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1. Abbreviations

ALBino

Alternative OXidase

cytochrome bci synthesis

Blue Native PolyAcrylamide Gel Electrophoresis
Cytochrome c Maturation

Cytochrome b

Core subunit of the ubiquinol-cytochrome c reductase complex
Cytochrome c Oxidase

Cytochrome c

Cytochrome c1

Cytochrome bo; oxidase subunit 2

Endoplasmic reticulum Membrane Complex 3
Essential for Respiration and Vegetative growth protein 1
Guided entry of tail-anchored protein 1
Glutathione S-transferase

B-Glucuronidase

Inner Membrane

InterMembrane Space

IsoPropyl B-D-1-ThioGalactopyranoside

Lactose Permease

Light-Harvesting Chlorophyll-binding Protein
Maltose transporter

Multi-copy bypass of AFG3 protein 1
Mitochondrial Processing Peptidase

Murashige and Skoog



OM Outer Membrane

OXA cytochrome ¢ Oxidase Assembly factor

PiC inorganic Phosphate Carrier

PK Proteinase K

PRAT PReprotein and Amino acid Transporter
PMSF PhenylMethylSulfonyl Fluoride

pPVP PolyVinylPyrrolidone

QCR7 ubiQuinol Cytochrome c Reductase subunit 7
RISP Rieske Fe/S Protein

Sec Secretory translocase

SRP Signal Recognition Particle

TAT Twin Arginine Translocase

TIM Translocase of the Inner Membrane

TMCO1 TransMembrane and COiled-coil domain-containing protein 1
TMH TransMembrane Helix

TOM Translocase of the Outer Membrane

TPR TetratricoPeptide Repeat

TssL A Tail-anchored protein/ Type VI secretion protein



2. Summary

Proteins of the Oxal superfamily are involved in the membrane insertion, folding and
assembly of crucial proteins into the inner membrane (IM) of bacteria and mitochondria,
thylakoid membrane of chloroplasts and the endoplasmic reticulum. Oxal and
Cox18/0Oxa2 are the mitochondrial homologs of this family in yeast and mammals. While
Oxal plays a major role in the biogenesis innumerable IM proteins, Cox18 is specialized in
the translocation of the second transmembrane helix of Cox2 during the biogenesis of
complex IV. Due to a second gene duplication, there are four OXA proteins in plants.
OXAla, OXA2a and OXA2b were previously found to be independently essential for
embryogenesis, but not OXA1b. The plant OXA2 proteins are unique in possessing a TPR
domain at the C-terminus. This study sought to identify their exact roles in mitochondrial
biogenesis. It was found that OXA2b is required for complex IV biogenesis by aiding in
the proper membrane insertion of the COX2 subunit. The TPR domain of OXA2b was
found to be very important for Cox2 biogenesis such that plant OXA2b alone could play
the roles of both Cox18 and Mss2 in yeast. On the other hand, OXA2a appears to be
indirectly required for complex III biogenesis by participating in the cytochrome c
maturation pathway. In contrast to the crucial role played by the TPR domain of OXA2b,
the TPR domain of OXA2a does not appear to important for its functionality. Phylogenetic
analysis of all the plants whose genomic data is available revealed that the
subfunctionalization of OXA2a and OXA2b is restricted to Brassicaseae. OXAla and
OXA1b appear to have some level of overlapping functionality, although only OXAla is
essential for embryogenesis. OXAla might be the general membrane insertase in

Arabidopsis, like yeast Oxal. TIM22 is likely to be one of its substrates.



3. Zusammenfassung

Proteine der Oxal-Superfamilie sind an der Insertion, Faltung und Assemblierung von
entscheidenden Proteinen in die Innenmembran (IM) von Bakterien und Mitochondrien,
die Thylakoidmembran von Chloroplasten und das endoplasmatische Retikulum beteiligt.
Oxal und Cox18/0Oxa2 sind die mitochondrialen Homologen dieser Familie in Hefe und
Sdaugetieren. Wahrend Oxal eine wichtige Rolle bei der Biogenese unzahliger IM-Proteine
spielt, ist Cox18 auf die Translokation der zweiten Transmembranhelix von Cox2 wéhrend
der Biogenese von Komplex IV spezialisiert. Aufgrund einer zweiten Genduplikation gibt
es vier OXA-Proteine in Pflanzen. OXAla, OXA2a und OXA2b erwiesen sich zuvor als
unabhdngig voneinander essentiell fiir die Embryogenese, nicht jedoch OXAlb. Die
pflanzlichen OXA2-Proteine besitzen eine einzigartige TPR-Domédne am C-Terminus.
Diese Studie versuchte, ihre genauen Rollen in der mitochondrialen Biogenese zu
identifizieren. Es wurde festgestellt, dass OXA2b fiir die Komplex-IV-Biogenese
erforderlich ist, indem die ordnungsgemaifie Membraninsertion der COX2-Untereinheit
unterstiitzt wird. Es wurde festgestellt, dass die TPR-Doméne von OXA2b fiir die Cox2-
Biogenese sehr wichtig ist, so dass pflanzliches OXA2b allein die Rolle von Cox18 und
Mss2 in Hefe spielen kann. Andererseits scheint OXA2a indirekt fiir die Komplex-III-
Biogenese erforderlich zu sein, da es am Cytochrom-C-Reifungsweg beteiligt ist. Im
Gegensatz zu der entscheidenden Rolle, die die TPR-Doméne von OXA2b spielt, scheint
die TPR-Domidne von OXA2a fiir ihre Funktionalitit nicht wichtig zu sein. Die
phylogenetische Analyse aller Pflanzen, deren Genomdaten verftigbar ist, ergab, dass die
Subfunktionalisierung von OXA2a und OXA2b auf Brassicaseae beschrankt ist. OXAla
und OXA1b scheinen eine gewisse Uberlappungsfunktionalitdt zu haben, obwohl nur
OXAla fiir die Embryogenese wesentlich ist. OXAla konnte die allgemeine Membran-
Insertase in Arabidopsis sein, wie Hefe Oxal. TIM22 ist wahrscheinlich eines seiner

Substrate.



4. Introduction

The primordial eukaryote most likely arose from symbiosis between a facultative
anaerobic archaeon (host) and an a-proteobacterium (mitochondrial ancestor)
approximately 2 billion years ago (1). It then evolved over time to form the wide range of
complex multicellular life on earth. Mitochondria generate more than 90% of the cellular
energy in the form of ATP and are popularly known as the “powerhouse of the cell”.
Moreover, they also perform several other vital cellular functions such as synthesis of
heme and iron-sulfur clusters, lipid metabolism, maintenance of calcium homeostasis,
thermogenesis, innate immunity, and activation of apoptosis (2). Due to the monophyletic
origin of mitochondria, the fundamental mitochondrial features and functions are

conserved across eukaryotes. However, lineage-specific differences do exist (3).

4.1. Distinct features of plant mitochondria

Plant mitochondria have several unique features and co-exist with chloroplasts which
were also derived endosymbiotically during the evolution of plants. Plant mitochondria
are involved in photorespiration and stress perception. Plant mitochondrial genomes are
comparatively larger, highly variable in size and encode for more membrane proteins than
those of yeast and humans (4, 5). Yeast and human mitochondrial genomes encode seven
and thirteen membrane proteins, respectively, whereas the Arabidopsis mitochondrial
genome encodes for 20 putative membrane proteins displaying a wide range of membrane

topologies (Figure 1).

RNA metabolism in plant mitochondria is complex compared to other eukaryotes and
involves a combination of bacterial as well as novel features evolved in the host cell (6).
Post-transcriptional processes such as 5' and 3' RNA processing, intron splicing, RNA
editing and controlled RNA stability strenuously regulate the mRNA quantities available
for translation in plant mitochondria (7). Due to the presence of the alternative oxidase
(AOX) and alternative NAD(P)H dehydrogenases, the electron transport chain of plant
mitochondria is branched (8-10). Although the mitochondrial respiratory complexes I to V
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Figure 1. Transmembrane topologies of the 20 putative IM proteins that are encoded in the mitochondrial
genome of Arabidopsis thaliana. The proteins enclosed within a separate colored box are subunit(s) of the complex
indicated. The proteins are displayed in an N- to C-terminus orientation going from left to right.

in plants resemble their counterparts in fungi and mammals based on the overall
structures, they have numerous extra subunits many of whose functions are still unclear
(8). For example, plant complex I has an additional spherical domain containing five
carbonic anhydrase-like proteins attached to the membrane arm on the matrix side, which
is not found in the complex I of bacteria or other eukaryotic lineages (11, 12). The process
of cytochrome ¢ maturation (CCM) in land plant mitochondria occurs by a complex
bacterial-type system I whereas fungal and animal mitochondria have evolved a simpler
CCM mechanism called system III (13). Besides, plant mitochondria appear to use the TAT
(Twin Arginine Translocase) machinery for membrane insertion of the Rieske Fe/S (RISP)
protein similar to bacteria and chloroplasts, but unlike mitochondria of other eukaryotes

(14).

4.2. Respiratory complex assembly

Respiratory complexes comprise 80% of the IM proteins and are preferentially located in
the cristae membranes (15). The multisubunit protein complexes I to IV form the electron
transport chain and generate a proton gradient across the IM that drives the production of
ATP by ATP synthase (complex V). The respiratory complexes were found to associate
into specific supercomplexes in many organisms (16, 17). In plant mitochondria,
supercomplex I + III> is the most abundant supercomplex while other supercomplexes—1»
+ Iy, II> + IVa2), I + III> + IV(14), and V2—are found in lower abundance (18). All the
respiratory complexes I to V except complex II are made up of a mosaic of both nuclear-
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and mitochondrial-encoded proteins. The mitochondrial subunits nucleate assembly of

complexes and form the catalytic cores.

COB (cytochrome b) is the only mitochondrial encoded subunit of complex III (cytochrome
bcr complex or cytochrome ¢ reductase), which after being synthesised in the matrix and
getting inserted into the IM, nucleates the assembly of the complex (19). The remaining
nine nuclear encoded subunits have to be synthesised in the cytosol and imported into
mitochondria before being assembled into complex III. Interestingly, the two core subunits
of complex III in yeast and human mitochondria, Corl and Cor2, are enzymatically
inactive, whereas the corresponding homologs in plants called MPPa and MPPp are
proteolytically active (20). Thus, plant complex III plays a dual role in electron transport as

well as proteolytic processing of imported precursor proteins.

Cox1, Cox2, and Cox3 are the three catalytic core subunits of complex IV, which are
encoded by the mitochondrial genome in most organisms (21, 22). More than 10 other
subunits are nuclear-encoded, the exact number varying among organisms (23). In plants,
complex IV is thought to contain upwards of 21 proteins including at least six potential
plant-specific subunits (23-25). The biogenesis of human complex IV requires many more
assembly factors than the actual subunits (26-28). Adding to the complexity of complex IV
biogenesis, redox active metal centers must be incorporated into Cox1 and Cox2 before

their assembly into a functional complex (29, 30).

4.3. Mitochondrial protein import

Most of the genes that were originally present in the genome of the a-proteobacterial
endosymbiotic ancestor of mitochondria were gradually transferred to the host nucleus
during the course of eukaryotic evolution (31). Therefore, all the nuclear encoded
mitochondrial proteins synthesised in the cytosol had to be imported back into the
organelle. The basic mitochondrial protein import machinery consisting of the core

subunits had developed even before the divergence of eukaryotes into fungi, plants, and



metazoans (32). Later on, a number of lineage-specific subunits were added while others
were lost. Although the majority of protein import components are conserved in plant
mitochondria, the gene family members encoding the protein import components have
expanded. For instance, yeast contain only a single gene encoding each of the three
proteins, Tim17, Tim23, and Tim22, which belong to the preprotein and amino acid
transporter (PRAT) family. On the other hand, the Arabidopsis genome contains 17 genes
encoding different PRAT family members, of which ten are located in mitochondria, six in

chloroplasts, and one is dual targeted (33).

At the mitochondrial outer membrane (OM), the precursor proteins interact with receptor
subunits of the translocase of the outer membrane (TOM) complex (34). The TOM complex
serves as an entry gate for all the nuclear-encoded mitochondrial proteins which need to
cross the OM. The vast majority of mitochondrial proteins are synthesized in the cytosol
and are targeted to mitochondria via N-terminal cleavable presequences (Figure 2). After
emerging from the TOM complex, the presequence interacts with the TIM23 complex,
which mediates the translocation of the precursor proteins across the IM into the matrix in
a membrane potential- and ATP-dependent manner (35-37) (Figure 2). In the matrix, the
targeting sequences are proteolytically removed by the mitochondrial processing
peptidase (MPP) and the proteins are folded into their respective native structures (38).
The precursor proteins with N-terminal-targeting signals that are destined to the IM are
arrested at the TIM23 complex and laterally release into the membrane (Figure 2) (39). So
far, all proteins identified to be using this pathway contain only a single membrane-

spanning transmembrane helix (TMH) (40).

The mitochondrial carrier protein family include polytopic membrane proteins in the IM,
containing multiple hydrophobic internal signals and usually lacking N-terminal cleavable
targeting signals (40). The carrier proteins are transferred from TOM to the TIM22
complex via the heterohexameric chaperone complex that is composed of small Tim

proteins in the intermembrane space (IMS) (Figure 2). The small Tims prevent aggregation
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Figure 2. Mitochondrial protein transport and insertion pathways at the IM in yeast. Proteins destined to the IM
can follow several routes for membrane insertion. There are the two translocase complexes in the IM, TIM22 and
TIM23, which laterally insert nuclear encoded proteins into the IM. Proteins with internal targeting signals are inserted
into IM by TIM22, while those with cleavable N-terminal targeting signals are inserted by TIM23. The conservatively
sorted proteins are first targeted to the matrix by TIM23 and then inserted to the IM, in a manner reminiscent of
bacterial IM protein insertion. These conservatively sorted and mitochondrial encoded proteins require Oxa or Cox18
for membrane insertion. The newest member for conservative sorting is the Besl protein for membrane insertion of
RISP.

or misfolding of the hydrophobic precursors which are then laterally released into the IM
upon activation of Tim22 by the membrane potential (Figure 2) (41). Unusually, numerous
carrier proteins in plant mitochondria possess a cleavable N-terminal-targeting sequence,
despite displaying the typical tripartite structure and being homologous to other members
of the carrier family (42). Although these extensions appear to be non-essential for
correctly targeting to the mitochondria, they might be important for enhancing the import
specificity and efficiency and might avoid mistargeting to chloroplasts (43). After or
during import, the extension is removed in a two-step process: first processing by MPP

and second processing by a putative serine protease in the IMS (44).

The Bcs1 pathway is the most recent sorting pathway to be identified in mitochondria (45,
46) (Figure 2). Bcs1 is an AAA protein with its AAA domain facing the matrix (47). In stark

contrast to other translocation pathways, the Bcsl pathway can translocate folded
9



proteins. Presently, the RISP subunit of complex III is the only protein known to use this
unique pathway in yeast and human mitochondria. Recently, it was demonstrated that
plant mitochondria most likely use the TAT pathway instead of the Bcsl pathway (14).
Bacteria and chloroplasts utilize the TAT pathway for the insertion of RISP into the
cytochrome bc1 complex and the cytochrome bsf complex, respectively (48). TAT also
inserts numerous other substrate proteins, the exact number varying among different

organisms (49).

4.4. The Oxal protein superfamily

All the mitochondrial-encoded IM proteins depend on the Oxa insertase machinery for
membrane insertion (Figure 2). The Oxa protein is evolutionarily conserved for membrane
protein insertion in mitochondria from the endosymbiotic bacterial ancestor. Oxal was
first identified in 1994 in a yeast mutant that failed to assemble the COX complex,
resulting in a respiration-deficient phenotype (50, 51). Oxal is involved in the co-
translational membrane insertion of polytopic membrane proteins into the mitochondrial
IM (52). In cooperation with a peripheral membrane protein, Mbal, the positively charged
coiled-coil domain at the Oxal C-terminus interacts with the negatively charged 21S RNA
of the large subunit of the ribosome, which is in proximity to the polypeptide exit tunnel
(53, 54). Thus, Oxal is able to directly contact the nascent polypeptide very early during
the translation and inserts it efficiently into the membrane. The matrix-exposed loop

between the TMHs 1 and 2 may also contribute to ribosome binding.

