of a high concentration of N-lauryl
sarcosine. The concentration of detergent was decreased
to 0.1% (w/v) by dialysis, and, finally, the MTSF1 protein
was recovered at high purity by metal chelate chromatog-
raphy (Figure 8A). The correct fold of the purified
MTSF1 protein was attested by synchrotron radiation
circular dichroism analysis, which indicated that the
protein was mainly a-helical (Figure 8B). Different syn-
thetic RNA oligonucleotides mapping to the 30-coding and
non-coding region of the nad4 mRNA were then tested in
a GMS assay for their ability to associate with the MTSF1
protein. MTSF1 was able to associate specifically with a
30 nucleotide RNA covering the entire nad4 30 UTR
(Figure 8C and D). A shorter version comprising only
the last 20 nucleotides of the 30 UTR was recognized by
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Figure 5. mtsf1 mutants accumulate a truncated form of respiratory complex I. (A) Blue native PAGE gel analysis of the different respiratory
complexes present in wild-type (Col-0) and mtsf1 mutant plants. About 200mg of digitonin-treated mitochondrial proteins were loaded in each lane.
After electrophoresis, the gel was stained with Coomassie blue to reveal the different respiratory complexes, which are identified by their roman
numeral in the figure. Numbers on the right-hand side indicate positions of bands corresponding to molecular weight marker (in kDa) (B) In-gel
staining revealing complex I activity in both wild-type (Col-0) and mtsf1 mutant plants. Gel running conditions were identical to that presented in
panel A Sub I corresponds to the truncated form of complex I detected in mtsf1 mutants.
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MTSF1 with similar affinity. In contrast, MTSF1 showed
no binding to synthetic RNA oligonucleotides corres-
ponding either to the last 20 nucleotides of the nad4
mRNA coding sequence or to the first 30 nucleotides
located just downstream of nad4 mRNA 30 extremity
(Figure 8C and D). These results strongly suggest that
the last 20 nucleotides of the nad4 30 UTR represents the
MTSF1-binding site on the nad4 mRNA in vivo.

A short RNA representing the binding site of MTSF1 on
nad4 mRNA accumulates in vivo in an MTSF1-dependent
manner

Several abundant short RNA sequences corresponding to
binding sites of different RNA-stabilizing proteins
(including PPR proteins) accumulate in relatively high
levels in plastids (21,45). These short segments of RNAs
are protected from degradation by a tight association with
a corresponding PPR protein involved in mRNA stability.
These PPR footprints can be found in the large RNA
sequence libraries produced by the high-throughput
small RNA sequencing programs. To check whether an
RNA footprint corresponding to MTSF1 could be
detected in vivo, we looked for the presence of short
RNAs homologous to the 30 UTR of nad4 in several of
these small RNA sequence collections. A short RNA cor-
responding to the last 20 nucleotides of nad4 mRNA was

identified, and its presence in vivo was tested by RNA gel
blot analysis in wild-type and mutant plants. An antisense
RNA probe to this short RNA sequence revealed a
specific hybridization signal at the expected size
(Figure 9). In addition, the observed signal required the
presence of an active copy of the MTSF1 gene, strongly
suggesting that the mRNA was protected from degrad-
ation through the binding to the MTSF1 protein. These
observations indicate that the short RNA of 20 nucleo-
tides likely represents the nad4 RNA segment with which
the MTSF1 protein associates in vivo, corroborating the
GMS assay results.

DISCUSSION

In this study, we examined the function of a new
mitochondria-targeted PPR protein in Arabidopsis and
showed that it is essential for the stabilization and the
30-end processing of mitochondrial nad4 mRNA. Several
lines of evidence strongly support these interconnected
roles of MTSF1. In an mtsf1 mutant background, nad4
mRNA appeared to be highly destabilized and was almost
undetectable (Figure 6 and Supplementary Figure S5).
The few nad4 mRNA molecules that accumulated in the
absence of MTSF1 bore 30 extremities that were
truncated upstream of the wild-type 30 extremity, suggest-
ing degradation via the action of a 30-to-50 exoribonuclease
(Figure 7). Additionally, we demonstrated that the
MTSF1 protein binds with high affinity to the last 20 nu-
cleotides of nad4 mRNA in vitro, and that a short RNA
corresponding to this region accumulates in vivo in an
MTSF1-dependent manner (Figures 8 and 9). These
results provide strong evidence that the 30 extremity of
mature nad4 mRNA corresponds to the MTSF1-binding
site in vivo and that MTSF1 stabilization and processing
activity requires an association of the protein with this
region of nad4 mRNA. The perfect sequence conservation
of the MTSF1-binding sites in dicot species strongly
suggests that the protective function of MTSF1 on nad4
mRNA is conserved (Figure 10). Interestingly, a 7 nucleo-
tide insertion was found at the extremity of nad4 30 UTR
in monocots compared with the sequence found in dicots
(Figure 10). This may indicate that potential MTSF1
orthologs in monocots have evolved to recognize a
slightly different nad4 mRNA 30-end sequence.

