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Abstract: Mitochondria play key roles in cellular energy metabolism in eukaryotes. Mitochondria
of most organisms contain their own genome and specific transcription and translation machineries.
The expression of angiosperm mtDNA involves extensive RNA-processing steps, such as RNA trim-
ming, editing, and the splicing of numerous group II-type introns. Pentatricopeptide repeat (PPR)
proteins are key players of plant organelle gene expression and RNA metabolism. In the present
analysis, we reveal the function of the MITOCHONDRIAL SPLICING FACTOR 2 gene (MISF2,
AT3G22670) and show that it encodes a mitochondria-localized PPR protein that is crucial for early
embryo-development in Arabidopsis. Molecular characterization of embryo-rescued misf2 plantlets
indicates that the splicing of nad2 intron 1 and thus respiratory complex I biogenesis are strongly
compromised. Moreover, the molecular function seems conserved between MISF2 protein in Ara-
bidopsis and its orthologous gene (EMP10) in maize, suggesting that the ancestor of MISF2/EMP10
was recruited to function in nad2 processing before the monocot-dicot divergence, ~200 million
years ago. These data provide new insights into the function of nuclear-encoded factors in mito-
chondrial gene expression and respiratory chain biogenesis during plant embryo development.

Keywords: group II; intron; splicing; PPR; respiration; complex I; mitochondria; embryogenesis; ar-
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1. Introduction

Mitochondria are key sites of cellular energy metabolism (i.e., ATP production), as
well as for the biosynthesis of various essential metabolites. Most modern mitochondria
contain vestigial genomes (ntDNA, mitogenome) derived from that of their ancestral bac-
terial progenitor, and which vary quite widely in size between organisms. In plants, angi-
osperm mtDNAs are remarkably large and complex in structure [1], encoding rRNAs,
tRNAs, ribosomal proteins, as well as various subunits of respiratory complexes (CI to
CIV), the ATP synthase enzyme (CV), cofactors of the cytochrome c biogenesis (CCM)
machinery, and at least one component of the twin-arginine protein translocation system
[2].

In Arabidopsis, the oxidative phosphorylation (OXHPOS) machinery is composed of
>100 different subunits, most of which are encoded by nuclear loci and about 20 are ex-
pressed from the mitogenome. The biogenesis of the respiratory chain machinery thus
involves various mechanisms for regulating the expression of subunits that are encoded
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by two physically separate genetic compartments [3-5]. However, the identity of factors
and pathways involved in these regulations remain largely elusive.

The expression of mitochondrial genes in plants involves extensive RNA-processing
steps. These include RNA trimming, RNA editing, and the removal of many intron se-
quences that reside in various genes [6-9]. These RNA processing steps are essential for
mt-RNAs to synthesize the protein they encode. While the excision of canonical group II
introns rely on proteins encoded by the introns themselves (i.e., IEPs, or maturases) [10,
11], the splicing of the plant organellar group II introns involves a repertoire of nuclear-
encoded factors that assist splicing reactions and which may serve as key control points
in plant mitochondrial gene expression [1, 12-14]. These belong to diverse families of RNA
binding factors. A few are related to maturases [14, 15], whereas others were identified as
e.g. RNA helicases [16-18], PORR-related proteins [19], and relevantly to our study also
pentatricopeptide repeat (PPR) proteins [20].

The PPR family constitutes a large protein family in land plants, with approximately
450 members identified in Arabidopsis and 490 genes in maize [21-23]. PPR proteins are
recognized by a degenerate 35 amino-acid motif folding into two antiparallel helices con-
nected by a short loop/turn [24, 25]. PPRs have been shown to play multifarious functions
in organellar RNA metabolism, such as RNA stability and protection [8, 26], C-to-U RNA
editing [9], mRNA translation (Haili et al 2016, Waltz et al, 2019, Nguyen et al, 2021) and
group Il intron splicing [6, 8, 27-29]. Members of the PPR family are also linked to fertility
restoration, where they regulate the expression of mitochondrial CMS-associated ORFs
[30, 31].

Genetic and biochemical studies indicated that PPRs are sequence-specific RNA-
binding trans-factors, and that RNA recognition is mostly mediated by amino acids found
at positions 5 and 35 in each PPR repeat. Association with each of the four RNA bases
involves specific amino acid combinations that are the basis of a PPR protein-RNA recog-
nition code [32, 33]. These data were further supported by the analysis of PPR protein-
RNA crystal structures [24, 25, 34-37]. PPRs are classified into two main groups: P and
PLS type proteins, which in addition to canonical 35-amino acid PPR motifs (P) include
long (L) or short (S) repeat variants [22, 38]. While PLS-type proteins are almost exclu-
sively associated with RNA editing [9, 39], P-type PPR factors facilitate a wide range of
organellar RNA expression steps going from stabilization to translation [27, 40]. In this
work, we analyzed the function of a mitochondrial P-type PPR factor that we named MI-
TOCHONDRIAL INTRON SPLICING FACTOR 2 (MISF2). The Arabidopsis MISF2 protein
is homologous to the PPR protein EMP10 in Zea mays [41]. We show that MISF2 is required
for the splicing of nad2 intron 1, and that the respiratory complex I biogenesis is strongly
destabilized in misf2 mutants. The molecular function of MISF2 is conserved in both Ara-
bidopsis and maize [41], suggesting that the common ancestor MISF2 was recruited to
function in nad2 splicing prior to the divergence of monocot and dicot plants, i.e. about
~200 million years ago [42].