The Oxal-ribosome interaction not only promotes co-translational insertion but is also
critical for the assembly of the COX subunits (55). Similarly, during biogenesis of the Fo
part of ATP synthase, although Oxal is not involved in the insertion of Atp9 into the IM, it
is required for the assembly of Atp9 with Atp6 (56). Thus, Oxal can also function in a
chaperone-like manner in addition to performing membrane insertion. While Oxal is
conserved and Oxal proteins from different organisms are exchangeable, their specific
functions can differ slightly: The yeast Oxal is involved in the biogenesis of complexes IV

and V, whereas the human Oxal is required for the biogenesis of complexes I and V (57-
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59). In Neurospora crassa, Oxal depletion affects the levels of complexes I and IV (60). The
paralog of Oxal, Cox18 (Oxa2), lacks the ribosome-binding coiled-coil domain. Moreover,
unlike Oxal which acts on several known substrate proteins, Cox2 is the only known
substrate of Cox18 (61). Cox18 performs a post-translational role in efficient topogenesis

and stability of Cox2 during the assembly of COX.

Oxal is not only required for the membrane insertion of mitochondrial-encoded proteins,
but also cooperates with TIM23 for the membrane insertion of certain nuclear-encoded
proteins with a complex membrane topology (62) (Figure 2). After translocation into the
matrix via TIM23, the substrate proteins are inserted into the IM with the help of Oxal.
Many of the proteins sorted in this manner have bacterial homologs (63, 64). Oxal is
required for its own biogenesis based on this mechanism (65). In other cases, some TMHs
of the precursor proteins are laterally sorted by TIM23 while the remaining are first
translocated into the matrix and then exported into the membrane by Oxal. For instance,
during the biogenesis of Mdl1, TIM23 laterally inserts the first pair of TMHs into the IM
while the subsequent pair is translocated into the matrix for insertion by Oxal (66).
Generally, laterally inserted TMHs are more hydrophobic than those that are first
translocated into the matrix. Another example is the biogenesis of Sdh4 in yeast. Sdh4
contains three TMHs, the first two are translocated through TIM23 into the matrix and
exported by Oxal, whereas the third is arrested in the TIM23 complex and laterally
inserted into the IM (67). Furthermore, the two subunits of the carrier translocase, Sdh3
and Tim18 also use the TIM23-Oxal pathway (68). Hence, Oxal is also required for the

biogenesis of numerous carrier proteins.

Other members of the Oxal superfamily are crucial for membrane protein insertion,
protein folding and complex assembly in all three domains of life (69, 70) (Figure 3A).
They are required for the biogenesis of the respiratory chain complexes in bacteria (YidC)
and mitochondria (Oxal) and in the assembly of photosynthetic complexes in chloroplasts
(ALB3). The recently identified members of the family, Getl, EMC3, and TMCO1 insert

proteins into the endoplasmic reticulum (71) (Figure 3A). The conserved hydrophobic core
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Figure 3. Phylogenetic and structural analysis of the Oxal protein superfamily A) A diagram depicting the
existence of Oxal superfamily members in all three domains of life: Archaea, Bacteria, and Eukarya. The red dashed
lines separate eukaryotes from prokaryotes. Simplified figures of bacteria, yeast and a plant cell are shown. Within the
yeast cell, mitochondria and endoplasmic reticulum are depicted while chloroplast and mitochondria are depicted. The
Oxal superfamily members are mentioned next to the organism or organelle in which they are found. B) The
phylogenetic tree was generated based on the full-length protein sequence alignment using Clustal omega for the
indicated species of the Oxal superfamily [60]. The phylogenetic analysis was done by Chris Carrie. The numbers next
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to each node represent the measure of support for the node. The conserved five TMH secondary structure is found in all
members (except archaea) of the protein family. Differences at the C-terminal ends are indicated by different colors:
pink = ribosome-binding, blue = TPR domain, green = CP43-interacting.

domain consisting of three or five TMHs catalyzes membrane protein insertion (Figure
3B). This domain can be functionally exchanged among different members of the protein
family (72). However, the soluble N- and C-terminal domains are variable and sometimes
perform specialized functions (Figure 3B). Co-translational membrane insertion of
substrate proteins is supported by the C-terminal ribosome-binding domain of the
mitochondrial Oxal (52, 73), whereas the cpSRP43-binding region at the C-terminus of the
chloroplast ALB3 is crucial for targeting LHCPs to the thylakoid membrane (74) (Figure
3B). E. coli YidC has an extra TMHO near the N-terminus, an extended periplasmic loop
between TMHO and TMH]1, and a unique cytoplasmic coiled-coil region between TMH1
and TMH2 (75) (Figure 3B).

The Gram-negative bacteria have only a single YidC protein whereas most Gram-positive
bacteria have two YidC paralogs. In Streptococcus mutans, YidC2 has a ribosome-binding
domain while YidC1 lacks it (76) (Figure 3B). Hence, with respect to the presence or
absence of the ribosome-binding domain, the mitochondrial Oxal and Cox18 resemble the
Gram-positive YidC2 and YidCl1, respectively (Figure 3B). YidC catalyzes the membrane
insertion of several substrate proteins with one or two TMHs and lacking highly charged
hydrophilic domains on the periplasmic side. The substrate profile of the bacterial YidC
appears to be much larger than that of its organellar counterparts, Oxal and ALB3. These
include the subunits a, b, and ¢ of ATP synthase, TssL, and CyoA. With LacY and MalF,
YidC also functions as a chaperone to assist in the folding and stability of the nascent
polypeptide (77, 78). YidC not only acts independently but also cooperates with SecYEG to

facilitate the correct membrane integration and folding of membrane proteins (79).

The recent X-ray structures of YidC from Bacillus halodurans and Escherichia coli revealed a
hydrophilic groove, which is open from the cytoplasm and the lipid bilayer but is closed
from the periplasmic side (80, 81). Moreover, the relatively shorter TMHS3, 4, and 5 cause
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membrane thinning around YidC. The TMHs of the substrate slide into the lipid bilayer
upon interaction with YidC in the groove region. For Sec-dependent membrane protein
insertion, YidC contacts the interior of the SecY channel to form a ligand-activated and
voltage-dependent complex (82). Upon substrate binding, it facilitates the partitioning of
nascent membrane proteins into the lipid environment by reducing the hydrophobicity of
the SecY lateral gate. (77, 78). The mechanism of protein insertion by Oxa and Alb proteins
is likely to be similar to YidC since they can be modelled on the known structure of YidC.
Analogous to the bacterial YidC, the chloroplast ALB3 may also cooperate with cpSecY to
perform co-translational membrane insertion of proteins into the thylakoid membrane
(83), in addition to its role in the post-translational insertion of LHCPs (84). ALB3 paralog,
ALB4 is involved in the assembly and stability of ATP synthase (85, 86).

4.5. The Arabidopsis OXA proteins and the TPR domain

There are two additional OXA proteins in Arabidopsis thaliana due to independent gene
duplications of OXA1 and OXA2: OXAla, OXAlb, OXA2a, and OXA2b (Figure 3). Except
OXAlb, the other three OXA proteins are essential for embryogenesis (87). This indicates
that OXAla, OXA2a, and OXA2b play vital non-redundant roles in IM protein biogenesis
in all stages of plant development, while OXA1b is probably not so important for normal
plant growth and physiology. Arabidopsis OXAla and OXAlb possess a coiled-coil
domain at the C-terminus, similar to yeast Oxal (Figure 3B). As OXA1la could functionally
replace yeast Oxal, it most likely functions similarly as a general insertase machinery for
membrane proteins from the matrix side (88). Interestingly, OXA2a and OXA2b possess a
tetratricopeptide repeat (TPR) domain consisting of four TPR motifs near the C-terminus,
which is a plant-specific feature and is not found in any other known members of the
protein family (87, 89) (Figure 3B). TPR domains are involved in protein-protein
interactions in a variety of cellular proteins performing different functions. For example,
the TPR domain of the TOM receptor, Tom70, interacts with the cytosolic chaperones
Hsc70/Hsp70 and Hsp90, which guide precursor proteins (90). This interaction is crucial

for mitochondrial precursor targeting and translocation.
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Based on the available transcriptome data, all Arabidopsis OXA genes are maximally
expressed in seeds (91). Among the four OXAs, OXAla has the highest expression level
while OXAZ2a has the lowest expression level (Appendix). Seed germination is an excellent
model for studying mitochondrial biogenesis as cristae-lacking promitochondria in dry
seeds are progressively transformed into fully functional mitochondria within 12 h of light
exposure following stratification (92, 93). During a germination time course consisting of
two days of stratification and two days of germination, OXAla transcripts accumulated
maximally during the first 6 h of germination, OXAlb and OXA2b seemed to be
constitutively transcribed throughout the germination time course whereas OXA2a
transcripts were abundant only during first 12 h of stratification and then decreased over
time (Appendix) (94). These varied expression profiles consolidate the above statement
that the Arabidopsis OXA proteins are very likely to play dissimilar roles during
mitochondrial biogenesis. However, some level of overlapping functionality cannot be

ruled out.
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5. Aims of the thesis

As outlined in the introduction, a lot of research has been done on the roles of Oxal and
Cox18 in yeast and humans, but very little is known about the roles of the four OXA
homologs in plants. Apart from the proposal plant OXA proteins are required for
mitochondrial biogenesis, their exact functions were not known. For a better
characterization of the Arabidopsis OXA proteins, the following became the aims of this

thesis.

1. To investigate the roles of the four Arabidopsis OXA proteins in plant
mitochondrial biogenesis
Due to the problem of embryo-lethality upon knockout of OXAla, OXA2a and
OXAZ2b, it was first necessary to generate viable mutants. In order to accomplish this,
two strategies were used: partial complementation of knockout lines using the ABI3
promoter and RNA silencing. The generated mutant plants were then analysed
phenotypically and several biochemical experiments were performed with the

mitochondria isolated from the plants.

2. To study the significance of the TPR domains in the two OXA2 proteins
OXA2a and OXA2b were predicted to contain a TPR domain at their C-termini, which
makes them unique among known members of the Oxal superfamily. The TPR
domain may instil in OXA2a and OXA2b some special plant-specific functions, distinct
from the membrane insertion function of the conserved TMHs. In order to study the
importance of the OXA2 TPR domains, mutant plants were generated by
complementing knockout lines with the corresponding truncated cDNA which lacks
the region coding for the TPR domain. These mutant plants and their isolated

mitochondria were analysed extensively.
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6. Materials and Methods

6.1. Materials

6.1.1. Chemicals and enzymes

All chemicals used were obtained from Sigma Aldrich (Taufkirchen, Germany), Roth
(Karlsruhe, Germany), Merck (Darmstadt, Germany), Thermo Fisher Scientific
(Braunschweig, Germany), Fluka (Buchs, Switzerland), Bio-Rad (Feldkirchen, Germany),
Serva (Heidelberg, Germany) or Roche (Penzberg, Germany). 35S methionine and cysteine
mix (1175 Ci/mmol at 11 mCi/ml) used for radiolabelling proteins was purchased from
PerkinElmer (Walluf, Germany). Pierce 1-step TMB-Blotting solution (Thermo Fisher
Scientific, Rockford, USA) was used for in gel complex III staining. Bio-Rad protein assay
dye reagent was used to estimate protein concentration. Invitrogen Gateway BP and LR
Clonase II enzyme mixes were obtained from Thermo Fisher Scientific. Restriction
endonucleases were purchased from either Thermo Fisher Scientific or New England
BioLabs (Frankfurt am Main, Germany). Phusion DNA polymerase, T7 RNA polymerase
and T4 DNA ligase were purchased from New England BioLabs and DFS-Taq DNA
polymerase from Bioron (Ludwigshafen, Germany). RNasin ribonuclease inhibitor was

bought from Promega (Madison, USA).

6.1.2. Kits

Macherey-Nagel's NucleoSpin Plasmid and NucleoBond Xtra Midi kits were used for
plasmid DNA isolation from E. coli and NucleoSpin Gel and PCR Clean-up kit was used
for DNA purification. DNeasy Plant Mini kit and RNeasy Plant Mini kit in combination
with RNase-Free DNase Set from Qiagen (Hilden, Germany) were used for DNA and
RNA isolation, respectively from Arabidopsis plants. TURBO DNA-free Kit (Thermo
Fisher Scientific) was used to remove DNA contamination after total RNA isolation from
Arabidopsis. cDNA was synthesised using either SuperScript III First-Strand Synthesis
System (Thermo Fisher Scientific) or iScript cDNA Synthesis Kit (Bio-Rad). FastStart
Essential DNA Green Master kit (Roche) was used for RT-qPCR. Rabbit reticulocyte lysate
and 1 mM amino acid mixture minus methionine present in Flexi Rabbit Reticulocyte

Lysate Sytem (Promega) were used in coupled translation and translation reaction.

17



SuperSignal West Femto kit (Thermo Fisher Scientific) was used for heme staining.

6.1.3. DNA and protein size markers

Lambda DNA Pstl Digest was used as a DNA marker for agarose gel electrophoresis.
peqGOLD protein marker I (VWR, Ismaning, Germany) and PageRuler prestained protein
ladder (26616, Thermo Fisher Scientific) were used as reference for proteins separated by
SDS-PAGE. NativeMark unstained protein standard (LC0725, Thermo Fisher Scientific)

was used for molecular weight estimation of protein complexes in BN-PAGE.

6.1.4. Membranes and column materials

Immobilon-P PVDF transfer membrane from Merck Millipore (Darmstadt, Germany) and
blotting paper from Macherey-Nagel (Diiren, Germany) were used for performing
immunoblots. Protino Ni-NTA Agarose (Macherey-Nagel) and Glutathione Sepharose 4

Fast Flow beads (GE Healthcare) beads were used for protein purifications.

6.1.5. Oligonucleotides and vectors

DNA oligonucleotides listed in Supplemental Table 1 were ordered from Metabion
(Martinsried, Germany). Cloning was performed using the Gateway system (Thermo
Fisher Scientific) via pDONR207 vector. The following binary vectors were used for plant
transformations: pK7GWIWG2 and pOpoff2 (Kan) for RNAi, pH2GW7 and pHABI3pGW7
for expression under the control of 355 promoter and ABI3 promoter, respectively.
pDEST14 was employed for in witro coupled transcription and translation. For
overproduction of N-terminal His-tagged and GST-tagged proteins, pDEST17 and pGEX-
6P-1 were used, respectively. All plasmids used in this study are listed in Supplemental

Table 5.

6.1.6. Bacterial strains

Escherichia coli TOP10 (Thermo Fisher Scientific) was used for plasmid DNA propagation
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while BL21 and BL21(DE3) (Novagen - Merck Millipore) were used for heterologous
protein overproduction. Agrobacterium tumefaciens GV3101 (pMP90RK) was used for stable

transformation of Arabidopsis thaliana plants (95).

6.1.7. Plant seeds

Seeds for two independent T-DNA insertions each in OXA2b, OXA2a and OXA1b in the
Arabidopsis thaliana Columbia-0 background were obtained from NASC (Nottingham
Arabidopsis Stock Centre). These lines, SALK_057938 (oxa2b-1), GABI_425B09 (0xa2b-2),
SALK_048398 (0oxa2a-1), GABI_492F05 (0xa2a-2), SALK_001468 (oxalb-1) and SALK_039564
(oxalb-2) were genotyped by PCR using the primers listed in Supplemental Table 1 and the
insertion sites were confirmed by sequencing. Homozygous seeds of oxalb isolated after
selection and genotyping were used for further experiments. No homozygous line could

be isolated for oxa2b and oxa2a due to their essential role during embryogenesis (87).

6.1.8. Antibodies, accession numbers and software

All the antibodies used in this study are listed in Supplemental Table 2. The gene accession
numbers of proteins involved in this work can be found in Supplemental Table 6. Vector
NTI (Life Technologies) was used to design cloning experiments and align DNA

sequences. Plant sequences were obtained from TAIR (https://www.arabidopsis.org) or

Aramemnon (http: / /aramemnon.uni-koeln.de) or Phytozome 12

(https:/ /phytozome.jgi.doe.gov/pz/portal.html). TPRpred was used for TPR domain

prediction (96). NCBI Blast server (https://blast.ncbi.nlm.nih.gov) was used to match

DNA or protein sequences. ClustalW (https://www.genome.jp/tools-bin/clustalw) and

SIAS tool (http://imed.med.ucm.es/Tools/sias.html) were employed to calculate protein

sequence identity and similarity. CATMA( http://www.catma.org) was used to obtain

gene-specific sequence tags for cloning into RNAi constructs (97). Gelmap

(https:/ /www.gelmap.de/arabidopsis_mito) was used for identifying mitochondrial

proteins and complexes found in Arabidopsis (98). Graphs and statistical analyses were
performed in Microsoft Excel. Images processing was done using Image] and figures were

made using Adobe Photoshop and Illustrator (99).
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6.2. Methods

General methods not listed below were performed according to (100). Methods concerning

plant mitochondria were adapted from (101).