The functions identified for MTSF1 are reminiscent of
the way other helical repeat proteins stabilize and process
plastid RNAs (7,13,22), and MTSF1 likely acts in a
similar way. We believe that the definition of the nad4
mRNA 30 end and its protection involve an early associ-
ation between MTSF1 and the 30 UTR of precursor nad4
mRNA. The fact that MTSF1 binds to a region located
upstream and not downstream of the end of the nad4 30

UTR strongly suggests that MTSF1 is not involved in
recruitment of an endoribonuclease, but in preventing
exoribonuclease progression. Unnecessary nad4 mRNA
30 extensions are likely removed by the action of 30-to-50

exoribonucleases until they reach the MTSF1 protein,
which acts as a physical barrier impeding further degrad-
ation of the mRNA. We also showed that mtsf1 mutants

C
o

l-
0

m
ts

f1
-1

m
ts

f1
-2

C
o

l-
0

m
ts

f1
-1

m
ts

f1
- 2

P

A B

M M

nad4 nad2

Figure 6. MTSF1 is required to produce stable nad4 transcript and
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state accumulation of nad4 mRNA species in wild-type (Col-0) and
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are moderately deficient in the splicing of the first and
second introns of nad2. A minor role of MTSF1 in nad2
splicing is therefore also plausible. Nevertheless, no
obvious sequence homology was detected between nad2
introns 1 and 2 and nad4 30 UTR, indicating that
MTSF1 is unlikely to bind these introns in vivo.
Additionally, nad2 splicing has been shown to be
affected in several unrelated complex I mutants (46,47).
Therefore, the effect of the mtsf1 mutations on nad2
splicing could simply be a pleiotropic effect of the loss
of complex I in Arabidopsis.

Our results clearly demonstrate that the simultaneous
mechanisms of RNA stabilization and transcript-end pro-
cessing owing to the presence of protective proteins on
mature RNA ends also occur in plant mitochondria. As
in plastids, mitochondria-targeted PPR proteins have
evolved to associate specifically with mitochondrial
RNA extremities and protect them against exonucleases
involved in bulk RNA decay. This conserved mechanism
probably accounts for the stabilization of most mitochon-
drial mRNAs, which are generally devoid of protective
stable stem-loop structures (26). Although our data
suggest that the basic mechanism of RNA stabilization
and transcript-end processing involving PPR proteins is
conserved among plastids and mitochondria in plants,
some important differences remain. In contrast to
plastids, the processing and protective activity of the
MTSF1 protein is not associated with intercistronic pro-
cessing. This difference is not surprising because mito-
chondrial genes are not transcribed as long polycistronic
precursors (25), and thus no intercistronic cleavage is

required to release monocistronic mRNA. Additionally,
this protein-based protective mechanism also accounts
for the formation of 50 mRNA ends in plastids (7,13,22).
In mitochondria, a different mechanism of 50-end cleavage
involving an as-yet-unknown endoribonuclease activity
and a peculiar subgroup of rapidly evolving PPR
proteins as well as classical PPR-P protein has been
proposed (28–30). However, in these cases, the PPR
proteins involved do not correspond to stability factors
per se—their inactivation does not lead to the disappear-
ance of their target mitochondrial mRNA—but rather to
an increase in the abundance of larger RNA precursors. It
therefore appears that RNA stability and 50-end process-
ing correspond to separate processes in mitochondria,
possibly involving different molecular players.
As indicated earlier in the text, our study reveals that

short RNA molecules corresponding to a PPR-binding
site can be detected in plant mitochondria, as previously
shown in plastids (21,45). This result demonstrates that
PPR protein-binding footprints, at least for the ones
involved in mRNA stabilization, accumulate in plant
mitochondria. The identification of short RNAs
matching transcript 30 ends may therefore reveal mito-
chondrial mRNAs that are potentially stabilized by an
association with a PPR protein (or other types of RNA-
binding protein) at their 30 extremity. Nevertheless, as no
50-to-30 exoribonuclease seems to be active in plant
mitochondria, this discovery raises the question of how
the 50 extremity of these short RNAs is formed in vivo.
It is currently difficult to answer this question, and further
clarifications are needed to determine whether
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endoribonucleases are involved in the formation of the 50

ends of these short RNA molecules in plant mitochondria.
Our study also revealed that mtsf1 mutants fail to syn-

thesize a fully assembled complex I and instead accumu-
late low levels of a truncated version of this complex. This
subcomplex I had a molecular mass of �800 kDa, retains
NADH-dehydrogenase activity and was still able to asso-
ciate with respiratory complex III (Figure 5). As mtsf1