2. Results
2.1. The topology of MISF2 protein

To better understand processes associated with mitochondrial RNA (mt-RNA) ex-
pression in plants, we assembled a collection of Arabidopsis T-DNA mutants affected in
genes encoding mitochondria-targeted P-type PPR proteins and identified that heterozy-
gous plants carrying insertions in the At3g22670 gene could not set homozygous mutants
in their progeny. Domain search analysis using the PPRfinder [43], PPRCODE [33],
SMART [44] and CDD [45] algorithms indicated that the deduced product of AT3G22670
gene (Figure 1, Supplementary Figure S1) encodes a 562 amino acid PPR protein with a
predicted topology of NH2-165-P-3-P-P-P-P-P-P-P-P-P-42-COOH (where ‘P’ designates P-
type PPR motifs and amino acids not assigned to any defined domain are specified by
numbers) (Figure 1, Figure Sla).
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Subcellular localization prediction algorithms, available at the ExPASy portal
(https://www.expasy.org), UniProt [46] and the ‘SUBcellular location database for Ara-
bidopsis proteins’ (SUBA4, http://suba.live) [47], indicate the presence of a predicted 24-
amino acid mitochondrial targeting sequence in the N-terminal region of MISF2 (Figure
Sla). In silico 3D structure prediction, using the AlphaFold server [48], suggested that
MISF2 harbors a typical PPR helical fold (Figure S1a), with an inner basic core represent-
ing the RNA binding surface, as previously indicated from the analysis of the plant PPR10

protein [25].
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Figure 1. MISF2 (At3g22670) gene topology and misf2 mutant phenotypes. (a) Scheme of the
At3g22670 locus and gene structure. The position of the two T-DNA insertion sites in the coding
region of MISF2 (i.e., SALK-line 067654, misf2.1 and SALK-line 066141, misf2.2) are located 324 and
350 nucleotides downstream to the ATG start codon and which correspond to the N-terminal region,
upstream to the PPR motifs of the MISF2 protein. (b) Morphologies of misf2 mutants. Green (wild
type or heterozygous) and white (homozygous) seeds were collected from surface-sterilized imma-
ture siliques of heterozygous misf2 plants (i) and sown on MS agar media supplemented with
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vitamins plants. Arrows point toward white seeds. Panel B-ii shows differential interference con-
trast microscopy images (i.e., Nomarski) of the embryos found in green or white seeds. Following
germination, few rescued misf2 plantlets (ii7) were able to survive on soil, although failed to flower
and set viable seeds (iv).

2.2. MISF2 encodes a lowly-expressed P-type PPR protein that is localized in mitochondria

Expression analysis of MISF2 were made using publicly available microarray and
high-throughput sequencing databases. The Arabidopsis Information Resource (TAIR)
(http://www.arabidopsis.org) and ‘Genevestigator analysis toolbox’ [49] databases indi-
cated differential expression of MISF2 gene throughout development, with MISF2 expres-
sion being dominant in embryonic organs, young developing leaves, apical root tissues,
flowers and the shoot apex (Figure S2). To further investigate the intracellular location of
MISF2, a fragment comprising the first 203 amino acids of MISF2 was fused in-frame to
GFP (MISF2-GFP), expressed in Arabidopsis plants and the subcellular localization of the
resulting fluorescence examined by confocal microscopy (Figure 2). In agreement with the
in-silico data, the MISF2-GFP signal was detected as round-shaped particles that co-local-
ized with those of the MitoTracker® marker, a mitochondrion-specific fluorescent probe
(Figure 2). These results are consistent with the predicted mitochondrial targeting of
MISEF2.

MISF2 -GFP Mito-tracker

Merged

Figure 2. MISF2 is localized to the mitochondria. Arabidopsis plant cells were transformed with a
construct expressing the GFP fused in frame to the N-terminal region (i.e., 203 amino acids) of the
Arabidopsis MISF2 protein sequence. The fluorescence corresponding to the GFP (green, left), the
MitoTracker® marker (red, center) and the merged signals (right) are shown.

2.3. MISF2 is required for early embryo development in Arabidopsis thaliana

Two T-DNA insertion lines were identified within the MISF2 gene. The
SALK _067654 (misf2.1) and SALK_066141 (misf2.2) contain T-DNA insertions located 324
and 350 nucleotides downstream of MISF2 translational start, respectively (Figure 1a, and
Figure S3a). No homozygous plants could be recovered from the progeny of heterozygote
misf2 lines, suggesting that the At3g22670 gene is an essential gene that is critical during
embryogenesis. Heterozygous misf2.1 and misf2.2 mutant lines did not show any obvious
phenotypes under normal growth conditions (see Material and Methods) suggesting that
homozygous mutants could be embryonic lethal. To test this assumption, we compared
the developmental phenotypes of embryos contained in immature seeds (10 days after
pollination) of heterozygous misf2 and wild type plants. Siliques of heterozygous misf2
plants contained about one-quarter of yellow to white seeds (Figure 1b-i), which later de-
generated into shrunken and brown mature seeds. Microscopy analyses further indicated
that green seeds in siliques of heterozygous misf2 plants contained fully developed em-
bryos, while white seeds had embryos arrested at the late torpedo/walking stick stages
(Figures 1b-i and 1b-ii).
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2.4. MISF2 is essential for nad2 pre-mRNAs processing in Arabidopsis mitochondria