6.2.1. Molecular biological methods

6.2.1.1. DNA cloning

Competent cells for DNA transformation were prepared according to (102). gDNA from
Arabidopsis was isolated using DNeasy Plant Mini kit (Qiagen) by following the
manufacturer's instructions. PCR was performed with gDNA, cDNA or plasmid DNA as
template using proof-reading Phusion polymerase (103). Primer annealing temperature
and elongation time for the PCR were adapted based on oligonucleotide sequence and
length of the construct. PCR products were mixed with DNA loading buffer (0.04%
bromophenol blue, 0.02% xylene cyanol, 20 mM EDTA, 10% glycerol) and loaded on 1%
agarose gel containing 0.5 pg/ml ethidium bromide run in TAE buffer (40 mM Tris-
acetate, 2.54 mM EDTA) at 100 V for 30 min. For cloning, bands were excised from the gel
and purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). Gateway
system (Thermo Fisher Scientific) was used to clone constructs by homologous
recombination via pDONR207 into suitable destination vectors listed in Supplemental
Table 5 according to the manufacturer's instructions. pHABI3pGW?7 was constructed by
replacing the 35S promoter of pH2GW?7 was with the ABI3 promoter to serve as a vector
for partial complementation. OXAp-GUS plasmids were constructed by Golden Gate
cloning (104, 105). For the construction of recombinant pGEX-6p-1 plasmid, the vector and
the PCR product created with primers containing an appropriate restriction site were
double digested with EcoRI and Notl and gel extracted, followed by ligation using T4
DNA ligase.

6.2.1.2. Plasmid DNA isolation and sequencing
Plasmid DNA was isolated from 2 ml overnight culture of E. coli using NucleoSpin
Plasmid kit (Macherey-Nagel) by following the manufacturer's instructions. All plasmids

in Supplemental Table 5 were confirmed by sequencing with appropriate primer(s) based
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on Cycle, Clean and Run protocol performed by Sequencing Service - Faculty of Biology at

Ludwig Maximilians University of Munich, Germany.

6.2.1.3. Transformation of Agrobacterium tumefaciens

Stable transformation into Arabidopsis plants were performed using Agrobacterium
tumefaciens strain GV3101. For Agrobacterium transformation, 1 pg plasmid was added to
50 pl competent cells and incubated 5 min on ice, 5 min in liquid nitrogen and heat
shocked at 37°C for 5 min. Then 800 pl LB medium (1% tryptone, 0.5% yeast extract, 0.5%
NaCl) was added and the cells were incubated with shaking at 28°C for 4 h. Then the cells
were spread onto LB plates with appropriate antibiotics and grown for 3 days at 28°C.

Transformants were verified by checking the sequence of the isolated plasmid DNA.

6.2.1.4. RT-PCR and RT-qPCR

Total RNA was isolated from rosette leaves of Arabidopsis using the RNeasy Plant mini
kit and RNase-Free DNase Set (Qiagen). The eluted RNA was further purified using
TURBO DNA-free Kit (Thermo Scientific Fisher). The quality of RNA was checked by
loading 2 pl onto an agarose gel and the concentration was determined using
Nanophotometer (Implen). OXA2b cDNA was synthesised using SuperScript III First-
Strand Synthesis System (Thermo Scientific Fisher) with a gene-specific reverse primer
(Supplemental Table 1). To detect the presence of OXA2b full-length or truncated
transcripts, PCR was performed using the same forward primer and different reverse
primers. For RT-qPCR, total RNA was isolated from Arabidopsis as mentioned above and
cDNA was synthesised using the iScript cDNA Synthesis Kit (Bio-Rad). A 10-fold dilution
of the cDNA was used for qPCR using FastStart Essential DNA Green Master kit on
LightCycler 96 (Roche). The transcript abundance of OEP24 or actin was used as reference
for calculating fold change. The sequences of the PCR primers used are listed in

Supplemental Table 1.

6.2.1.5. Phylogenetic analysis

Protein sequences for Oxal/YidC/Alb3 family proteins were obtained by performing a
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BLAST search of yeast Oxal and Cox18 sequences against the organisms listed in
Supplemental Tables 1 and 2 (106). Plant protein sequences were obtained from the
Phytozome 12 website (107). All the sequences were aligned using Clustal Omega (108).
Gaps in the alignment were removed using TrimAI with the gappyout algorithm (109). A
maximum-likelihood phylogeny was obtained with the help of IQTREE after 1000
replicates (110). Only the branches with bootstrap values above 75 were indicated on the

phylogenetic trees.

6.2.2. Plant biological methods

6.2.2.1. Growth of Arabidopsis thaliana

All Arabidopsis plants were grown under controlled long day conditions (16 h light (100
pE, 22°C), 8 h dark (18°C), 50% relative humidity) until the first flowers appeared and then
moved to greenhouse. Seeds were surface-sterilized by mixing with sterilization solution
(70% ethanol, 0.05% Triton X-100) for 15 min followed by washing with 70% ethanol once
and then with 100% ethanol twice. The dried seeds were sown on MS (Murashige and
Skoog) agar plates (half-strength MS medium, 0.05% MES and 0.75% agar, pH 5.8)
followed by stratification at 4°C in the dark while those for growth on soil were stratified
directly on wet soil for three days prior to their incubation in the growth chambers. For
isolating mitochondria from 2-week-old plants, surface-sterilized seeds were grown in MS
liquid medium (same as for MS agar medium described above, except for the omission of
agar and addition of 1% sucrose and 50 pg/mL cefotaxime) with shaking at 80 rpm for 2-3
weeks in the growth chamber. For mitochondria isolation from 4-week-old plants, at least

140 plants were grown on soil for each genotype.

6.2.2.2. Arabidopsis genotyping

gDNA was isolated from Arabidopsis for genotyping analysis as follows: A single leaf
from a 2- to 3-week-old Arabidopsis plant was taken in a 2 ml microcentrifuge tube and
homogenized in 500 pl High Purity Extraction buffer (50 mM NaCl, 50 mM EDTA, 1%
PVP-40, 1 M Tris, pH 7.5) with the help of a 3 mm tungsten carbide ball for 3 min using
TissueLyser (Qiagen). Afterwards, 66 pl of 10% SDS and 166 pl of 5 M potassium acetate
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were added and mixed. Then it was centrifuged for 15 min at 16,000 g and the supernatant
was mixed with 0.7 volume of isopropanol and incubated for 15 min at -20°C. The sample
was then centrifuged for 15 min at 16,000 g and the supernatant was discarded. The pellet
was washed by gentle mixing with 500 pl of 70% ethanol and recentrifuged at 16,000 g for
5 min. The final pellet was dried at 50°C for 10 min and resuspended in 50 pl water.
Genotyping PCR was performed with 2 pl gDNA in a 20 pl reaction using DFS-Taqg DNA

polymerase.

6.2.2.3. Stable transformation of Arabidopsis

Heterologous DNA was transformed into appropriate lines of Arabidopsis by the floral
dip method via Agrobacterium tumefaciens GV3101 (111). 500 ml LB medium containing 50
pg/ml rifampicin, 10 pg/ml gentamycin and 100 pg/ml spectinomycin was inoculated
with an overnight grown preculture of recombinant A. tumefacium and grown overnight at
28°C, 200 rpm. Cells were harvested by 20 min centrifugation at 2500 g and resuspended
in Silwet medium (5% sucrose, 0.03% Silwet L-77). Six flowering Arabidopsis plants were
dipped in the cell suspension for about 10 sec with gentle agitation and the tray containing
dipped plants was covered with a plastic lid overnight. The dipping procedure was
repeated after one week. Seeds from transformed plants were harvested and selected on

MS agar plates with a suitable antibiotic.

6.2.2.4. Generation of complementation lines

The constructs cloned into pH2GW?7 and pHABI3pGW?7 for expression under the control
of 35S promoter or ABI3 promoter respectively, were transformed into the corresponding
heterozygous T-DNA insertion lines via Agrobacterium. Homozygous plants due to
complementation were isolated by selecting the seeds of transformant plants on plates
containing 20 pg/ml hygromycin (for transformation selection) and 50 ng/ml kanamycin
(SALK T-DNA selection) or 7.5 pg/ml sulfadiazine (GABI T-DNA selection) and
genotyped by PCR. The next generation mutants were verified for homozygosity by
performing genotyping PCR before being propagated for further studies.
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6.2.2.5. Generation of RNAi and OXAp-GUS lines

The gene-specific sequences of OXAla, OXA2a and OXA2b were derived from the
CATMA website and amplified using the primers specified in Supplemental Table 1 (97).
Amplified target sequences were inserted into dexamethasone-inducible pOpOff2 (Kan)
and constitutively expressed pK7GWIWG2 vectors by Gateway recombination cloning
(Invitrogen) (112). The promoter regions of all the four Arabidopsis OXA genes were fused
to the GUS reporter gene by Golden Gate assembly (104, 105). The constructs were stably
introduced into wild-type Columbia-0 plants and transformants were identified by
screening on MS agar plates containing 50 pg/mL kanamycin (113). The resulting T2 lines
were further screened on selective medium to identify lines with a single insertion locus
by checking 3:1 ratio of the number of seedlings resistant or sensitive to the antibiotic. GUS
staining was also performed on the seedlings induced with 50 pM dexamethasone to
verify the operation of the pOp promoter (Section 6.2.2.8). The T3 progenies of the selected
lines were analyzed on the antibiotic selection medium to identify homozygous lines by
checking for all resistant seedlings. Three such homozygous independent insertion lines
were propagated and used for subsequent experiments. The T1 generation seeds of each of
the four Arabidopsis OXA promoters fused to the GUS reporter gene are available for

performing OXA expression analyses.

6.2.2.6. Generation of OXA1a-RNAi oxalb double mutants

Two OXAla-RNAIi lines, OXA1a-RNAi-2 and OXA1a-RNAi-3 were crossed to oxalb-2 by
applying the anthers of the RNAI lines over the stigmas of oxalb-2. The anthers of Control-
RNAi (male) were also crossed to oxalb-2 (female) to serve as a control double mutant.
Since kanamycin resistance of the T-DNA insert was lost, any such resistance observed in
the progeny would be due to the presence of the RNAi construct. When the T1 generation
was genotyped for the presence of OXAIb T-DNA insert and the OXAla RNAI construct,
only heterozygosity of the T-DNA insert was observed for all the 10 plants tested. The T2
generation was screened on kanamycin selection plates and the plants homozygous for the
T-DNA insert were selected by genotyping. The T3 generation was further verified for the
homozygosity of the T-DNA insert as well as for the presence of the RNAi construct by

genotyping after selection on kanamycin plates. The T4 progenies of the selected lines
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were analyzed on the antibiotic selection medium for all resistant seedlings to identify
homozygous lines. The available T5 generation double mutant lines have to be verified for
homozygosity of both the OXA1b T-DNA insert and the corresponding RNAi construct

before further experimental analyses.

6.2.2.7. Arabidopsis phenotyping

Growth-stage-based phenotypic analysis was performed as described in (114). Root
lengths were measured from 14-day-old seedlings grown on vertically placed agar plates.
Data for growth progression analysis of oxa2b complementation lines was collected from
100 plants for the plate-based method, 24 plants for the soil-based method and 20 plants
for root growth measurement while that of oxa2a complementation lines was collected
from 60 plants for the plate-based method, 24 plants for the soil-based method and at least
30 plants for root growth measurement. For oxalb germination assay, the seeds incubated
at 15 °C were stratified at 1°C. To inhibit germination, 1 pM abscissic acid was used in the
growth medium. Growth progress of embryos and green siliques dissected and opened
using a needle were visualized using a binocular microscope (Zeiss Stemi 2000-C).
Weights of seeds harvested from three different plants of each oxa2b complementation
genotype were measured and their averages calculated except for oxa2b-1+355:0XA2b, for
which the seed weight was calculated based on the total weight of seeds harvested from 24

plants.

6.2.2.8. GUS Staining

The plant material was incubated in fixation solution (2% p-formaldehyde, 0.1%
glutaraldehyde, 50 mM sodium phosphate, pH 7.0) for 5 min and washed with phosphate
buffer (50 mM sodium phosphate, pH 7.0). Then vacuum infiltration was performed in X-
Gluc staining solution (1 mM X-Gluc, 10 mM EDTA, 0.5 mM potassium ferrocyanide 0.5
mM potassium ferricyanide, 0.1% Triton X-100, 50 mM sodium phosphate, pH 7.0) at 1000-
800 mbar for 5 min followed by overnight incubation in dark at 37°C. Subsequently

destaining with 70% ethanol was done.
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6.2.3. Biochemical methods

6.2.3.1. SDS-PAGE

SDS-PAGE was performed with 30 pg mitochondrial protein per lane. 100 pg
mitochondrial protein was used for immunodetection of OXA2b due to its very low
abundance. 100% sample in oxalb SDS-PAGE analyses corresponds to 40 pg mitochondrial
protein. Samples were denatured in SDS loading buffer (2% SDS, 0.04% bromophenol
blue, 5% P-mercaptoethanol, 10% glycerol, 60 mM Tris, pH 6.8) by heating for 5 min at
95°C and loaded onto wells of a stacking gel (5% acrylamide) over a separating gel (10,
12.5 or 15% acrylamide). Electrophoresis was performed in SDS running buffer (25 mM
Tris, 192 mM glycine, 0.1% SDS) at 25 mA for a small gel or 30 mA for a large gel. Then the
gel was either stained with Coomassie staining solution (0.18% Coomassie brilliant blue R-
250, 50% methanol, 7% acetic acid) followed by destaining (40% methanol, 10% acetic acid)

or immunoblotted (Section 6.2.3.4).

6.2.3.2. BN-PAGE

BN-PAGE was performed with 100 pg mitochondrial protein per lane on native Bis-Tris
gels consisting of gradient (4.4-16% acrylamide) separating gel and a stacking gel (4%
acrylamide) (115). For sample preparation, 100 pg mitochondria were solubilized in 20 pl
digitonin extraction buffer (5% digitonin, 150 mM potassium acetate, 10% glycerol, 30 mM
HEPES, pH 7.4) for 20 min on ice. After 20 min centrifugation at 15000 g, 4°C, the
supernatant was mixed with BN loading buffer (5% Coomassie brilliant blue G-250, 750
mM aminocaproic acid) and electrophoresis was performed using cathode buffer (0.02%
Coomassie brilliant blue G-250, 50 mM Tricine, 15 mM Bis-Tris, pH 7.0) and anode buffer
(50 mM Bis-Tris, pH 7.0) at 7 mA for 45 min followed by 15 mA for 5 h at 4°C. Then the BN
gel was directly destained (40% methanol, 10% acetic acid) or enzyme activity assays were
performed (Section 6.2.4.2). For immunoblotting of protein complexes (Section 6.2.3.4),
BN-PAGE was performed similarly except that the cathode buffer was exchanged with the
one lacking Coomassie after 2 h of electrophoresis at 15 mA and then continued for an

additional 2.5 h.
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6.2.3.3. 2D-BN/SDS-PAGE

2D-BN/SDS-PAGE was performed with 250 pg and 500 pg of mitochondria for
immunoblotting and colloidal Coomassie staining respectively. A lane from the first
dimension BN-PAGE performed as described above was incubated in SDS equilibration
solution (1% B-mercaptoethanol, 1% SDS) for 30 min and washed briefly in water before
placing it in a slightly angled position with the low molecular weight region higher, on a
gel plate for casting the second dimension SDS gel containing 4 M urea. Electrophoresis
was performed at 20 mA. Proteins were visualised by colloidal Coomassie staining

(Section 6.2.3.5) or immunoblotting (Section 6.2.3.4) was performed.