mutants accumulated only low levels of mature nad2 and
nad4 mRNAs, the production of this truncated complex I
is likely caused by an insufficient synthesis of one, or both,
of these complex I subunits. It is currently difficult to de-
termine which subunit is most limiting and impacts
complex I assembly in mtsf1 plants. Nevertheless, the
effect of mtsf1 mutations on mature nad4 mRNA accumu-
lation is clearly stronger than the one on nad2 transcripts.
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The mtsf1 plants do accumulate only trace levels of
mature nad4 mRNA, whereas our quantitative RT-PCR
data indicated that mature nad2 mRNA is simply reduced
to �25% of wild-type levels in mtsf1 plants (Figure 6 and
Supplementary Figure S5A). This amount of mature nad2
mRNA is clearly not limiting for complex I assembly
because other Arabidopsis mutants that accumulate
much fewer mature nad2 mRNAs compared with mtsf1
still produce detectable amounts of fully assembled re-
spiratory complex I (48). Additionally, a sub-complex I
of similar size to the one observed in mstf1 mutants and
also showing NADH-dehydrogenase activity has been
identified in other NAD4-deficient plants (49,50). These
observations clearly favor the hypothesis that the major
molecular event leading to the mtsf1 mutant phenotype is
linked to the deregulation of nad4 expression and not to
nad2, although additional molecular analyses are neces-
sary to confirm these conclusions.

Among the Arabidopsis mutants showing impaired re-
spiratory complex I, the mtsf1 plants are typical examples
of severely affected mutants. Effectively, mtsf1 plants were
extremely delayed in their development (Figure 1A).
Homozygous mtsf1 embryos did not reach complete
maturity and <20% germinated (Supplementary Figures
S1 and S3). Nevertheless, pollen development proceeded
normally, and the overall fertility of mtsf1 mutants
decreased only moderately under all growth conditions
tested (Supplementary Figure S2). Likewise, none of the
Arabidopsis complex I mutants identified so far have been
reported to show significant alteration in male or female
gametophyte development, even for those like mtsf1 that
show severe growth retardation or in which no fully
assembled complex I can be detected (46,47,50–55). In
contrast, complex I-defective cmsII and nms1 mutants in
Nicotiana sylvestris have been described to be male sterile
and recover partial male fertility only under high light
(56,57). Nevertheless, our study showed that mtsf1
mutants have abnormal respiratory and photosynthetic
activities that are highly similar to the ones previously
measured in cmsII plants (58). We effectively observed
that the mtsf1 mutations also lead to enhanced respiratory
activity and induced pleiotropic effects on photosynthesis,
with a lower rate of net CO2 assimilation (Figure 3).
Although the specific origin of these modifications is pres-
ently not well understood, they likely stem from both a
higher commitment of electrons to the AOX pathway and
inefficient electron donation, thereby leading to an
uncoupling effect. Regarding the effect on photosynthesis,
the larger respiratory CO2 release in the light is not the
cause of this alteration, as it can be compensated by a
higher CO2 mole fraction. These analyses revealed
neither any major differences with the measurements
done in the cmsII mutant of N.sylvestris nor any explan-
ation for the male fertility of mtsf1 mutants. The relation-
ship between better gametophyte development, and
complex I dysfunction in Arabidopsis is currently
unclear, but it may involve higher induction capacity of
the non-proton pumping alternative NAD(P)H dehydro-
genases in reproductive tissues. Further investigations are
needed to explore other possibilities and explain why male
gametophyte development is less sensitive to complex I
inactivation in Arabidopsis.
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Figure 9. A short RNA corresponding to the MTSF1-binding site on
nad4 mRNA accumulates in mitochondria in an MTSF1-dependent
manner. Total RNA extracted from the indicated genotypes (30mg)
was fractionated on a polyacrylamide gel before being transferred to
nylon membrane. Blots were hybridized with a radiolabeled oligo-
nucleotide complementary to the last 20 nucleotides of the nad4
mRNA. A synthetic RNA oligonucleotide mimicking the MTSF1-
binding site was also loaded in the last lane of the gel as indicated.
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Figure 10. The Arabidopsis MTSF1-binding site is strictly conserved in dicots but slightly divergent in monocots. Multiple sequence alignment of the
nad4 30 UTR from a representative panel of dicot (Arabidopsis thaliana, Vitis vinifera and Nicotiana tabacum) and monocot (Triticum aestivum,
Sorghum bicolor, Zea mays) plant species. The downward arrowhead indicates the end of the nad4 mRNA 30 UTR identified in A.thaliana, and the
upward arrowhead indicates the one identified in T.aestivum.
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