Although misf2 is not found among the 32 Arabidopsis embryo-defective ppr mutants
of the ‘SeedGene’ database [50], our genetic and microscopic analyses indicate that MISF2
is essential for proper embryo development (Figure 1b). Embryo rescue approaches ena-
ble the establishment of certain Arabidopsis mutants showing germination-defective phe-
notypes [51]. Among these are a few mutants affected in mitochondria biogenesis and
function, such as the cod1 [52], ndufvl [53] call/cal2 [54, 55] or nmat3 mutants [56]. There-
fore, white seeds contained in young siliques of heterozygous misf2 plants (i.e., 10~12 days
post-anthesis, DPA), were sown on MS-agar plates supplemented with 1% sucrose and
various vitamins (see Materials and Methods) and then transferred to controlled growth
chamber. Indeed, under these conditions, 30% of the white seeds have germinated after 3
months of culture and were then transferred to liquid culture using the same medium (see
Materials and Methods). PCR genotyping indicated that while green seeds derived from
misf2.1 or misf2.2 heterozygote plants were either wild type or heterozygous for the mu-
tations, plantlets obtained from white seeds were all homozygous for either of the two
misf2 mutant alleles.

The optimal conditions for rescue of misf2.1 seedlings were similar to those reported
for the nmat3 mutant [56], whereas rescue of misf2.2 was achieved following the rescue
method previously described for the Arabidopsis codl mutant [52]. Phenotypical varia-
tions between rescued misf2 plantlets were visible, as certain seedlings developed into
slow-growing normal-looking plants with twisted leaves (Figure 1b-iii), while others pro-
duced miniature bushy-like structures (Figure 1b-iii), as previously reported for several
other emb mutants [57], notably affected in mitochondria biogenesis [7, 52, 56]. Few ho-
mozygous misf2 plantlets (e.g., Figure 1b-iv) could be further transferred and cultivated
on soil, but none could produce viable seeds. For RNA and protein analyses, we used 3-
week-old mutant plantlets [57]. MISF2 gene is partially overlapping with RDM1
(At3g22680) (Figure 1a), a nuclear DNA methyltransferase, which its functions in Ara-
bidopsis are not essetial during embryogenesis [58]. To further establish the specific roles
of MISF2 in mitochondria biogenesis, we generated a ‘complemented’ homozygous
misf2.2 line expressing the native AtMISF2 gene (misf2.2/355::MISF2).

The steady-state levels of mitochondrial mRNAs in misf2.1 and misf2.2 mutants were
analyzed by RT-qPCR in comparison to wild type (Col-0) plants. This analysis revealed a
strong reduction (i.e., about 70 to 1,200 folds) in the accumulation of mature nad2 tran-
scripts spliced from its first intron in misf2.1 and misf2.2 mutants, respectively (i.e., nad2
exons a-b, Figure 3a). The steady-state levels of most other mitochondrial transcripts, in-
cluding nad2 transcripts spliced from its other introns were found to over-accumulate
from 2 to 5 folds in both misf2 mutant lines (Figure 3a). The RNA profiles in plantlets
derived from immature wild type embryos and grown under the same conditions as misf2
mutants did not show any significant reductions in the accumulation of mitochondrial
transcripts, including nad2 (Figure 3b). Similarly, the accumulation of nad2 transcripts in
functionally complemented misf2.2 plants were globally equivalent to those in wild type
plants (Figure 3b and Figure S3b). Based on these data, we concluded that the maturation
defects observed for nad2 transcripts in misf2.1 and misf2.2 plants relate to the functions of
MISF2 and not to physiological differences between the embryo-rescued plantlets and 3-
week-old Arabidopsis seedlings germinated on MS-media plates.
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Figure 3. Relative accumulation of mitochondrial mRNAs in misf2 mutants. Transcriptome analyses
of mt-RNAs levels in Arabidopsis wild type (Col-0) and misf2 mutant plants by RT-qPCR. RNA ex-
tracted from 3-week-old wild type seedlings (Col-0), 4-months-old rescued misf2 mutants, plantlets
derived from immature Col-0 seeds (i.e., at the torpedo stage) and functionally complemented misf2
mutants were reverse-transcribed and the relative steady-state levels of cDNAs corresponding to
mitochondrial mRNAs evaluated by qPCR. Loga2 ratios of mt mRNA abundances in misf2.1 and
misf2.2 mutant lines (a), plantlets derived from immature Col-0 seeds and complementation line (b)
to those of 3-week-old MS-agar grown wild type plants. The values are means of three biological
replicates (error bars indicate one standard deviation).

2.5. MISF2 is required for efficient splicing of nad2 intron 1

We reasoned that the reduced steady-state levels observed for the upstream region
of mature nad2 transcripts (i.e., spliced exons ‘a” and ‘b’) in misf2 mutants likely relate to
defects in the excision of the first intron in nad2. We thus determined the splicing efficien-
cies of nad2 intron 1 and that of the other 22 mitochondrial introns in wild type plants and
germinated embryos, as well as in misf2 mutant and functionally complemented misf2.2
plants by RT-qPCR. The obtained data revealed a strong reduction in the splicing effi-
ciency of nad2 intron 1, with splicing reductions reaching about 360 and 11,000 folds in
misf2.1 and misf2.2 plants, respectively, compared with the wild type (Figure 4a).
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Figure 4. Splicing efficiencies in misf2 mutants. The relative accumulation of mRNA and pre-RNA
transcripts in wild type and misf2 plants, corresponding to the 23 group Il intron sequences in Ara-
bidopsis, was evaluated by RT-qPCR. The histogram shows the splicing efficiencies as indicated by
the log: ratios of pre-RNA to mature mRNA transcript abundance in misf2-1 and misf2-2 mutant
lines compared with those in wild type plants (a), as well as germinated wild type seeds collected
at the torpedo stage (Col-0-torpedo) and complemented misf2-2 line compared with those of wild
type plants (b). The values are means of three (misf2.1) and five (misf2.2) biological replicates (error
bars indicate one standard deviation). .