6.2.3.4. Immunoblotting

Proteins were electrotransferred out of an SDS gel using a semi-dry blotting apparatus
while protein complexes were electrotransferred out of a BN gel using a wet blotting
apparatus. For semi-dry blotting, four blotting papers, activated PVDF membrane, gel and
four blotting papers, all soaked in transfer buffer (48 mM Tris, 39 mM glycine, 1.3 mM
SDS, 20% methanol) were assembled and blotted at 0.8 mA/cm? for 1 h. Blotted proteins
were stained with Ponceau solution (0.1% Ponceau S, 5% acetic acid) to mark the protein
marker bands and washed briefly with water and TBST (150 mM NaCl, 10 mM Tris pH
7.4, 0.1% Tween-20). For wet blotting, a sponge, one blotting paper, activated PVDF
membrane, gel, a blotting paper and a sponge, all soaked in transfer buffer were
assembled on the anode cassette and covered tightly with cathode cassette. Electroblotting
was performed at 50 mA for 18 h. Then the major respiratory complexes were marked on
the membrane using a destaining solution (30% methanol, 7% acetic acid) before washing

away all the blue using methanol followed by a brief rinse with TBST.

The SDS gel blotted membrane was blocked for at least 30 min with 2% skimmed milk in
TBST while the membrane for BN blots was blocked for at least 1 h with 5% skimmed milk
in TBST. Incubation with primary antibody was performed overnight at 4°C
(Supplemental Table 2). After three 10 min washes in TBST, the membrane was incubated
for 1 h at room temperature with horse radish peroxidase conjugated secondary antibody.

After another three 10 min washes in TBST, substrate solution (equal volumes of
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development solutions I (2.5 mM luminol, 0.4 mM p-coumaric acid, 100 mM Tris pH 8.5)
and II (0.018% H20, 100 mM Tris pH 8.5)) was added and chemiluminescence was
detected on ImageQuant LAS 4000 (GE Healthcare).

6.2.3.5. Colloidal Coomassie staining

The gel was incubated in fixing solution (40% methanol, 10% acetic acid) for at least 1 h
and then incubated in 100 ml of staining solution (0.08% Coomassie Brilliant Blue G-250,
1.57% o-phosphoric acid, 7.84% ammonium sulfate, 20% methanol) for about 24 h.

Destaining was done several times in water before scanning.

6.2.3.6. Autoradiography
Radiolabelled proteins or complexes were detected by exposing the corresponding dried
gel to a storage phosphor screen in a cassette for at least 48 h followed by visualization

using Typhoon Trio scanner (GE healthcare) at high sensitivity.

6.2.3.7. Production of antibodies

For generating antibodies against all the four Arabidopsis OXA proteins, the cDNAs
corresponding to the first matrix-exposed loop regions were cloned into pDEST17 and
over expressed using 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) in BL21 (DE3)
cells grown in 2 1 LB medium containing 100 pg/ml Ampicillin at 37°C. After disruption of
the cells using French press (SLM Aminco FA-078), the proteins were purified by IMAC
using Protino Ni-NTA Agarose beads (Macherey-Nagel) by following Gravity-flow
purification protocol of the user manual. The elutions were further purified by electro-
elution, concentrated using Amicon Ultra centrifugal filters (Millipore) and sent to Pineda
antikorper service at 2 mg/ml final concentration for injections into New Zealand white

rabbits.
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6.2.4. Methods concerning mitochondria

6.2.4.1. Isolation of mitochondria

Mitochondria were isolated from 10 to 14-day-old plants (wild-type and full-length oxa2b-
complemented plants), 17 to 21-day-old plants (C-terminally truncated-oxa2b-
complemented plants) and 2 weeks various oxa2a-complemented plants grown in liquid
medium. Approximately 50 g of Arabidopsis plant tissue was pounded in a mortar with
150 ml of grinding buffer (0.3 M sucrose, 25 mM NasP>0O7, 2 mM EDTA, 10 mM KH2POq,
1% PVP-40, 1% BSA, 20 mM ascorbic acid, pH 7.5). The filtrated lysate was centrifuged for
5 min at 2,500 g, 4°C and the supernatant was centrifuged for 20 min at 17,400 g, 4°C. The
pellet was resuspeded in the residual buffer and washed in wash buffer (0.3 M sucrose,
0.1% BSA, 10 mM TES, pH 7.5) by repeating the above two centrifugation steps. Then the
crude mitochondrial pellet was loaded over two 0-4.4% PVP-40 gradients containing 28%
percoll (GE Healthcare) in wash buffer and centrifuged for 40 min at 40,000 g, 4°C with the
brakes off. Mitochondria found as a light-yellow cloudy band near the bottom of the tube
was collected and mixed with wash buffer without BSA for washing twice at 31,000 g, 4°C
for 15 min with slow deceleration. The mitochondria in the form of a loose pellet was
collected and protein content was quantified by Bradford assay of 1 pl mitochondria in
five replicates using Bio-Rad protein assay dye reagent and the samples were then used

directly for analyses or frozen at -80°C for further analyses.

Mitochondria were similarly isolated from the various oxa2a-complemented plants grown
for 2 weeks. For mitochondria isolation from 4-week-old oxa2a-complemented plants
grown on soil, above ground plant material was ground in grinding buffer B (0.3 M
sucrose, 60 mM TES, 2 mM EDTA, 25 mM NasP>07, 10 mM KH2PO4, 1 mM glycine, 1%
PVP-40, 1% BSA, 50 mM sodium ascorbate, 20 mM cysteine, pH 8.0) instead of the
grinding buffer mentioned above and the rest of the protocol performed similarly (116,

117).

6.2.4.2. In gel enzyme activity assays
Enzyme assays for the respiratory complexes I (118), III (119) and IV (120) were performed

29



after BN-PAGE by incubating the gel in 50 ml of the respective freshly prepared staining
solution at RT. Complex I was visible in 20 min of incubation in its staining solution (0.14
mM NADH, 0.1% nitroblue tetrazolium, 0.1 M Tris, pH 7.4). Complex III was stained after
6 h using Pierce 1-step TMB-Blotting solution (Thermo Scientific, Rockford, USA).
Complex IV was detected after incubation in its staining solution (1 mg/ml cytochrome c,
0.1% 3,3’-diaminobenzidine, 10 mM potassium phosphate, pH 7.4) for 80 min. The gels
were transferred into fixing solution (40% methanol, 10% acetic acid) to stop the reactions
and decrease Coomassie blue background before scanning. In order to distinguish the blue
coloured band corresponding to complex III catalytic activity from the blue color of
Coomassie coupled to proteins, digital processing of the image was performed in RGB
working space of Adobe Photoshop resulting in green-yellow color of the complex III

band (119).

6.2.4.3. Heme staining

Heme staining was performed on mitochondrial sample transferred to PVDF membrane
(Millipore Immobilon-P) after its separation by BN-PAGE (100 pg) or SDS-PAGE (50 pg).
The blot was washed twice in TBS without Tween and incubated for 5 min in 1:1 mixture
of the solutions in SuperSignal West Femto kit (Thermo Scientific) for chemiluminescence

detection on ImageQuant LAS 4000 (121).

6.2.4.4. In organello protein synthesis

For performing in organello mitochondrial translation, 200 pg of freshly isolated
mitochondria were resuspended in 100 ul of master mix (300 mM mannitol, 60 mM KCI, 50
mM HEPES, 10 mM MgCl,, 10 mM sodium malate, 10 mM sodium pyruvate, 20 mM GTP,
10 mM DTT, 20 mM ADP, 5 mM KH>POy, pH 7.0) and placed on ice for 3 min. Then 4 pl of
1 mM amino acid mixture minus methionine and 22 pCi 35S-methionine were added. The
reactions were performed by incubation at 25°C with shaking at 350 rpm for 10, 30, and 60
min and stopped by addition of 1 ml mitochondria wash buffer containing 10 mM
methionine. In control experiments, 25 mM sodium acetate was used instead of sodium
malate and sodium pyruvate. Radiolabeled proteins were separated by SDS-PAGE and

complexes by BN-PAGE before visualization by autoradiography (Sections 6.2.3.1, 6.2.3.2
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and 6.2.3.6). The protein bands were identified by aligning immunoblot analyses of certain
mitochondrially translated proteins using wild-type mitochondria run on the same gel

(Supplemental Figure 4).

6.2.4.5. Preparation of mitoplasts

For preparing mitoplasts, the mitochondrial OM was disrupted by osmotic swelling.
Mitochondrial pellet corresponding to 100 pg was resuspended in 10 pl of SEH buffer (250
mM sucrose, 1 mM EDTA, 10 mM HEPES, pH 7.4). Then 155 ul of 20 mM HEPES, pH 7.4
was added and incubated on ice for 15 min. Subsequently 25 ul of 2 M sucrose and 10 pl of
3 M KCl were added and mixed. Then the sample was typically aliquoted into two, one of
which was treated with Proteinase K (PK) and the other mock-treated as described below

(Section 6.2.4.6).

6.2.4.6. Proteinase K treatment

For PK digestion of mitochondria and mitoplasts, the enzyme was added to a final
concentration of 32 pg/ml and 60 pg/ml respectively. In case of a mock treatment, another
corresponding sample was taken without the addition of PK. All the samples were
incubated on ice for 30 min. The proteolysis was inhibited using 1 mM
phenylmethylsulfonyl fluoride (PMSF) and mitochondria or mitoplasts were collected by
centrifugation at 16,000 g for 5 min at 4°C. The pellet was resuspended in 2X SDS loading
buffer and analysed by SDS-PAGE followed by autoradiography (Sections 6.2.3.1 and
6.2.3.6).

6.2.4.7. In vitro mitochondrial protein import

%S labelled precursor proteins were synthesised in a coupled transcription-translation
reaction (50% rabbit reticulocyte lysate, 1.75 pg plasmid, 13.75 pCi 3°S methionine and
cysteine mix, 50 mM Tris pH 8, 1.5 uM MgCly, 100 uM rNTPs, 62.5 U T7 RNA polymerase,
20 uM amino acid mixture minus methionine, 64 U RNasin ribonuclease inhibitor, made

up to a final volume of 50 ul with nuclease-free water) at 30°C for 90 min.
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In vitro imports of the precursor proteins were performed into mitochondria isolated from
2-week-old plants. Mitochondria of 250 pg were added to 450 puL of ice-cold import master
mix (0.3 M sucrose, 50 mM KCl, 10 mM MOPS, 5 mM KH2POy, 0.1% BSA, 1 mM MgCly, 1
mM methionine, 0.2 mM ADP, 0.75 mM ATP, 5 mM succinate, 5 mM DTT, 5 mM NADH,
1 mM GTP, pH 7.5) and incubated on ice for 3 min. After adding 25 pl of radiolabeled
precursor protein, the import reaction was performed for the indicated times at 26°C with
gentle rocking at 350 rpm. Then 100 ul containing 50 png mitochondrial protein was
removed and treated with PK (Section 6.2.4.6). For the nine-lane import experiment of
Arabidopsis OXA proteins with AOX and TIM23 as positive controls (Figure 7), an
appropriate amount of the import master mix was divided into two tubes and
valinomycin was added into one of them to a final concentration of 1 pM before
proceeding for the import reaction as described above as well as mitoplast preparation
and PK treatment protocols (Sections 6.2.4.5 and 6.2.4.6). For analysing radiolabelled
protein complexes, 100 pg mitochondria after the import reaction were pelleted and

prepared for BN-PAGE followed by autoradiography (Sections 6.2.3.2 and 6.2.3.6).

6.2.4.8. Mitochondrial protein pull-down assays

The recombinant pGEX-6P-1 plasmid containing the TPR domain of OXA2b (GST-
OXA2bTPR) and the empty vector (GST) were transformed into BL21 E. coli cells. After
induction with 1 mM IPTG, the cells were grown overnight in 11 LB medium containing
100 pg/ml ampicillin at 12°C. The harvested cells were resuspended in PBS buffer and
homogenized using French press (SLM Aminco FA-078) at 12,000 psi cell pressure. The
cell lysate was centrifuged (10,000 g, 20 min, 4°C) and the supernatant was incubated with
1 ml Glutathione Sepharose 4 Fast Flow beads (GE Healthcare) that were washed and
resuspended in PBS (140 mM NaC(l, 2.7 mM KCl, 10 mM Na>HPOy, 1.8 mM KH>PO4, pH
7.3), for 1 h at RT on a roller. After collecting the flow-through followed by three washes,
the bound proteins were eluted in 2.5 ml GST elution buffer (10 mM reduced glutathione,
50 mM Tris-HCI, pH 8.0). Purified GST and GST-OXA2bTPR were dialyzed overnight
using standard RC tubing (Spectra/Por, MWCO: 3.5 kD) in PBS at 4°C to remove bound
glutathione and protein concentrations were measured using Bio-Rad protein assay dye

reagent.
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In organello translation of mitochondrial-encoded proteins was performed with Col-0
mitochondria (Section 6.2.4.4). Then the mitochondia were lysed in mitochondrial lysis
buffer (1% Triton X-100, 140 mM NaCl, 2.7 mM KCl, 10 mM NazHPOs, 1.8 mM KH2POs,,
1mM PMSF, pH 7.4) for 20 min on ice and centrifuged at 15,000 g for 20 min at 4°C. The
clarified lysate was applied to 25 pl of Glutathione Sepharose 4 Fast Flow beads (GE
Healthcare) that were loaded with 2.4 nmol of GST (control) or GST-OXA2bTPR and
blocked with 3% BSA in PBS buffer supplemented with TmM PMSF, and incubated for 3 h
at 4°C. After collecting the flow-through and washing, the bound proteins were eluted in
25 pl GST elution buffer after which SDS-PAGE was performed followed by
autoradiography (Sections 6.2.3.1 and 6.2.3.6). For pull-down assays with in wvitro
synthesized proteins, 20 pl of the beads loaded with 100 pg of GST (control) or GST-
OXA2bTPR were incubated with the translation reaction for 1 h at RT. After washing, the

bound proteins were eluted and detected similarly as described above.
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7. Results

7.1. Phylogenetic and structural analyses of plant OXA proteins

7.1.1. OXA gene duplication must have occurred before speciation

The Oxal superfamily is well conserved from a structural and mechanistic standpoint,
although the protein sequences are diverse (71). Previous attempts to determine whether
OXA2b is more closely related to yeast or mammalian Oxal or Cox18 were limited to
small data sets (87). To overcome this limitation, Oxal-like proteins of all plant species
found in the Phytozome database were used to create an unrooted phylogenetic tree
(Figure 4; Supplemental Table 3). For comparison, a selection of bacterial YidC and
chloroplast Alb3/Alb4 sequences were also included in the phylogenetic analysis. As
observed in (87), YidC and Alb3/Alb4 proteins were more closely related and clustered

together on one side (Figure 4). All the Oxa proteins were found on the other side of the

Non-plant
Cox18

Figure 4. Phylogeny of plant Oxa proteins. A maximum-likelihood phylogenetic tree of Oxal/YidC/Alb3 proteins is
shown. Numbers represent ultrafast bootstrap values from IQTREE. Only the main branches bootstrap values are shown
for better visibility. The organisms included in the analysis can be found in Supplemental Table 3. The phylogenetic
analysis was performed by Dr. Chris Carrie.
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tree. The non-plant Oxal and the plant Oxal proteins, including both the Arabidopsis
homologs, OXAla and OXA1b grouped together, while Cox18 and plant Oxa2 sequences,
including the Arabidopsis proteins, OXA2a and OXA2b formed another group (Figure 4).
Moreover, the plant Oxa2 proteins were clearly distinct and formed their own group
(Figure 4). Only the plant Oxa2 group proteins have a predicted TPR domain when
TPRpred program was used (108).

7.1.2. Plant OXA2 proteins are unique

Based on the identity and similarity profiles of the two OXA1 and the two OXA2 proteins
present in Arabidopsis, they appear to have arisen from two independent gene
duplications (Figure 5A). Only low scores of percentage similarity of approximately 26-
27% was found between AtOXA1 and ScOxal. This score is even lower between AtOXA1
and ScCox18/0Oxa2 at approximately 17-18%. However, this is not surprising because all

known members of the Oxal superfamily are conserved structurally on the basis of a

A)
AtOXA1a [AtOXA1b |AtOXA2a |AtOXA2b [ScOxal [ScCox18 [EcYidC
AtOXA1la
AtOXA1b 52.91
AtOXA2a 17.94
AtOXAZb 18.41 57.90
ScOxai 27.86 26.36 22.38 16.41
ScCox18 14.24 16.77 18.03 17.72 18.98
EcYidC 17.01 16.47 17.14 14.23 13.93 16.45
I identity
Y%similarity
B)
Protein |Sytematic Protein Precursor Transit Peptide Mature Protein C-terminus
Length MW Length Length MW Length MW
Name | Name | S09 el kD) | P | (aminoacids) |(amino acids)| (kD) | P |(aminoacids)| (kD) | P!
AtOXAla [At5g62050 429 47.9 9.6 82 347 38.3 9.4 89 10.0 11.0
AtOXA1b [At2g46470 431 47.9 9.3 82 349 38.7 8.6 88 10.0 11.2
AtOXA2a [At1965080 525 58.3 5.9 56 469 52.0 5.2 245 27.2 5.0
AtOXA2b [At3g44370 566 62.8 6.4 43 523 57.9 5.8 235 25.7 5.6
ScOxa1l |YER154W 402 44.8 10.8 42 360 40.0 9.7 86 10.1 10.7
ScCox18 |YGR062C 316 35.7 11.8 50 266 30.1 11.2 7 1.0 8.6
EcYidC  |b3705 548 61.5 7.7 24 548 61.5 7.7 16 1.9 11.1

Figure 5. A Comparison of Oxa homologs. A) Identity and Similarity of Oxa proteins. Protein sequence identity and
similarity of Oxal homologs in Arabidopsis, yeast and bacteria were calculated with SIAS tool after aligning the
sequences using ClustalW. B) The length, molecular weight (MW) and pl of the various protein segments of Oxa
proteins are tabulated. In case of EcYidC, it refers to signal peptide instead of transit peptide. At — Arabidopsis thaliana,
Sc — Saccharomyces cerevisiae and Ec - Escherichia coli.
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hydrophobic core domain rather than by sequence conservation (69, 71, 72). Oxa homologs
can be divided into two groups based on the C-terminal extension. An elongated and
highly positively charged C-terminus is a characteristic feature of Oxal in yeast (Figure
5B). On the other hand, yeast Cox18 has a very short C-terminus with a relatively lower
positive charge. Both OXAla and OXAlb proteins of Arabidopsis have the length and
charge of their C-termini close to the corresponding values of yeast Oxal (Figure 5B).
Thus, they are very likely to be functionally similar as well. However, OXA2a and OXA2b
proteins of Arabidopsis appear to be very different from yeast Cox18. They have an
unusually long C-terminus which is negatively charged and was predicted to form a TPR
domain as mentioned above (Figure 5B) (87, 108). Thus, the Arabidopsis OXA2 proteins
are structurally unique among members of the Oxal superfamily and might perform

certain plant-specific roles.

7.1.3. Functional specialization of OXA2 in the Brassicaceae family

When the distribution of OXA2 proteins in plants was studied, it was found that the
majority of plant species contain only one OXA2-like protein (Figure 6). However, in the
Brassicaceae family, a clear split into OXA2a and OXA2b groups was observed (Figure 6).
Since the knockout of OXA2a and OXAZ2b is independently embryo lethal, they perform
non-overlapping essential roles in Arabidopsis (87). Therefore, it can be hypothesized that
the OXA2 gene duplication in the Brassicaceae family was followed by
subfunctionalization. This means that it is likely that in other plant species, the sole OXA2
protein can either perform the roles of both OXA2a and OXA2b from Arabidopsis or does

not require the extra function of one of the Arabidopsis OXAZ2s.

7.1.4. Arabidopsis OXA proteins are likely to contain five TMHs

It was previously shown that all the four Arabidopsis OXA proteins get imported into
mitochondria (87). Here, in order to confirm the intra-mitochondrial localization in the IM
and study the membrane topology, the mitochondrial OM was osmotically ruptured

following import of the radioactive protein to generate mitoplasts (MP) and treated with
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Figure 6. Phylogeny of Oxa2 proteins. A maximum-likelihood phylogenetic tree of OXA2 proteins with numbers
representing ultrafast bootstrap values from IQTREE after 1000 replicates. Only the branches with bootstrap values
above 75 are shown for better visibility. Species included in the analysis can be found in Supplemental Table 4. The
phylogenetic analysis was performed by Dr. Chris Carrie.

Proteinase K (PK). In addition to the four OXA proteins, imports of AOX and TIM23 were
performed as controls. As expected, AOX is imported and processed to its mature form.
Since no part of AOX is exposed to the intermembrane space (IMS), there is no change
upon PK treatment of MPs (Figure 7). As for TIM23, it does not have a cleavable
presequence. Since its N-terminus is exposed to the IMS, it was cleaved upon generating
MPs and subsequent PK treatment (Figure 7). All the four Arabidopsis OXA proteins were
imported and processed to their mature forms (Figure 7). OXAla and OXAlb mature
proteins were further cleaved upon PK treatment of MPs (Figure 7). Based on the apparent
molecular weight of the peptide cleaved, they appear to have their substantially long N-
terminus exposed to the IMS and the alternative possibility of C-terminus being exposed

to the IMS is ruled out. Interestingly, while only a single fragment of OXAla was detected,
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Figure 7. Import of OXA proteins into mitochondria. A typical nine-lane import used to determine the ability of a
protein to be imported into isolated mitochondria and study its membrane topology. Lane 1: Radiolabelled precursor
protein only, which represents 40% of that used in the import reactions of AOX, TIM23, OXAla and OXA1lb and 20%
of that used in the import reactions of OXA2a and OXA2b. Lane 2: the precursor protein was incubated with isolated
Col-0 wild-type mitochondria (Mito) under conditions supporting mitochondrial protein import. Lane 3: As in Lane 2,
but PK was added after the import reaction. Lanes 4 and 5: As in lanes 2 and 3 respectively, but with the addition of
valinomycin (Val) to the import reaction. Val dissipates the membrane potential and prevents import into or across the
IM. Lanes 6 to 9: As in lanes 2 to 5 respectively, but the OM was osmotically ruptured to generate mitoplasts (MP)
following the import reaction. PK digestion was performed subsequently. The prefixes p, m and m* before the OXA
protein name indicate the precursor, mature and the remainder of mature protein after PK digestion respectively. PK
digestion of OXA1Db cleaved the protein into two parts that were named with prefixes m* and m‘. The molecular masses
of the protein bands in kD are specified on the right side. The predicted membrane topology of proteins is depicted in
the form of cartoons. The outcomes of PK digestion of the proteins that have IMS-exposed regions are also shown.
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two fragments of OXAlb were detected (Figure 7). Hence the IMS-exposed loops of
OXAla and OXA1b are very likely to differ in length and/or accessibility of PK. On the
other hand, as OXA2a and OXA2b were not cleaved upon PK treatment of MPs, they do
not appear to have any considerable IMS-exposed regions. Based on the apparent
molecular masses of the protein cleavage fragments observed in this import experiment
combined with structural alignments with bacterial homologs, all the four OXA proteins
are likely to contain five TMHs with the N-terminus in the IMS and the C-terminus in the

matrix (Figure 7).

7.2. Role of OXA2b and significance of its TPR domain
7.2.1. Functional complementation rescued OXA2b knockout embryo-lethality

It has been reported previously that OXA2b is an essential gene in Arabidopsis (87). To
confirm this, two independent T-DNA insertion lines, oxa2b-1 (SALK_057938) and oxa2b-2
(GABI_425B09) were genotyped. T-DNA insertions in oxa2b-1 and oxa2b-2 were found in
intron 11 and intron 12, respectively and were confirmed by sequencing (Figure. 8A). In
agreement with previous results, only heterozygous but no homozygous plant could be
identified, corroborating the essential nature of OXA2b (87). As no homozygous line could
be isolated upon partial complementation of T-DNA insertion lines using the ABI3
promoter, the embryo-lethality of OXA2b could not be rescued by this strategy (122). This
indicates that OXA2b is essential also during the later developmental stages beyond

embryogenesis.

In order to study the functional role of OXA2b, oxa2b-1 and oxa2b-2 were complemented
with the conserved OXAZ2b insertase domain, but lacking the C-terminal TPR region. The
355:0XA2bA235 construct had a 35S promoter-controlled truncated OXA2b cDNA, which
encodes only the first 331 amino acids (Figure. 8B). The 355:0XA2b construct with the 355
promoter-controlled full-length cDNA of OXA2b which encodes all 566 amino acids was
used as a control for complementation (Figure. 8B). Both the constructs were transformed

into oxa2b-1 and oxa2b-2 heterozygous mutants to create the following four
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Figure 8. DNA and RNA analysis of oxa2b complementation mutants. A) Diagram of the genomic region encoding
OXAZ2b, drawn to scale. The locations of T-DNA insertions and primer binding sites are indicated. Boxes labelled E1 to
E14 signify exons. Spaces between adjacent exons correspond to introns. B) Diagram depicting the predicted secondary
structure of full length and C-terminally truncated versions of OXA2b proteins drawn to scale. The total number of
amino acid residues is indicated near the C-terminus. The corresponding cDNA of each version was inserted into the
genome for complementing oxa2b-1 and oxa2b-2. The primers used to confirm the cDNA insertion, F, RA235 and R,
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are shown. TP: Targeting peptide; TPR: TPR domain consisting of four TPR motifs; TM1 to TM5: Transmembrane
helices 1 to 5 forming the conserved core domain. N: N-terminus; C: C terminus. C) Genotyping PCR analysis. All
lines were genotyped first for the correct T-DNA insertion and then for the presence of the inserted OXA2b cDNA. The
primer binding positions are indicated in A and B. The sizes of the PCR products are as follows: (LP1-RP1) = 1165 bp,
(LB1-RP1) = ~700 bp, (LP2-RP2) = 1073 bp, (LB2-RP2) = ~700 bp, (F-R) = 1698 bp and (F-R235) = 993 bp. *
indicates non-specific PCR products. D) RT-PCR analysis for full length and truncated OXA2b transcripts. Primers are
the same as in C and binding positions are indicated in B. * indicates non-specific PCR products.

complementation lines: oxa2b-1+355:0XA2b, 0xa2b-1+355:0XA2bA235, 0xa2b-
2+355:0XA20b, and oxa2b- 2+355:0XA2bA235. For the sake of simplicity, they are hereafter
referred to as 35S:0XA2b-1, 355:0XA2bA235-1, 355:0XA2b-2 and 35S5:0XA2bA235-2

respectively.

All the complementation plants were genotyped for the original T-DNA insertion in
OXAZ2b and for the presence of the correct complementation construct (Figure. 8C). All the
complementation lines were homozygous for the original T-DNA insertion as evidenced
by a PCR product using the corresponding LB and RP primers, while a product for the
wild-type genomic DNA (LP+RP) was not amplified (Figure. 8C). To confirm the presence
of the two complementation constructs, different reverse primers were used: F+R can only
amplify the full-length cDNA while F+RA235 can amplify the truncated as well as the full-
length cDNA. All the four lines resulted in a PCR product using the F+RA235 primers
(Figure. 8C). Using the primer set, F+R, the full-length cDNA present only in 355:0XA2b
lines was amplified (Figure. 8C). Therefore, the endogenous OXA2b gene was knocked out
successfully in both oxa2b-1 and -2 due to complementation by both OXA2b and
OXA2bA235.

To confirm the presence of the correct transcript in the complementation plants, RT-PCR
was performed using the same F+R and F+RA235 primer pairs mentioned above. The PCR
products corresponding to both the primer pairs were found with wild-type (Col-0)
control and with the 355:0XA2b plants (Figure. 8D). In comparison to the abundance of
the wild-type transcript, the transcript of 355:0XA2b-1 was much more abundant, while
the transcript of 355:0XA2b-2 was only slightly more abundant. RT-PCR with

355:0XA2bA235-1 and 355:0XA2bA235-2 resulted in an amplification product using the
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F+RA235 primer pair only. This clearly indicated that these plants no longer expressed a
tull-length OXA2b transcript and only expressed the truncated form.

To confirm the expression levels, RT-qPCR was carried out and expression levels of
OXA2b as well as OXA2a were calculated with reference to wild-type (Supplemental
Figure 1). While the transcript levels of endogenous OXA2a remained unchanged, the
corresponding transcript levels of OXA2b in the different complementation lines were
significantly different due to their expression using the 35S promoter, which is also
influenced by the region of integration in the chromosome. Overall, both the genotyping
and transcript analyses strongly indicated the successful knockout of genomic OXA2b by
complementation with OXA2b and OXA2bA235.

7.2.2. Severe growth retardation of 355:0XA2bA235 plants

After confirming homozygous complementation in 355:0XA2b and 355:0XA2bA235
plants, quantitative phenotyping was performed using the method outlined in (114). It
was already evident from plate-based phenotyping that the C-terminal deletion mutants
grew at a noticeably slower rate (Figure 9A). Fourteen-day-old 355:0XA2bA235 plants
failed to reach stage 1.02 (two rosette leaves > 1 mm in length) whereas wild-type and
355:0XA2b plants had already reached stage 1.04 (four rosette leaves > 1 mm in length;
Figure 9A). Growth on vertical MS plates showed that the roots of 355:0XA2bA235 plants
grew very slowly compared to wild-type or 355:0XA2b plants (Figure 9B). Slower root
growth has been observed in several other Arabidopsis mutants with altered
mitochondrial biogenesis (123, 124). Based on soil-based phenotyping, the slow growth
phenotype of 355:0XA2bA235 plants was even more pronounced at later developmental
stages (Figure 9, C-E). They were slower to reach all major growth milestones and on

average took an extra month to complete a full life cycle (Figure 9C).

355:0XA2bA235 plants also displayed a smaller overall leaf area and the leaves were
crumpled (Figure 9D). They also failed to reach the height attained by wild-type and
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Figure 9. Phenotypes of oxa2b complementation plants. A) Plate-based growth progression analysis. Arrows indicate
the time taken by wild-type plants to reach the developmental stages: 0.1: Imbibition; 0.5: Radicle emergence; 0.7:
Hypocotyl and cotyledon emergence; 1.0: Cotyledons fully open; 1.02: two rosette leaves > 1 mm in length; 1.04: four
rosette leaves > 1 mm in length. The boxes represent the time between the growth stages. Data are given as averages for
100 plants. B) Primary root length of plants grown vertically for 14 d. Data are given as averages + SE. n = 12, 20, 16,
17, and 9 for Col-0, o0xa2b-1+35S:0XA2b, oxa2b-1+35S:0XA42bA235, oxa2b-2+355:0XA2b and oxa2b-
2+355:0XA2bA235, respectively. Statistical significance based on Student’s t test is indicated by * with a specified p
value. C) Soil-based growth progression analysis. Developmental stages: 1.10: 10 rosette leaves > 1 mm in length; 5.10:
First flower buds visible; 6.00: First flower open; 6.90: Flowering complete. Data are given as averages for 24 plants.
D) Representative pictures of plants grown for the soil-based phenotyping. Pictures were taken after the indicated days
of growth. E) Plant height measured at stage 6.90. Data are given as averages + St for 24 plants. Statistical significance
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355:0XA2b plants (Figure O9E). Further phenotyping also demonstrated that the
355:0XA2bA235 plants produced fewer seeds and did not germinate as efficiently as wild-
type and 355:0XA2b plants (Supplemental Figure 2). As OXA2b has been shown to be
essential for embryogenesis (87), the siliques of all the genotypes were also analyzed. The
siliques of 355:0XA2bA235 plants were consistently shorter and contained fewer embryos
than wild-type siliques (Supplemental Figure 3). They also displayed a large number of
aborted embryos, similar to the original findings for the T-DNA insertional lines (87),
indicating that the complementation at an embryo level is incomplete. All the above
phenotyping data indicated that 355:0XA2bA235 plants displayed a severe growth
retardation in comparison to those 355:0XA2b and wild-type plants.

7.2.3. Severe loss of complex IV in 355:0XA2bA235 plant mitochondria

To determine the underlying cause for the slow growth phenotype in 355:0XA2bA235
plants, mitochondria were isolated from all the lines and BN-PAGE was performed. With
Coomassie staining, the supercomplex composed of complexes I and III, complex I,
complex V, and the complex III dimer were visible in wild-type, as well as in all four
complementation lines (Figure 10A). As Coomassie staining showed no obvious
differences, in gel enzyme activity stains were performed. All the lines showed very
similar complex I activities, but the supercomplex consisting of complexes I, III, and IV
was missing in 355:0XA2bA235 lines (Figure 10A). Upon staining for complex IV enzyme
activity, the activity was barely detectable in the 355:0XA2bA235 mitochondria while it
was similar to the wild-type level in the 355:0XA2b mitochondria (Figure 10A).