In contrast to nad2 intron 1, the splicing efficiency of other mitochondrial transcripts
was not significantly affected in misf2 mutants, although small reductions (i.e., 2.5 to 6.7
folds) in the splicing efficiencies of nad2 introns 2 and 3 were seen in misf2.2 plants. The
reduction in nad2 intron 1 splicing observed in misf2 plants was largely corrected in com-
plemented misf2.2 plants expressing the native AtMISF2 gene (misf2.2/355::MISF2),

strongly supporting the role for MISF2 in the processing of nad2 intron 1 pre-mRNA (Fig-
ure 4b).

2.6. The MISF2 protein associates with nad2 intron 1 in vivo

PPR proteins are known to be sequence-specific RNA-binding factors [24, 27, 32, 59-
61]. A combinatorial code for RNA-recognition by PPR proteins was proposed, based on
combinations of amino acids found at positions 5 and 35 of each PPR repeat [32, 61, 62].
Using this code for the prediction of binding sites for the 10 PPR repeats of MISF2 (Figure
1, Figure S1) suggested the following sequence: 5-N-(G>>A>U)-(U>C>G)-(U>C>G)-
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(A>G)-(G>>A)-(G>A>U)-(C>U)-G-N-3". BLAST search along the updated Arabidopsis
mtDNA (BK010421) revealed a matching 10-nucleotide sequence within domain I of nad2
intron 1 (Figure 5a).

nad2 pre-RNA fragment #1 nad2 pre-RNA fragment #2
intron 2
intron1 3 5' intron 3 |ntron 4
exona onb exone
Sl e —— _r / ----- e/ -ﬂ;/—-:t;%—--t:l—--s’
100 nts

5'NSNNTTSNAI
Last: D N D D N D R

reismron o 0cr[S] [ 1 Sl & 5] [6 6] [§] r)ceo

‘e . .

. .
. . .
.. Yeay. tee,

PPR-code: - N -(G>>A>U) - (U>C>G)- (U>C>G) (A>G) (G>>A) (G>>A>U)- (C>U)- G-N -

.

Figure 5. The predicted MISF2 binding site within domain I of nad2 intron 1. (a) The expression of
nad2 in Arabidopsis mitochondria involves the transcription of two precursor RNA transcripts,
which are divided by the second intron. The maturation of and mRNA requires the splicing of four
group II introns found in both cis (nad2 introns 1, 3 and 4) and trans (intron 2) configurations. The
first pre-RNA fragment consists of two exons separated by intron 1, while the second fragment har-
bors three exons separated by introns 3 and 4. (b) MISF2 is a P-type PPR protein, which harbors a
mitochondrial localization signal (mTP) and 10 PPR motifs. The fifth and the last amino acids of
each PPR repeat (Figure S1) are indicated below each PPR repeats. The best corresponding RNA
binding site (i.e., 5'- GGUGAGGCGU -3') is indicated within the first intron of nad2 pre-RNA frag-
ment #1, with bases marked in green for perfect matches to the proposed binding site, in pale green
for partial matches, and white for unassigned nucleotides.

No other sequences of 10 bases long corresponding to the predicted MISF2 binding
site could be identified elsewhere in the plant mitogenome. A model for the asscoation of
MISF2 with its predicted RNA bindng site within nad2 intron 1 is illustrated in (Figure
5b). The in-silico data, therefore, correlated with the ‘genetically defined” RNA target of
MISF2, nad?2 intron 1 (Figures 4 and 5).

To further examine the in vivo targets of MISF2, an HA-tagged version of MISF2 was
expressed in Arabidopsis. After confirming the expression of the tagged protein in vivo
(Figure 6a), the MISF2-3HA protein was immunoprecipitated from total extracts (Figure
6b) and co-purified RNAs were analyzed by RT-qPCR (Figure 6c).
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Figure 6. The MISF2 protein associates with nad2 intron 1 in vivo. (a) Inmunodetection of the MISF2-3HA fusion protein
in protein extracts prepared form untransformed (control) and transformed (MISF2-3HA) Arabidopsis cell cultures (b)
Immunoprecipitation assays were conducted with the anti-HA antibody and the shown immunoblot analysis attests for
the strong enrichment of the MISF2-3HA fusion in the immunoprecipitated (IP) fraction derived from the Arabidopsis
transgenic cell line expressing the fusion. The weak MISF2-3HA signal in the unbound fraction demonstrates the efficiency
of the immunoprecipitation. Parts of the blots stained with Coomassie blue are shown to display equal loading between
samples. (¢) Co-immunoprecipitated RNAs were analyzed by qRT-PCR using primer pairs specific to the indicated mito-
chondrial introns and relative enrichment ratios (immunoprecipitation fraction/input fraction) are shown.

Primers amplifying nad2 intron 1 was used in this analysis, along with other primers
pairs targeting introns whose splicing was found to be slightly reduced in misf2 plants
and additional controls. The obtained results revealed a very strong co-enrichment of nad2
intron 1 specifically in the MISF2-3HA immunoprecipitate. None of the other tested in-
trons (i.e., the single introns within ccmF or cox2 mRNAs, nad2 introns 2, 3 and 4, nad4
introns 1 to 3, or nad5 introns 1 to 4) were co-enriched with MISF2-3HA, strongly support-
ing that nad2 intronl is the in vivo RNA target of this PPR protein and thereby confirming
that MISF2 specifically associates with its genetically defined intron RNA.