In order to examine the abundance of the respiratory complexes, the mitochondrial
complexes separated by BN-PAGE were used for immunoblot assays. Complex I, III, and
V blots displayed no major difference in all four complementation lines with reference to
wild-type (Figure 10B). Interestingly, there was more complex II in 355:0XA2bA235
mitochondria compared with that in wild-type mitochondria (Figure 10B). For a more
detailed analysis of complex IV abundance, immunoblotting for all three mitochondrial-

encoded subunits of complex IV (COX1, 2, and 3) was performed. None of the blots
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Figure 10. Analysis of mitochondrial complexes in oxa2b complementation plants. A) BN-PAGE analysis of
mitochondrial complexes. The gel on the left was Coomassie-stained, the gel in the middle was stained for NADH
dehydrogenase activity (Complex 1), and the gel on the right was stained for cytochrome c oxidase activity (complex
IV). Complexes and supercomplexes are indicated where appropriate. B) Immunoblot analysis of mitochondrial
complexes after BN-PAGE with the following antibodies: carbonic anhydrase 2 (complex 1), succinate dehydrogenase
subunit 4 (complex 1), RISP subunit of cytochrome ¢ reductase (complex I11), complex IV subunits 1, 2, and 3 (COX1,
2 and 3, complex 1V), and subunits alpha and beta of ATP synthase (complex V). I, complex I; V, complex V; Illy,
dimeric complex IlI; F1, F1 part of complex V; 1+111,, supercomplex composed of complex | and dimeric complex IlI;
I,+1114, supercomplex composed of two complex | monomers and two copies of dimeric complex I11; 1+I11+1V, super
complex composed of complex I, dimeric complex I11, and complex IV. CA2, carbonic anhydrase 2; SDHa, succinate
dehydrogenase subunit 4; RISP, a subunit of cytochrome ¢ reductase; ATPa/B, subunits alpha and beta of ATP
synthase.
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detected complex IV in 355:0XA2bA235 mitochondria, while the level of complex IV in
355:0XA2b mitochondria appeared to be identical to wild-type levels (Figure 10B). It is

highly likely that severe complex IV deficiency resulted in the slow growth phenotype of
355:0XA2bA235 plants (Figure 9).

7.2.4. Complex IV subunits are reduced in 355:0XA2bA235 mitochondria

To further analyze the complex IV defect, mitochondrial proteins separated by SDS-PAGE
were subjected to immunoblot analysis. Among the several electron transport chain
proteins analyzed, the proteins from complexes I (CA2), III (RISP, QCR7, and CYC1), and
V (ATPa/p) displayed no obvious differences between wild-type and all the four
complementation lines (Figure 11A), in agreement with the complex activity and
abundance results (Figure 10). An increase in the abundance of a complex II subunit,
SDH4, was observed in 355:0XA2bA235 mitochondria (Figure 11A), supporting increased
complex II abundance (Figure 10B). Importantly, a complete absence of COX1 and COX3
and a severe reduction in the abundance of COX2 were observed in the mitochondria from
355:0XA2bA235 plants (Figure 11A). The absence of complex IV and its catalytic core
subunits was accompanied by a large increase in the abundance of AOX (Figures 10 and
11A), which is not surprising because AOX is generally up-regulated upon respiratory
chain disruption in plants (125). Interestingly, no change in cytochrome ¢ abundance was
observed, although complex IV was barely detectable in 355:0XA2bA235 mitochondria
(Figures 10 and 11A).

Probing with antibodies against mitochondrial protein import components produced
some interesting results. Although no obvious changes were observed for the proteins
present in OM and IMS (Figure 11B), certain IM import components were up-regulated in
355:0XA2bA235 mitochondria, namely TIM21, TIM50, TIM23, TIM22, and HSP70 (Figure
11B). This is most likely due to a general up-regulation of mitochondrial biogenesis similar
to that observed with other respiratory chain mutants (126). In relation to other processes,
the only other proteins to change in abundance were the S10 ribosomal protein and

LETM]1, both of which were upregulated in 355:0XA2bA235 mitochondria (Figure 11C).
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Figure 11. Analysis of mitochondrial proteins in oxa2b complementation plants. A) Immunoblot analysis of the
indicated proteins involved in the respiratory chain. B) Immunoblot analysis of the indicated proteins involved in the
import of proteins into mitochondria. C) Immunoblot analysis of a selection of other mitochondrial proteins. D)
Immunoblot for OXA2b. As OXA2b is a low abundance protein, 100 mg mitochondrial protein was loaded per lane,
instead of 30 mg. In all panels, the antibody used is on the left of the gel and the molecular mass in kD is located on the
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is detected. Bands not indicated are nonspecific reactions of the antibody. Where protein abundance is notably different,
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As with the import components, these are most likely indirect effects due to increased

mitochondrial biogenesis in response to a strong reduction in complex IV.

Immunoblots for OXA2b were performed using an antibody generated against the loop
region between TMHs 1 and 2 (Figure 11D). Full-length OXA2b (58 kD) was readily visible
in 355:0XA2b mitochondria, but hardly noticeable in wild-type and 355:0XA2bA235
mitochondria, even when using more than 3-fold mitochondrial protein than was
generally used for all other blots. OXA2b in wild-type plants appeared to be a very low
abundant protein. The protein levels of OXA2b are in agreement with the corresponding
transcript levels (Figures 11D and 8; Supplemental Figure. 1). The truncated version of
OXA2b, which has a predicted molecular mass of 32 kD, was not found in either
355:0XA2bA235-1 or 355:0XA2bA235-2 mitochondria. However, this does not indicate
their absence due to instability or degradation. As mentioned previously, OXA2b is
essential for embryogenesis (87), and without complementation with at least the conserved
insertase domain of OXA2b (OXA2bA235), it is not possible to obtain viable mutants.
Moreover, the truncated version of OXA2b at the DNA and transcript level was clearly
detected in the previous results (Figure 8, C and D). It is most likely that 355:0XA2bA235
mitochondria had very low amounts of truncated OXA2b, probably much less than the

amount of full-length protein found in wild-type and 355:0XA2b mitochondria.

7.2.5. COX2 membrane insertion is affected in 355:OXA2bA235 mitochondria

To check the synthesis and assembly of mitochondrial-encoded proteins, in organello
translation reactions were carried out using isolated mitochondria. Since the
corresponding 355:0XA2b and 355:0XA2bA235 lines of oxa2b-1 and oxa2b-2 behaved
similarly in all the previous experiments and difficult nature of the mitochondrial
experiments, only with the complementation lines of oxa2b-1 and wild-type were chosen.
Radiolabelled mitochondrial translation products were observed after 10, 30, and 60 min
of translation. For wild-type and the 355:0XA2b plants, the mitochondrial translation rates
were identical as determined by similar intensities of the translated protein bands (Figure

12A). Although the translation rates of mitochondrial proteins were reduced in
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Figure 12. Translation and assembly of mitochondrial-encoded proteins in oxa2b-1 complementation plants. A)
Autoradiogram of proteins synthesized in organello for 10, 30, and 60 min in the mitochondria isolated from the
indicated plants after separation by SDS-PAGE. The proteins identified in Supplemental Figure 4 are indicated on the
left. The lane labeled “control” is a bacterial contamination control where sodium acetate was used as an energy source.
The large smear at the bottom of the gel is ATP9. Due to its high hydrophobicity, ATP9 runs aberrantly on SDS gels.
The molecular weights of protein marker in kD are shown on the right. B) The same treatment as in (A), but separated
by BN-PAGE to show the incorporation of newly translated proteins into complexes. The respective respiratory
complexes are indicated on the right. The question mark indicates a complex of unknown origin. C) Potential topologies
of COX2 in mitoplasts before and after PK treatment. Before PK treatment, both forms of COX2 would have identical
sizes. After PK treatment, if COX2 is partially inserted and only the N-terminus is in the IMS, it has a predicted size of
24.8 kD, whereas if COX2 is fully inserted and has both the N- and C- termini in the IMS, it has a predicted size of 7.3
kD. D) Autoradiogram of a 60 min in organello translation reaction that was split in half, with one half mock-treated (-)
and the other half PK-treated (+) after preparing mitoplasts. The major proteins are indicated on the left. The asterisk
indicates a band that is produced only with PK-treated mitoplasts of 35S:0X42bA235. The full gel is shown on the top
and the region containing COX2 is enlarged below it. E) The same treatments as in (D), except that another complex IV
mutant (rpoTmp) was included for comparison. Again, the full gel is shown on the top and the region containing COX2
is enlarged below it.
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355:0XA2bA235 mitochondria, all the major mitochondrial translation products that we
identified in wild-type (Figure 12A; Supplemental Figure 4) were still detected. This
means that the 355:0XA2bA235 mitochondria were still able to synthesize all the three
mitochondrial-encoded COX proteins, although at a slower rate. Moreover, all the other
respiratory complexes accumulate at wild-type levels despite the observed reduction in
the rate of protein synthesis (Figures 10B and 12A). Hence, complex IV deficiency in
355:0XA2bA235 plants may not be due to a problem in mitochondrial protein synthesis.

Can the 355:0XA2bA235 plants assemble the mitochondrial-encoded complex IV subunits
after their synthesis? To answer this question, the same in organello translation reactions
from above were separated by BN-PAGE. For wild-type and 355:0XA2b mitochondria, the
radiolabeled proteins were efficiently assembled into respiratory complexes (Figure 12B).
Although complex V was assembled at the highest rate in both wild-type and 355:0XA2b
mitochondria, the 355:0XA2b mitochondria assembled complex IV faster than wild-type
mitochondria (Figure 12B). This could be due to over-expression of OXA2b in the
355:0XA2bA235 in comparison to the wild-type level (Figure 8D; Supplemental Figure 1).
As for the 355:0XA2bA235 mitochondria, the overall signal was less, most likely due to a
reduced translation rate (Figure 12, A and B). Nevertheless, the assembly of complexes I,
V, and III as well as the supercomplex I+IIl> was observed whereas complex IV assembly
was not detected (Figure 12B). An unknown complex labelled with a question mark also
failed to accumulate in the 355:0XA2bA235 mitochondria (Figure 12B). It is possibly either
a subcomplex or assembly intermediate of complex IV. The contents of this complex could
not be determined, despite several attempts. However, the above results clearly indicated
that the mitochondrial-encoded subunits of complex IV can be synthesised, but not

assembled into a complex, in the 355:0XA2bA235 plant mitochondria.

In yeast and human mitochondria, Cox18 inserts the second TMH of Cox2 into the IM and
translocates the soluble C-terminus into the IMS (29, 61). As OXAZ2b is closely related to
Cox18, COX2 is its most likely substrate (Figure 4). To confirm this, mitochondrial
translation reactions were performed for 60 min, after which the mitochondrial OM was

ruptured by osmotic shock to generate mitoplasts. Then the reactions were split in half
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and one half was treated with PK. The rationale here is that if COX2 is fully inserted with
its C-terminus in the IMS, PK treatment should produce a 7.3-kD protein (Figure 12C). But
if only the first TMH is inserted and the C-terminus remains in the matrix, then after PK
treatment, a 24.8-kD band should be produced (Fig. 12C). When wild-type and the
355:0XA2b plant mitochondrial translations were treated with PK, no obvious differences
were observed (Figure 12D). In fact, most of the COX2 band was degraded, indicating
correct insertion across the IM, while the remaining COX2 was most likely located within
complex IV and thus protected from protease treatment (Figure 12D). The predicted 7.3-
kD band, however, is not visible, presumably due to the presence of the large band
representing ATP9 near the bottom of the gel (Figure 12D). With the 355:0XA2bA235 plant
mitochondria, after PK treatment, no protected COX2 was visible (Figure 12D). This again

suggests that complex IV was not assembled in 355:0XA2bA235 mitochondria.

Interestingly, after PK treatment of 355:0XA2bA235 plant mitoplasts, a band appeared,
below where COX2 normally runs, with an intensity similar to PK-untreated COX2 band
(Figure 12D). This band was not found with PK-treated wild-type and 355:0XA2b plant
mitoplasts. It is very likely that this band, with an apparent molecular mass slightly higher
than the predicted value of 24.8 kD, represented a partially membrane-inserted COX2 with
the C-terminus located in the matrix. All other proteins were ruled out based on the
following reasons: First, proteins belonging to other respiratory complexes are unlikely
because only complex IV is affected. Second, COX1 is not translated at a very high level
and in most cases, it cannot be readily identified; therefore, it is unlikely to produce a
strong band after PK treatment. Third, since COX3 full-length protein was already found
lower than the PK-generated band, it cannot be COX3. Therefore, the extra band generated
upon PK treatment of 355:0XA2bA235 plant mitoplasts is most likely a partially inserted
COX2 whose N-terminus, exposed in the IMS, was digested.

To check if this partially inserted COX2 band is not observed generally in other complex-
IV deficiencies, PK digestions of in organello translation reactions were also performed on a
previously characterized complex IV mutant, rpoTmp, which is missing the Phage type
RNA polymerase specifically required for COX1 transcription (127). Lack of COX1
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transcript leads to a reduction in complex IV and these mutants have a phenotype similar
to that observed with 355:0XA2bA235 plants (127) (Figure 9D). However, the smaller
COX2 band was not observed when in organello translation reactions of rpoTmp mutant
mitochondria were treated with PK (Figure 12E). This means that COX2 was inserted into
the IM in the correct orientation in the rpoTmp mutant, with its C-terminus in the IMS and
was not causing the complex IV reduction. The partially inserted COX2 band appeared
only with 355:0XA2bA235 mitoplasts. The 355:0XA2bA235 sample was overloaded in this
experiment to try and reach the same band intensity as wild-type and for a better
visualization of the COX2 PK band. All other bands remained unchanged upon PK
treatment, indicating that they are either matrix-located or are fully inserted into the
membrane without any substantial IMS-exposed regions. It can therefore be concluded
that OXA2b is required for membrane insertion of the second TMH and translocation of

the C-terminus of COX2 into the IMS.

7.2.6. OXA2b TPR domain directly binds the nascent COX2 C-terminus

To confirm that the TPR domain of OXA2b is required for the correct membrane topology
of COX2, pull-down assays were performed using recombinant expressed and purified
OXA2b TPR domain fused to GST (GST-OXA2bTPR). Isolated wild-type mitochondria
were in organello translated to generate newly synthesized mitochondrial-encoded
proteins, lysed using Triton X-100 and incubated with either GST-OXA2bTPR or GST
control, that were prebound to glutathione beads. After elution, COX2 was found to be
pulled-down by GST-OXA2bTPR (Figure 13A). The slight shift in its running behavior, as
compared to the control lysate where mitochondria were directly lysed in SDS-PAGE
loading buffer, is believed to be due to the presence of Triton X-100. As expected, GST
alone does not appear to interact with any of the known mitochondrial translations. The
bait proteins, GST (26 kD) and GST-OXA2bTPR (53 kD), have non-specifically bound to
some radioactive species in the extract that appear as curved bands in the corresponding
lanes. The other two mitochondrial-encoded complex IV subunits, COX1 or COX3, whose

steady-state levels were severely reduced (Figure 11A), could not be detected in the
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Figure 13. The TPR domain of OXA2b interacts with newly synthesized COX2. A) Mitochondria isolated from
Col-0 plants were used for in organello translation reactions, lysed with Triton X-100 and incubated with recombinant
GST or GST fused to OXA2bTPR, prebound to glutathione beads. After washing, the bound material was eluted and
proteins were analyzed by SDS-PAGE and autoradiography was recorded. Lysate (8.3% of mitochondrial lysate) was
used for binding. Mitochondrial translation products are shown with arrows on the left and molecular weight markers
are indicated on the right. B) In vitro translated COX2 (34 kD) and its C-terminus alone, COX2Ct (17 kD), were
incubated with recombinant GST or GST fused to OXA2bTPR, prebound to glutathione beads. After washing, the
bound material was eluted, proteins were analyzed by SDS-PAGE, and autoradiography was recorded. In the lane
labelled as "Translation', 20% of the translation reaction used for binding was loaded for reference.

GST-OXA2bTPR pull-down fraction (Figure 13A). Hence the TPR domain of OXA2b

specifically interacts with nascent COX2.