2.7. Analysis of the biogenesis of the respiratory chain in misf2 mutants

The respiratory system of plant cells is made of 5 major protein complexes, termed
as complex I (CI, about 1,000 kDa in size), CII (160 kD), dimeric complex III (III2, 500 kDa),
CIV (200 and 220 kDa forms), and the ATP synthase (CV, 660 kDa) [63]. Plant mitochon-
dria also harbor various enzymes that belong to the ‘alternative electron transport’ path-
way, involving alternative NADH dehydrogenases and the alternative cytochrome ox-
ydase [64]. Genetic and biochemical studies showed that Nad2 is essential for complex I
(CI) biogenesis and function [65-72]. The reduction in nad2 splicing (Figures 3 and 4) sug-
gests that the CI Nad2 subunit likely accumulates to very low levels in misf2 plants. In-
deed, BN-PAGE analysis of Arabidopsis respiratory complexes indicated that CI is below
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detectable levels in misf2 mutant plants (Figure 7). Inmunoblots made with antibodies
against the carbonic anhydrase CA2 [73] further indicated the accumulation of several
complex I assembly intermediates of about 610, 230 and 85 kDa in both misf2 mutants.
While CI was considerably reduced in both misf2 mutants, BN-PAGE analyses indicated
that other respiratory complexes, including CIII, CV, and particularly CIV were rather
upregulated in misf2 plants (Figure 7).
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Figure 7. Holo-complex I is below detectable levels in misf2 mutants. Blue native (BN)-PAGE anal-
ysis of crude organellar fractions was performed as described by [74]. Aliquots, equivalent to 40 mg
of crude organellar membrane extracts, obtained from wild type and misf2 plants, were solubilized
with digitonin and resolved by BN-PAGE. For immunodetection, the proteins were transferred onto
PVDF membranes and probed with the antibodies indicated below each blot (Table S2), as indicated.
Arrows point toward native complexes I (~1,000 kDa), CIII dimer (Ill2, ~500 kDa), CIV (about 200

and 220 kDa forms), and CV (~660 kDa) [63]. CI* indicates the ~85 kDa sub-CI assembly intermediate
[67].
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We further analyzed the relative accumulation of various mitochondrial proteins in
Col-0, misf2 mutants and the functionally-complemented misf2.2/355::MISF2 line by im-
munoblotting analysis using various antibodies raised against different plant mitochon-
drial proteins. The data indicated that the CI-subunit CA2 and Nad9 accumulate in similar
quantities in misf2 and wild type plants. The levels of various other mitochondrial pro-
teins, including the Rieske iron-sulfur protein (RISP) of CIII, the Cox2 subunit of CIV, the
AtpB subunit of CV, and the mitochondrial outer-membrane voltage-dependent anion
channel (VDAC, or PORIN) proteins were upregulated in misf2 mutants, as compared
with the wild type plants (Figure 8a).
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Figure 8. Relative accumulation of different mitochondrial proteins and AOX or ND transcripts in
wild type and misf2 plants. (a) Immunoblots made with crude organellar fractions (equivalent to
~40 mg FW) extracted from 3-week-old MS-grown wild type plants, in vitro germinated wild type
embyos at the heart to torpedo stages (Col-0 heart) and homozygous misf2 plantlets. The blots were
probed with antibodies raised against the indicated mitochondrial proteins. (b) Analysis of the
steady-state levels of various alternative oxidase (AOX) and rotenone-insensitive NAD(P)H dehy-
drogenase (ND) mRNAs by RT-qPCR. The histogram displays relative mRNAs levels in misf2 plant-
lets to 3-week-old MS-grown wild type plants.

In contrast, the accumulation of all tested mitochondrial proteins was equivalent be-
tween the complemented line (misf2.2/355::MISF2) and wild type plants (Figure S4).

Arabidopsis mutants affected in CI biogenesis undergo oxidative stress and often
show subsequently a strong induction of the alternative respiratory pathways [53, 55, 72,
75, 76]. Accordingly, the relative accumulation of transcripts corresponding to various
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alternative oxidase (AOX) and rotenone-insensitive NAD(P)H dehydrogenase (NDs)
mRNAs in misf2 was generally higher than in wild type plants (Figure 8b). Similarly, im-
munoblot assays indicated that the steady-state levels of AOX1 or AOX2 proteins was
higher in misf2 compared to the wild type (Figure 8a and 54).

3. Discussion

3.1. The MISF2 gene encodes a mitochondrion localized PPR protein, which is playing essential
roles during early embryo-development in Arabidopsis plants

Mitochondria play key roles in energy metabolism and are thus vital organelle for
plant life. During the evolution, the mitochondrial genomes of land plants have under-
gone increased plasticity, showing substantial variations in genome size and structures,
and gene expression patterns between species (reviewed by e.g., [1]). Angiosperm
mtDNAs are the largest and least gene-dense genomes among eukaryotes [2]. mRNA pro-
duction and expression in land plant mitochondria involve extensive processing steps,
which include endonucleolytic cleavages, 5" and 3’ mRNA trimming, extensive sequence
editing and, relevantly to our study, the removal of intron (mostly group II-type) se-
quences that interrupt the coding regions of many mitochondrial genes (reviewed by e.g.,
[6]). These essential activities may serve as key control points of plant mitochondrial gene
expression and are facilitated by numerous RNA binding cofactors [6, 8].