Because the TPR domain of OXA2b appeared to be involved in the insertion of the COX2
C-terminus (Figure 12) and also interacted with nascent COX2 (Figure 13A), it was also
tested if it interacted specifically with the C-terminus of COX2. For this purpose, GST-
OXA2bTPR and GST control were used to pull-down in vitro synthesized COX2 and COX2
C-terminus. Even though OXA2bTPR was found to interact with both COX2 and COX2 C-
terminus, the interaction with COX2 C-terminus appeared to be more prominent (Figure

13B).
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7.3. Role of OXA2a and significance its TPR domain
7.3.1. Partial complementation rescued OXA2a knockout embryo-lethality

Two independent T-DNA insertion lines, oxa2a-1 (SALK_048398) and oxa2a-2
(GABI_492F05) whose OXA2a genomic sequence was disrupted in intron 8 and intron 1,
respectively were used to study the role of OXA2a in plant mitochondrial biogenesis
(Figure 14A). Due to essential nature of the gene (87), genotyping results of both the lines
displayed heterozygosis but no homozygosis of the T-DNA insert. Therefore, two
strategies were used to generate viable mutants. In the first strategy, OXA2a was placed
under the control of the ABI3 promoter so that homozygous mutant embryos can be
produced due to the complementation construct being expressed during embryogenesis.
Thereafter, during seedling development, the ABI3 promoter becomes inactive and OXA2a
should no longer be expressed (128). oxa2a-1 was complemented with OXA2a cDNA under
the control of ABI3 promoter (ABI3p:OXA2a) (Figure 14B). In order to rule out random
non-specific effects, two such independent complementation lines were used for further
experimental analyses. In the second strategy, oxa2a-2 was complemented with the
conserved OXA2a insertase domain, but lacking the C-terminal TPR region. The construct
contained truncated OXA2a cDNA, which encodes only the first 280 amino acids under
the control of 355 promoter (355p:0XA2aA245) (Figure 14B). As a positive control for this
complementation, another construct containing the full-length OXA2a cDNA encoding all
525 amino acids (35Sp:OXA2a), was employed (Figure 14B). Thus, four different
complementation plant lines were generated: oxa2a-1+ABI3p:OXA2a-1, oxa2a-
1+ABI3p:0OXA2a-2, oxa2a-2+355p:0XA2a and oxa2a-2+355p:0XA2aA245. For the sake of
simplicity, these lines are hereafter called as ABI3p:OXA2a-1, ABI3p:0XA2a-2, 355p:0OXA2a
and 355p:OXA2aA245 respectively.

All the transformed plants of OXA2a were genotyped for the presence of the respective T-
DNA insertion and the corresponding complementation construct used. They were all
found to be homozygous for the specific T-DNA insertion as evidenced by the presence of
a PCR product using the corresponding LB and RP primers and the absence of a PCR
product meant to amplify the wild-type genomic DNA (LP+RP) (Figure 14C). To confirm
the presence of the ABI3 promoter upstream of OXA2a, a forward primer (ApF) that binds
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Figure 14. DNA and RNA analyses of oxa2a partial complementation plants. A) Diagram of the genomic region
encoding OXA2a, drawn to scale. The locations of T-DNA insertions and primer binding sites are indicated. Boxes
labelled E1 to E13 signify exons. Spaces between adjacent exons correspond to introns. B) Diagram depicting the
constructs inserted into the genome for partial complementation of oxa2a-1 and oxa2a-2. The primers used to confirm
the insertion of the constructs: ApF, 2aR, F, RA245 and R, are shown. C) Genotyping PCR analysis. All lines were
genotyped first for the correct T-DNA insertion and then for presence of the inserted construct. The primer binding
positions are indicated in A and B. The sizes of the PCR products are as follows: (LP1-RP1) = 1077 bp, (LB1-RP1) =
~700 bp, (ApF-2aR) = 1691 bp, (LP2-RP2) = 1082 bp, (LB2-RP2) = ~800 bp, (F-R) = 1471 bp and (F-R245) = 798 bp
(A PCR product of 2104 bp, indicated by 8§, is formed due to amplification of OXA2a genomic region instead of the
cDNA insert). * indicates a non-specific PCR product. D) RT-gPCR analysis. Relative transcript abundances of OXA2a
and OXA2b were calculated with reference to Actin transcript abundance. Data are presented as averages + SE of three
independent biological replicates taken from leaves of 1- and 2-week-old plants. Statistical significance based on
Student’s t test is indicated by * with a specified p value.
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within the ABI3 promoter and a reverse primer (2aR) that binds OXA2a cDNA were used
(Figure 14B). Both ABI3p:OXA2a lines produced the expected PCR product with these
primers. To indicate the presence or absence of the OXA2a TPR domain, a single forward
primer and different reverse primers were used: F+R can only amplify the full-length
cDNA while F+RA245 can amplify the truncated as well as the full-length cDNA (Figure
14B). The primer set, F+R amplified the full-length cDNA present in 355p:OXA2a plants
only whereas primer set, F+RA245 amplified the cDNA corresponding to the insertase
domain of OXA2a, which is present in both 355p:OXA2a and 35Sp:0XA2aA245 plants
(Figure 14C). Therefore, the endogenous OXA2a gene was knocked out successfully in
oxa2a-1 and -2 due to complementation with developmentally regulated OXA2a and with

constitutively expressed OXA2a and OXA2aA245 respectively.

RT-qPCR was performed to monitor the expression levels of OXA2a in 1- and 4-week-old
plants of ABI3p:OXA2a plants. OXA2a transcript levels of both the lines were significantly
reduced as compared to the wild-type transcript levels irrespective of the plant age (Figure
14D). On the other hand, the endogenous transcript levels of the closely related homolog,
OXA2b remained unchanged (Figure 14D). Thus, the transcript analysis further confirms
the successful complementation of genomic OXA2a by complementation with OXA2a

cDNA under the control of ABI3 promoter.

7.3.2. Growth retardation of ABI3p:0OXA2a plants

Quantitative phenotyping of all the partial complementation lines was performed based
on the method of (114). Plate-based phenotyping showed that ABI3p:OXA2a plants grew
very similar to wild-type plants until the two rosette leaves stage, but were significantly
slower to reach the four rosette leaves stage (1.04) (Figure 15A). This could be attributed to
the ABI3 promoter still being active during germination (129). Growth on vertical MS
plates showed that the roots of ABI3p:OXA2a-2 plants grew significantly slower in
comparison to the roots of wild-type plants (Figure 15B). Slower root growth has been
observed in several other Arabidopsis mutants with altered mitochondrial biogenesis (123,

124).
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Figure 15. Phenotypes of oxa2a partial complementation plants. A) Plate-based growth progression analysis.
Arrows indicate the time taken by wild-type plants to reach the developmental stages: 0.1: Imbibition; 0.5: Radicle
emergence; 0.7: Hypocotyl and cotyledon emergence; 1.0: Cotyledons fully open; 1.02: two rosette leaves > 1 mm in
length; 1.04: four rosette leaves > 1 mm in length. Boxes represent time between the growth stages. Data are given as
averages for 60 plants. Statistical significance with a p value < 0.00005 based on Student's t test with reference to Col-0
is indicated by **. B) Primary root lengths of plants grown vertically for 14 days. Data are given as averages + SE. n =
30, 36, 26, 34 and 33 for Col-0, oxa2a+ABI3p:0XA2a-1, oxa2a+ABI3p:0OXA2a-2, oxa2a+35Sp:OXA2a and
oxala+35Sp:OXA2aA245, respectively. Statistical significance based on Student's t test is indicated by * and a
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specified p value. C) Soil-based growth progression analysis. Developmental stages: 1.10: 10 rosette leaves > 1 mm in
length; 5.10: First flower buds visible; 6.00: First flower open; 6.90: Flowering complete. Data are given as averages for
24 plants. Statistical significance with a p value < 0.00005 or < 0.0005 based on Student's t test with reference to Col-0
is indicated by ** or * respectively. D) Representative pictures of plants grown for the soil-based phenotyping. Pictures
were taken after the indicated days of growth. E) Plant height measured at stage 6.90. Data are given as averages * SE
for 24 plants. Statistical significance based on Student's t test is indicated by * and a specified p value.

Starting from the four rosette leaves stage (1.04), the slow growth phenotype of
ABI3p:OXA2a plants continued on to all the later developmental stages in soil-based
phenotyping (Figure 15A, C, D and E). They were slower to reach all major growth
milestones and took on an average about 10 days longer to complete their life cycle (Figure
15C). The slow growth phenotype of ABI3p:OXA2a plants was clearly evident during
phenotyping (Figure 15D). These plants also failed to reach the same height attained by
wild-type plants (Figure 15E). Furthermore, the siliques of ABI3p:OXA2a plants were
consistently shorter and contained fewer embryos than wild-type siliques (Supplemental
Figure 5). A large number of aborted embryos were found similar to those found in
siliques of the original T-DNA insertion lines that proved the essential nature of OXA2a
during embryogenesis (87), which indicates that ABI3p:OXA2a partial complementation at
the embryo level is incomplete. All the above phenotyping data collectively implies that a
normal level of OXA2a is very important during all stages of plant growth and

development.

On the other hand, the phenotypes of 355p:0XA2a as well as 355p:0XA2aA245 plants were
similar to wild-type plants during all the growth stages analysed (Figure 15A-D and
Supplemental Figure 5). The only exception being, significantly faster root growth of
355p:0XA2aA245 plants. The roots of 355p:0XA2a plants also appeared to be longer,
although not statistically significant. Therefore, it is likely that the strong promoter activity
of 35S promoter caused an overexpression of OXA2a resulting in faster root growth in
these plants. The overall normal phenotype of 355p:0XA2aA245 plants indicates that the

TPR domain of OXA2a may not be very important for its functionality.
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7.3.3. Complex III is reduced in ABI3p:OXA2a plants

In order to determine the underlying cause for the slow growth phenotype of
ABI3p:0XA2a plants, mitochondria were isolated and the respiratory complexes separated
by BN-PAGE were examined. In the ABI3p:0OXA2a plants, the supercomplex composed of

complexes I and III and the complex III dimer were reduced whereas complexes I and V
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Figure 16. Analysis of mitochondrial complexes in oxa2a partial complementation plants. A) BN-PAGE analysis
of mitochondrial complexes. On the left, coomassie stained complexes of mitochondria isolated from 2- and 4-week-old
plants are represented on a PVDF membrane. Adjacently, gels containing 4-week-old samples were stained for NADH
dehydrogenase (Complex 1) activity, cytochrome c oxidase (complex IV) activity and ubiquinol-cytochrome ¢
oxidoreductase (complex I11) activity which was subsequently destained for better visibility. Complexes and
supercomplexes are indicated where appropriate. B) Immuno-blot analysis of mitochondrial complexes of 2- and 4-
week-old plants after BN-PAGE using the antibodies against: carbonic anhydrase 2 (CA2, complex 1), three complex 111
subunits: mitochondrial-processing peptidase subunit o (MPPa), cytochrome ¢; (CYC1) and Rieske iron-sulfur protein
(RISP), complex IV subunits 1, 2 and 3 (COX1, 2 and 3, complex 1V), F1 part of ATP synthase (F1, complex V) and
TOM20 (TOM complex). | —complex I, V —complex V, I1l; — dimeric complex I, I+111, — supercomplex composed of
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dimeric complex IlI.
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appeared similar to the wild-type levels (Figure 16A). Moreover, the reduction in complex
III was noticeably more pronounced in the 4-week-old plants than that in the 2-week-old
plants. In order to confirm the complex III reduction evident after BN-PAGE, in-gel
enzyme activity stains were performed using 4-week-old plant mitochondria. While there
was no significant difference in the enzyme activities of complexes I and IV, complex III
enzyme activity was indeed severely reduced in ABI3p:OXA2a plants (Figure 16A). The
complex III deficiency most likely accounts for the slow growth phenotype of

ABI3p:0XA2a plants.

The abundance of the respiratory chain complexes in both 2- and 4-week-old plants was
verified by immuno-blot assays of the mitochondrial complexes separated by BN-PAGE.
In the 2-week-old ABI3p:OXA2a plants, complex III was only slightly reduced (Figure
16B). However, in the 4-week-old ABI3p:OXA2a plants, there was more severe reduction in
complex III in all the blots probed for its different subunits, MPPa, CYC1 and RISP (Figure
16B). In both 2- and 4-week-old ABI3p:OXA2a plant mitochondria, the abundances of
complex I and its supercomplexes, complex V and the TOM complex were very similar to
the wild-type levels (Figure 16B). There was no major difference in complex IV levels of
both the ABI3p:OXA2a lines in 2-week-old samples probed for COX2 as well as in 4-week-
old samples probed for COX1, COX2 and COX3 (Figure 16B). Moreover, complex IV
enzyme activity of both the ABI3p:0OXA2a lines in 4-week-old samples was also similar to
the wild-type enzyme activity, as mentioned above. On the other hand, corresponding to
the lack of an obvious growth phenotype, the 355p:0XA2aA245 plants did not display any

change in the abundance of respiratory complexes (Figure 16A and B).

An immunoblot against COB after BN-PAGE not only showed reduced complex III, but
also an accumulation of a lower molecular weight complex in ABI3p:OXA2a plants upon
longer exposure (Figure 17A). It is very likely that this lower molecular weight complex is
an assembly intermediate of complex III which accumulated in ABI3p:OXA2a plants due to
slower rate of complex III biogenesis. In order to study the assembly intermediate further,

immunoblots against various complex III subunits were performed following 2D
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Figure 17. Analysis of complex Il in ABI3p:OXA2a plants. A) Immuno-blot analysis of complex Ill-containing

supercomplexes separated by BN-PAGE using the antibody against cytochrome b (COB). Upon longer exposure of the
blot, a putative assembly intermediate of complex 1l (Intermediate 1) was detected exclusively in the complementation
plants. B), Immuno-blot analysis of the specified complex Il subunits after 2D-BN/SDS-PAGE of mitochondria from
4-week-old plants. C) 2D-BN/SDS-PAGE of mitochondria from 4-week-old plants followed by colloidal Coomassie
staining. Molecular weight markers of 1% and 2" dimension are indicated below and on either side of gels respectively |
—complex I, V — complex V, Ill; — dimeric complex Ill, F1 — F; part of complex V, I+111; — supercomplex composed of
complex I and dimeric complex 11, Intermediate Il —an assembly intermediate of complex III.

BN/SDS-PAGE. All the subunits tested, COB, QCR7, MPPa, CYC1 and RISP were
detected in complex III and the supercomplex comprising complex I and complex III
(Figure 17B). Additionally, COB and QCRY7 appeared to be present in the same assembly
intermediate in ABI3p:OXA2a-2 plants, but not in wild-type plants (Figure 17B). During
complex III assembly in yeast, COB and QCR7 and QCRS8 assemble into intermediate II,

after which all the remaining subunits are recruited (19, 130). The accumulation of COB
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and QCR7 in an assembly intermediate which is most likely intermediate II in
ABI3p:0XA2a-2 plants suggests that the process of complex III assembly in plants might be
similar to that observed in yeast, at least during the early stages (Figure 17B). Coomassie
staining of 2D BN /SDS-PAGE did not reveal any obvious deviation of the ABI3p:0OXA2a-2
plant mitochondria from wild-type plant mitochondria (Figure 17C). Hence, the stability
of newly synthesised complex III subunits and/or the rate of complex III assembly could

be affected in ABI3p:OXA2a plant mitochondria.

7.3.4. Specific complex III subunits are reduced in ABI3p:OXA2a plants

Next, steady state abundances of mitochondrial proteins in 2-week-old plants were
analysed by immuno-blots following SDS-PAGE. In agreement with the phenotype and
abundances of respiratory complexes, there was no obvious difference in any of the
protein levels in 355p:0XA2aA245 plants (Figure 18A). Among the tested complex III
subunits in ABI3p:0OXA2a plants, COB levels appeared normal and QCR7 was increased
whereas CYC1 (cytochrome c1) and RISP levels were both decreased (Figure 18A). CYC
(cytochrome c) is also reduced in ABI3p:OXA2a plants (Figure 18A). Correlating with the
normal complex IV abundance, its subunits, COX2 and COX3 were also at normal levels in
ABI3p:OXA2a plants (Figures 16 and 18A). The AOX is generally upregulated upon
respiratory chain disruption in plants (125). It is interesting that even the small reduction
in complex III in ABI3p:OXA2a plants leads to a large increase in the abundance of AOX
(Figure 18A). Interestingly, the cytochrome c¢ maturation protein B (CCMB) was more
abundant in the ABI3p:OXA2a plants.