In this study, we assigned a role to an Arabidopsis PPR protein, namely the MISF2
encoded by the AT3G22670 gene-locus in mt-RNA metabolism (i.e., nad2 maturation) and
respiratoty complex I assembly. MISF2, like its maize orthologue, EMP10 [41], is a P-type
PPR protein comprising 10 PPR motifs that is localized in mitochondria. As for EMP10 in
maize, downregulation of MISF2 expression results in premature arrest of Arabidopsis
embryo development at the late torpedo stage (Figure 1B). The loci of MISF and RDM1
genes in Arabidopsis are partially overlapping. It was therefore impotrant to confirm that
the developmental defect phenotypes and alterd mt-RNA metabolism we see in misf2 mu-
tants result directly from the downregulation of MISF2 expression. To this aim, we ana-
lyzed the growth phenotypes and organellar RNA and protein profiles associated with a
functionaly complemented misf2 line, and further showed that MISF2 is directly required
for nad2 RNA maturation and resiratory complex I biogenesis and respiratory functions.

3.2. MISF2 is required for the splicing of nad2 intron 1

Most mitochondrial introns in angiosperms are classified as group II-type [12]. Model
introns belonging to this class are large catalytic RNAs that are characterized by a con-
served secondary structure consisting of six double-helical domains (named domains I to
VI), radiating from a central hub [77, 78]. The excision of group Il introns in vive in bacteria
and in the organelles of eukaryotic cells requires the action of various RNA binding pro-
tein cofactors. In canonical group II introns, these at least include maturase proteins that
are most often encoded by the introns themselves [79]. In plant mitochondria, many ad-
ditional proteinaceous splicing factors are required, which either derive from an ancient
group of maturases [14], or from various other RN A binding cofactors that were recruited
along evolution to facilitate mitochondrial intron splicing [13, 80].

The PPR protein family is the largest RNA binding protein family known in plants,
with about 400 to 600 members targeted to mitochondria and plastids [81]. PPR proteins
bind their RNA substrates in a sequence specific manner, and were shown to play pivotal
roles in various aspects of posttranscriptional RNA processing, including the excision of
group II introns in land plant organelles [6, 9, 27, 40]. Here, we analyzed the molecular
functions of the Arabidopsis MISF2 protein by characterizing loss-of-function mutants.
As no homozygous mutant individuals could be identified among mature seeds of self-
fertilized heterozygous misf2 progenies, we used embryo rescue approaches [52, 56] to
generate homozygous mutant plant material, which allowed us to analyze the role of
MISF2 in mitochondrial RNA metabolism.
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Analysis of mitochondrial RNA profiles in wild type and misf2 plants showed a large
reduction in the accumulation of mature nad2 mRNA in both mutant lines (Figure 3). The
RT-qPCR analyses further revealed a strong reduction in the splicing efficiency of nad2
intron 1 in misf2 plants (Figure 4). The most probable RN A-binding site for MISF2 protein
(i.e., GGUGAGGCGU) resides within the domain I of nad2 intron 1 (Figure 5), which also
corresponds to the genetic and biochemical RNA target of MISF2 (Figures 3, 4 and 6). In
model group II introns, maturases were shown to bind with great affinity and specificity
to their cognate intron-RNAs, in particular to regions of domain I and around the matu-
rase coding sequences within domain IV [82]. It will therefore be interesting to investigate
whether sequence changes within plant nad2 intron 1 was accompanied by the recruit-
ment of the PPR MISF2 factor to facilitate its splicing, possibly to stabilize (or nucleate)
nad2 intron 1 folding into a catalytically active structure.

Our data provide strong evidence that MISF2 is specifically required for nad2 intron
1 splicing and that this RNA processing step is essential for early embryogenesis in Ara-
bidopsis.

3.3. Embryo development and complex I biogenesis and activity

The electron transport chain is made of four major multi-subunit protein complexes,
denoted as CI to CIV. Plants also possess several enzymes corresponding to non-phos-
phorylating bypasses of the electron transport chain (ETC), namely the alternative oxidase
(AOX) and several rotenone-insensitive NAD(P)H dehydrogenases (NDs) [64, 83-86]. The
biogenesis of respiratory CI in angiosperms involves the incorporation of ~50 different
subunits encoded by both mitochondrial (i.e., nad1, nad2, nad3, nad4, nad4l, nad5, nad6, nad7
and nad9) and nuclear gene loci [87]. These are incorporated into two main different CI
domains, consisting in a membrane domain and the matrix (or peripheral) arm [67, 76, 88,
89].

Nad2 is a pivotal subunit of CI, that is suggested to be incorporated very early during
the assembly of the membrane arm [67, 88, 90, 91]. The early steps of CI biogenesis involve
the production of an ~85 kDa assembly intermediate of the membrane arm, which con-
tains various gamma-type carbonic anhydrase subunits. Subsequently, Nad2 and few
other subunits are incorporated to form a ~200 kDa membrane-bound CI assembly inter-
mediate [67]. It is therefore anticipated that a strong reduction in Nad2 would interfere
with the assembly of the CI membrane arm, and hence with the biogenesis of the ~1.0
MDa holo-CI. Consequently, BN-PAGE analysis of wild type and mutant plants revealed
a major reduction in CI abundance in both misf2 mutant lines (Figure 7). Immunoblot
analysis with anti-CA2 antibodies further revealed the existence of various CI intermedi-
ates in misf2 mutants, among which a major particle of about 85 kDa, which was also ob-
served in the abo5 mutant that is impaired in nad2 expression [69]. The CI particles of
higher mass (i.e., 230 kDa and 610 kDa) detected in the mutants may correspond to Nad2-
deprived assembly intermediates that are less stable than the ~85 kDa particles [67].

It has been demonstrated that the severity of CI production defects correlates with
the gravity of the phenotypes displayed by corresponding plant mutants [53, 72, 76]. Se-
vere CI mutants are impaired in the storage of essential nutrients, but not in the mobiliza-
tion of the stored reserves [53]. Accordingly, mutants affected in e-oxidation, a metabolic
process by which fatty acids are broken down by various tissues to produce energy, con-
tain embryos that are typically arrested at earlier developmental stages compared with CI
mutants [92]. Embryo maturation is often incomplete in various CI mutants, leading to
the production of seeds with reduced reserves and germination capacity. One can antici-
pate that altered respiration interferes with numerous essential metabolic activities, re-
sulting in altered embryo development.

In our study, we noticed that a severe defect in the production of the Nad2 subunit
of Cl results in impaired embryogenesis and a loss of germination capacity of mutant Ar-
abidopsis seeds. However, most characterized plant CI mutants are generally able to ger-
minate under standard culture conditions (see e.g., [17, 71, 72, 93-95]. The inability of misf2
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mutants to germinate under normal conditions is expected to result from an early arrest
of the development of mutant embryos, placing misf2 mutants among the most severe CI
mutants reported so far. We currently do not know the role that the embryo-rescue me-
dium plays in improving the seed germination of misf2 mutants. It may be due to the
presence of certain important chemicals in the rescue medium, or simply to a weakening
of the seed coat by the high sugar concentration of the medium. Once germination has
been induced, we could observe that misf2 mutants often show growth phenotypes like
other Arabidopsis CI mutants (Figure 1b-iv). It was previously suggested that once pho-
tosynthesis is established, growth is to a lesser extent dependent on the application of
external vitamins and/or sugars [53]. Subsequently, rescued misf2 mutants can slowly pro-
ceed with their vegetative growth phase, but remain unable to complete their life cycle,
flower and produce viable seeds.

4. Materials and Methods
4.1. Plant material and growth conditions

Arabidopsis thaliana of the Columbia (Col-0) accession was used in all experiments.
The wild type (Col-0 line) and the SALK-067654 (misf2.1) and SALK-066141 (misf2.2) mu-
tants were obtained from the Arabidopsis Biological Resource Center (ABRC). Prior to
germination, seeds obtained from wild type and mutant lines were surface-sterilized with
Cl2 gas, generated by the addition of 1 ml HCI per 50 mL of bleach (sodium hypochlorite
4.7%), for 4 hours at room-temperature (RT). The seeds were then sown on MS-agar plates
containing 1% (w/v) sucrose or rescued by a method described in detail below. For syn-
chronized germinations, the seeds were kept in the dark for 5 days at 4°C and then grown
under long day condition (LD, 16:8-hour) in a growth chamber (Percival Scientific, Perry,
IA, USA) at 22°C and under light intensity of 300 E m2 s1. PCR was used for genotyping
the plants using specific oligonucleotides listed in Table S1. Sequencing of specific PCR
products was used to check the T-DNA insertion site in both mutant lines.

4.2. GFP localization assay

The DNA region encoding the first 203 amino acids of MISF2 was PCR amplified
with specific oligonucleotides (i.e., misf2-B1 and misf2-B2; Table S1C). The 609 nts PCR
DNA fragment was cloned into pDONR207 vector using the Gateway BP clonase enzyme
mix and verified by Sanger sequencing. The entry clone was then transferred into pGWB5
vector by Gateway LR reaction to create a GFP translational fusion between the MISF2 N-
terminus sequence and the GFP coding sequence. The vector was transformed into Agro-
bacterium tumefaciens (strain C58C51) and used to transform Arabidopsis plant cells.
Transgenic cells were selected on hygromycin, and GFP fluorescence was visualized by
confocal microscopy Leica TCS SP8. To visualize mitochondria in vivo, plant cells were
incubated with 1 uM MitoTracker® Red (Thermofisher) for 10 min at room temperature
prior to observation under confocal microscopy.

4.3. Embryo-rescue and establishment of homozygous misf2 mutants

Siliques from wild type and heterozygous misf2 plants were surfaced sterilized with
6% bleach solution for 10 min at RT. The seeds were then soaked in a 70% ethanol solution
for 10 min at RT, washed briefly with sterile DDW, and opened in a sterile hood. Green
and white seeds obtained from siliques of heterozygous misf2 plants 10 days after self-
fertilization were sown on MS-agar plates supplemented with 1% (w/v) sucrose and 10
mg myoinositol, 100 ug thiamine, 100 pg pyridoxine and 100 pg nicotinic acid. For DNA
and RNA analysis we used Arabidopsis wild type and misf2 plantlets at stage R6 (i.e., 6 to
8 leaves) [57]. To obtain larger quantities of plant material, plantlets at stage R6 were
grown on MS-agar plates and then transferred to MS-based liquid medium supplemented
with 1% (w/v) sucrose and 10 mg myoinositol 100 pg Thiamine, 100 pug Pyridoxine, 100
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g nicotinic acid and incubated at 22°C and under a light intensity of 300 uE m2 s with
moderate (50~100 RPM) shaking.

4.4. Microscopic analyses of Arabidopsis wild type and mutant plants

Analysis of whole plant morphology, roots, leaves, siliques and seeds of wild type
and mutant lines were examined under Stereoscopic (dissecting) microscope or light mi-
croscope at the Bio-Imaging unit of the Institute of Life Sciences (The Hebrew University
of Jerusalem). Seeds were incubated with Hoyer solution for 30 minutes and the cleared
samples were analyzed by differential interference contrast (Nomarski) microscopy.

4.5. RNA extraction and analysis

RNA extraction and analysis was performed essentially as previously described [17,
19, 96-98]. Total RNA was prepared from 200 mg seedlings grown on MS-agar plates sup-
plemented with 1% sucrose, using the RNAzol RT reagent (Sigma-Aldrich). The RNA was
then treated with RNase-free DNase I prior to its use in the assays. RT-qPCR was per-
formed with specific oligonucleotides designed to exon-exon (mRNAs) regions corre-
sponding to mitochondrial genes and intron-exon regions (pre-mRNAs) within each of
the 23 group II introns in Arabidopsis thaliana (Tables S1). cDNA was synthesized by re-
verse transcription with the Superscript III reverse transcriptase (Invitrogen), using 1 - 2
ug of total RNA and 250 ng of a mixture of random hexanucleotides (Promega) and incu-
bated for 50 min at 50°C. Reactions were stopped by 15 min incubation at 70°C and the RT
samples served directly for real-time PCR on a LightCycler 480 (Roche) using 2.5 pL of
LightCycler 480 SYBR Green I Master mix and 2.5 uM of primers in a final volume of 5
pL. Reactions were performed in triplicate in the following conditions: pre-heating at 95°C
for 10 min, followed by 40 cycles of 10 sec at 95°C, 10 sec at 58°C and 10 sec at 72°C. The
nucleus-encoded 185 rRNA (At3g41768) and the mitochondrial 26S ribosomal rRNA sub-
unit (ArthMr001) were used as reference genes.

4.6. Crude mitochondria preparations

Crude mitochondria extracts prepared essentially as described previously [74]. To
this end, 200 mg of plantlets grown in liquid culture were harvested and homogenized in
2 ml of 75 mM MOPS-KOH, pH 7.6, 0.6 M sucrose, 4 mM EDTA, 0.2% polyvinylpyrroli-
done-40, 8 mM L-cysteine, 0.2% bovine serum albumin and protease inhibitor cocktail
‘complete Mini’ from Roche Diagnostics GmbH (Mannheim, Germany). The lysate was
filtrated through one layer of Miracloth and centrifuged at 1,300g for 4 min at 4°C (to re-
move cell debris). The supernatant was then centrifuged at 22,000¢ for 10 min at 4°C. The
resulting pellet containing thylakoid and mitochondrial membranes was washed twice
with 1ml of wash buffer 37.5 mM MOPS-KOH, 0.3 M sucrose and 2mM EDTA, pH 7.6
prior to use.

4.7. Blue native PAGE analysis of respiratory complexes

Blue native (BN)-PAGE of crude organellar membranous fractions was performed
according to the method described in Pineau, Layoune, Danon and De Paepe [74]. An
aliquot equivalent to 40 mg of crude Arabidopsis mitochondria extracts was solubilized
with 5% (w/v) digitonin in BN-solubilization buffer (30 mM HEPES, pH 7.4, 150 mM po-
tassium acetate, 10% [v/v] glycerol) and then incubated on ice for 30 min. The samples
were centrifuged 8 min at 20,000 xg to pellet non-solubilized material and 0.2% [v/v] of
Serva Blue G was added to the supernatant. The samples were then loaded onto a native
4 to 16% linear gradient gel. For ‘non-denaturing-PAGE’ immunoblotting, the gel was
transferred to a PVDF membrane (Bio-Rad) in Cathode buffer (50 mM Tricine and 15 mM
Bis-Tris-HCI, pH 7.0) for 16 h at 4°C at constant current of 40 mA. The blots where then
incubated with antibodies against mitochondrial proteins (Table S2) and hybridization
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signals were identified by chemiluminescence assay after incubation with an appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody.

4.8. RNA co-immunoprecipitation assays

Immunoprecipitation of MISF2-3HA were performed using the uMACS HA-Tagged
Protein Isolation Kit (Miltenyi Biotec) following a procedure previously described in
Wang et al, 2020 [80].

5. Conclusions

Angiosperms encode numerous PPR proteins that are predominantly localized in
plastids and mitochondria, and which carry essential roles in organellar RNA metabolism.
These include the EMP10 protein, which regulates the maturation of nad2 in maize mito-
chondria [41]. Analysis of protein and RNA profiles of mutants affected in the Arabidop-
sis orthologous gene, designated MITOCHONDRIAL SPLICING FACTOR 2 (MISF2, en-
coded by At3g22670 gene), indicates that MISF2 also functions specifically in the excision
of the first intron of nad2. Plant mutants affected in MISF2 accumulate high levels of nad2
pre-RNA in vivo and show a notable reduction in nad2 intron 1 splicing. The splicing defect
found in misf2 (or emp10) is associated with altered CI biogenesis and arrested embryonic
development. Together, these data show that the molecular functions are conserved be-
tween the Arabidopsis MISF2 protein and its related EMP10 homolog in maize [41], which
suggests that the common PPR ancestor of MISF2 and EMP10 has been recruited to act in
nad2 intron 1 splicing before the divergence of monocot and dicot plant species [42]. Our
results provide important insights into the roles of nuclear-encoded PPR factors in mito-
chondria gene expression and the biogenesis of the respiratory system during early plant
life.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: The topology and structure of MISF2 protein.; Figure S2: MISF2
gene expression pattern during Arabidopsis development.; Figure S3: Nucleotide sequence of the
MISF2 gene and precise location of T-DNA insertion site.; Figure 54: Steady-state level analysis of
various mitochondrial proteins in wild type, misf2.2 and functionally complemented misf2.2 plants.;
Table S1: List of oligonucleotides used in this study.; Table S2: List of antibodies used in this study.
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