Immunoblot analyses of mitochondrial proteins were also performed using 4-week-old
ABI3p:OXA2a plant mitochondria since complex III reduction was found to be more
severe in the 4-week-old plants than the 2-week-old plants (Figures 16 and 18B). Most
respiratory proteins of 4-week-old plants followed the same pattern as that of the 2-week-
old plants described above (Figure 18). The complex III subunit, MPPa also remained at
the normal wild-type level in ABI3p:OXA2a plants, similar to the pattern observed with
COB and QCRY levels (Figure 18B). However, COX3, which was at the normal level in the
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Figure 18. Analysis of mitochondrial proteins in oxa2a partial complementation plants. A) Immuno-blot analysis
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2-week-old ABI3p:OXA2a plants was reduced in the 4-week-old plants (Figure 18). To
check whether the CCM pathway was affected, a selection of CCM components in
addition to CCMB were analysed in 4-week-old ABI3p:OXA2a plants. Among them,
CCMA, CCMB and CCME were increased in the ABI3p:OXA2a plants whereas CCMFn;,
CCMFn2, and CCMH were at similar levels to those of wild-type plants (Figure 18B).

The complex I subunit, CA2, the complex IV subunit, COX2 and the complex V subunits,
ATPa and -p remained unchanged in ABI3p:OXA2a plants irrespective of the plant age
(Figure 18). Among the proteins involved in protein import, TOM40 and TIM9 were at
normal levels whereas TIM22, TIM17, TIM50 and HSP70 were increased in ABI3p:OXA2a
plant mitochondria (Figure 18). Moreover, the mitochondrial ribosomal subunit, L16 and
mitochondrial TAT subunits, TATB and TATC were also increased in ABI3p:OXA2a plants
(Figure 18B). The increased levels of these proteins could be attributed to a general
upregulation of mitochondrial biogenesis upon disruption of the respiratory chain (126).
Some other mitochondrial proteins analysed, VDAC, MIC60, UCP, GDC-H and LETM1
remained at normal levels in ABI3p:OXA2a plants (Figure 18).

7.3.5. Complex III is assembled slower in ABI3p:OXA2a plants

In order to check whether mitochondrial protein synthesis and complex assembly were
affected in ABI3p:OXA2a plants, in organello synthesised proteins labelled with 3S
methionine were analysed by SDS-PAGE and BN-PAGE. This experiment was performed
using 2-week-old plants grown in sterile liquid medium, due to the technical difficulty of
obtaining mitochondria free from bacterial contamination using 4-week-old soil grown
plants. Although not as severe as 4-week-old plants, 2-week-old ABI3p:OXA2a plants still
display a noticeable decrease in complex III abundance (Figure 16B). COB, which is the
only mitochondrial encoded subunit of complex III, appeared to be synthesised normally
(Figure 19A), but its rate of assembly into complex III could not be assessed clearly,
possibly due to very low signal intensity of the whole complex (Figure 19B). The rates of
synthesis of ATP1, COX1, COX2, COX3 and ATP9 as well as assembly of complexes I, V
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Figure 19. Translation and assembly of mitochondrial-encoded proteins in ABI3p:0OXA2a-2 plants. A)
Autoradiogram of proteins synthesized in organello for 10, 30 and 60 min in the mitochondria isolated from 2-week-old
plants that were separated by SDS-PAGE. The known proteins are indicated on the left and the molecular weight
marker in kD is shown on the right. The lanes labelled ‘control-1’ and ‘control-2’ are bacterial contamination controls
of Col-0 and ABI3p:OXA2a-2 samples respectively where sodium acetate was used as the energy source. The large
smear at the bottom of the gel is ATP9. Due to its high hydrophobicity, ATP9 runs aberrantly on SDS gels. B) The
same reaction mix as in A was separated by BN-PAGE to show incorporation of the newly translated proteins into
respiratory complexes, which are indicated on the right.

and IV and supercomplex I+III; in ABI3p:OXA2a-2 plants appeared to be similar to those
of wild-type mitochondria (Figure 19).

Next, mitochondrial protein import rates of the nuclear encoded subunits, QCR7 and
CYC1 were studied in ABI3p:OXA2a plants by in vitro import of the radiolabelled
precursor proteins. The mitochondria isolated from 2-week-old plants were used for the
import experiment since the mitochondria of 4-week-old plants displayed a very low
import efficiency. As QCR7 does not have a cleavable presequence, its import was
monitored by treatment with PK. While the rate of QCR7 import into ABI3p:0XA2a-2
plant mitochondria appeared similar to that of wild-type plant mitochondria (Figure 20A),
the rate of CYC1 import into the mitochondria of ABI3p:OXA2a-2 plants appeared faster
(Figure 20B). This faster import rate might be due to the higher abundance of certain
import components in the mitochondria of ABI3p:OXA2a plants (Figure 18A). Since the
final membrane topology of CYC1 should be N-out C-in, it was next tested whether CYC1
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Figure 20. Import of complex Il subunits into ABI3p:0OXA2a-2 mitochondria. A) Autoradiogram of QCR7
imported into mitochondria isolated from 2-week-old plants for 10, 20 and 30 min followed by treatment with PK and
SDS-PAGE. The molecular weight marker in kD is specified on the right. B) The radiolabelled precursor of CYC1 was
treated similarly as in A for the samples labelled as M (mitochondria). As for the samples labelled as MP (mitoplasts),
after import for the indicated time point, mitochondria were subjected to osmotic shock to rupture the OM and then PK
treatment and SDS-PAGE was performed. C) Autoradiogram of the complexes assembled after the indicated time
points of importing QCRY into mitochondria isolated from 2-week-old plants. D) Three independent experiments as in
C were used to quantitate the assembly of imported QCRY7 into complex 111 and supercomplex I+11l, at each time point.
Data are given as averages + SE (n = 3) after normalization to the highest value obtained in each replicate experiment. A
statistically significant difference based on Student’s t test with a p value < 0.05 is indicated by *.

is able to attain the right membrane topology after its import into ABI3p:OXA2a-2 plant
mitochondria. Hence mitoplasts were generated by rupture of the OM and treated with
PK after import. Since CYC1 contains a large domain exposed to the IMS, PK treatment
resulted in complete digestion of CYC1 in both wild-type and ABI3p:OXA2a-2 plant
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mitochondria (Figure 20B). Therefore CYC1l apparently does achieve the correct
membrane topology in ABI3p:0OXA2a-2 plants, as in wild-type plants.

Following the import of radioactive QCR?7, its assembly into complex III and the
supercomplex I+III> was studied in 2-week-old ABI3p:0OXA2a-2 plants. The overall rate of
complex III assembly in ABI3p:OXA2a-2 plants appeared to be lower than that in wild-
type plants (Figure 20C). Based on the band intensities obtained in three independent
experiments, the rate of QCR7 incorporation into complex III and supercomplex I+III> was
interpreted (Figure 20D). The reduction in the rate of complex III assembly in
ABI3p:OXA2a-2 plants was calculated to be approximately 20%. Therefore, slower
assembly of complex III could have caused a steady reduction in the abundance and
enzyme activity of complex III in the ABI3p:OXA2a plants that became more prominent as
the plants grew older (Figures 15, 16, 20C and 20D). Surprisingly, the overall rate of
formation of the supercomplex I+III> was found to be 12% faster in ABI3p:OXA2a-2 plants
(Figures 20C and 20D). Since supercomplex formation is believed to enhance the stability
of individual complexes and the efficiency of electron transfer, increased biogenesis of the
supercomplex I+III> could be a measure to compensate for the decrease in biogenesis of
complex III (131-133). However, the abundance of the supercomplex I+III> was reduced in
ABI3p:OXA2a-2 plants, indicating that it is probably not as stable as in wild-type plants
(Figure 16B). The assembly of radioactive CYC1 into complex III could not be examined
following its import, possibly because the heme binding process is not supported in

isolated mitochondria.

7.3.6. The CCM process is affected in ABI3p:OXA2a plants

Since both the mitochondrial c-type cytochromes, CYC1 and CYC were reduced and the
CCM proteins, CCMA, CCMB and CCME were upregulated in ABI3p:OXA2a plants
(Figure 18B). Furthermore, heme staining corroborated that the c-type cytochromes, CYC
and CYC1 were reduced in 4-week-old ABI3p:OXA2a plant mitochondria (Figure 21A),
which correlates with their reduced protein abundances (Figure 18B). Therefore, it was

sought to investigate whether the CCM process might have been disrupted. Interestingly,
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Figure 21. Analyses of the CCM process in ABI3p:OXA2a plants. A) Mitochondrial proteins of 4-week-old
ABI3p:OXA2a plants separated by SDS-PAGE were subjected to heme staining. The stained proteins are indicated and
* denotes a non-specific band. Adjacently, the Coomassie-stained membrane is shown along with molecular weight
markers in kD. B) Mitochondrial complexes of 4-week-old ABI3p:OXA2a plants separated by BN-PAGE were
subjected to heme staining. The stained complexes are indicated. ?” indicates an unknown complex. C) Autoradiogram
of the indicated CCM proteins imported into mitochondria isolated from 2-week-old plants followed by treatment with
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PK and SDS-PAGE. The molecular weight marker in kD is specified on the right. For the samples labelled as MP
(mitoplasts), M (mitochondria) were subjected to osmotic shock in order to rupture the OM. D) Immunoblot analysis of
the specified proteins present in mitochondria (M), mitoplasts (MP) made by osmotic rupture of the OM and PK treated
mitoplasts (MP+PK) performed using mitochondria isolated from 2-week-old plants. The molecular weight marker in
kD is shown on the right. E) Immuno-blot analysis of the specified CCM proteins after 2D-BN/SDS-PAGE of
mitochondria from 4-week-old plants. | — complex I, V — complex V, Il — dimeric complex 11, F; — F; part of complex
V, I+111; — supercomplex composed of complex | and dimeric complex I11.

heme staining performed on mitochondrial complexes displayed a reduction in complex
III and the supercomplex containing complex III (Figure 21B), which also correlates with
the reduction in their respective abundances (Figure 16B). Additionally, an unknown
complex was also reduced in the heme stain of ABI3p:OXA2a plants (Figure 21B). When
import rates and membrane topologies of all the three nuclear encoded CCM proteins,
CCMA, CCME and CCMH were analysed using the mitochondria isolated from 2-week-
old ABI3p:0XA2a-2 plants, no significant difference was found (Figure 21C). This indicates

that their import and topogenesis does not require OXA2a.

CCMA and CCMB function as an ABC transporter in the CCM pathway (134). In
ABI3p:OXA2a-2 plants, besides an increase in the protein levels of CCMA and the
mitochondrial encoded CCMB, more CCMA was found to accumulate in a mitochondrial
complex, which is likely to be the ABC transporter (Figure 21E). Among the mitochondrial
encoded CCM proteins, CCMFn1 and CCMFn2 were not affected in their membrane
topology based on PK treatment following rupture of the mitochondrial OM (Figure 21D).
Since CCMFn1, CCMFn2 and CCMFc together form a complex that interacts with CCMH
in Arabidopsis mitochondria, it is very likely that CCMFc is also not affected in
ABI3p:OXA2a plants (135). Besides, more CCMH was found to accumulate in a
mitochondrial complex in ABI3p:OXA2a-2 plants (Figure 21E).

The remaining known CCM protein is CCMC, which is mitochondrial encoded. CCMC
most likely has six TMHs and three IMS-exposed loops, based on the structure of E. coli
CemC (135, 136) (Figure 22A). The WWD motif of E. coli CemC, which is exposed to the
periplasm, has the ability to bind heme and transfer it to CCME (137) (Figure 22A).
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Figure 22. The CCM pathway is affected in ABI3p:OXA2a plants. A) An illustration of the predicted topology of the
CCM proteins in Arabidopsis. The mitochondrial encoded CCM proteins are colored in orange and and the nuclear
encoded ones in blue. Heme trafficking during CCM process is shown with arrows. Dashed lines indicate that the origin
of heme is not clear. B) OXAZ2a reduction in ABI3p:OXA2a plants results in reduction of the c-type cytochromes, CYC
and CYC1 leading to complex Il reduction. Changes in steady state levels are shown with a corresponding arrow head
and altered color intensity. The steady-state levels of certain CCM proteins are increased, possibly to compensate for a
defect in CCMC. Thus, CCMC could be a potential substrate of OXA2a.

Although CCMFn also has an IMS exposed WWD motif, it does not appear to be affected
in ABI3p:OXA2a-2 plants, as mentioned above. Hence it is likely that the unknown heme
stained complex that was reduced in ABI3p:OXA2a-2 plants could contain CCMC and
CCME. It has to be noted that in a previous study on plant mitochondrial complexes, both

CCMC and CCME were found to accumulate in a complex of similar size to this unknown
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heme stained complex (25). Therefore, it is very likely that OXA2a might aid in the export
of one or more IMS-exposed loops and/or in heme binding of CCMC during its biogenesis

(Figure 22B).

7.4. Roles of OXA1b and OXA1la

7.4.1. Faster germination of oxalb seeds

In collaboration with Prof. James Whelan (La Trobe University, Melbourne), it was
observed that the oxalb seeds germinate significantly faster than the wild-type seeds under

normal growth conditions (Figure 23A). Non-optimal growth conditions such as low
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Figure 23. Germination of oxalb seeds. A) Seeds were allowed to germinate under optimal growth conditions at 21°C
for the indicated time after stratification in dark at 4°C for 3 days. B) Seeds were allowed to germinate at 15°C for the
indicated time after stratification in dark at 1°C for 3 days. C) Seeds were allowed to germinate in the presence of
abscissic acid (ABA) which inhibits germination. All other growth conditions were the same as mentioned for A. Data
are given as averages + St. Statistical significance with a p value < 0.05 based on Student's t test with reference to Col-0
is indicated by *.
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temperature inhibit seed germination (138, 139). Based on the external environmental
stimuli, seed dormancy and germination are regulated by the antagonistic action of two
plant hormones, abscisic acid (ABA) and gibberellin (GA) (140, 141). ABA is required to
establish dormancy during seed maturation, maintains dormancy in mature seeds, and
can inhibit germination when externally applied to seeds, whereas GA stimulates seed
germination (142). Faster germination of the oxalb seeds was consistent even under the
germination suppressing conditions, at low temperature of 15°C as well as in the presence
of abscisic acid (Figures 23B and 23C). However, in all the later growth stages, the oxalb
plants did not display any significant phenotypic variation (Figure 24). Faster germination
and normal phenotype of the oxalb mutants suggest that the loss of OXA1b might either
have a direct positive effect on the plant metabolism or a negative effect which might have

been compensated by any of the other three OXA protein present, most likely OXAla.

oxalb-1 oxalb-2

Figure 24. Phenotype of oxalb plants. A representative
picture of 4-week-old plants. The oxalb plants appeared
similar to Col-0 plants. Twelve plants of each genotype were
examined.

7.4.2. The respiratory complexes are unaffected in oxalb mitochondria

In order to check whether OXA1b depletion affects mitochondrial respiratory complexes,
mitochondria were isolated and the respiratory complexes separated by BN-PAGE were
examined. The levels of supercomplexes composed of complexes I and III, complex V and
the complex III dimer in oxalb mitochondria appeared similar to those in wild-type
mitochondria (Figure 25A). Then, in gel enzyme activity stains were performed to test the
levels of complexes I and IV (Figures 25B and 25C). There was no significant difference in
the enzyme activities of either of these complexes in oxalb mitochondria as compared to
wild-type mitochondria. Moreover, the levels of complexes III and V were also unaffected

in oxalb mitochondria based on immunoblot analyses (Figure 25D).
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Figure 25. Respiratory complexes in oxalb mitochondria. A) Respiratory complexes stained with Coomassie upon
BN-PAGE. B) In gel NADH dehydrogenase (Complex I) activity staining following BN-PAGE. C) In gel cytochrome ¢
oxidase (complex V) activity staining following BN-PAGE. D) Immuno-blot analysis of the mitochondrial complexes
using the antibodies against: RISP (complex IIlI) and F; part of ATP synthase (complex V). Complexes and
supercomplexes are indicated where appropriate. | — complex I, Il — dimeric complex IlI, I+l — supercomplex
composed of complex | and dimeric complex 111, I>+1114 — supercomplex composed of two complex | monomers and
two copies of dimeric complex 11, IV — complex IV and V — complex V.

7.4.3. Certain mitochondrial protein levels are altered in oxalb plants

Next, steady state abundances of several mitochondrial proteins were analysed by
immunoblots following SDS-PAGE. Confirming OXA1b gene knockout, the OXAlb
protein was not found in oxalb plant mitochondria (Figure 26). Additionally, considerable
difference was observed in the levels of OXAla, S10 and ERV1. The levels of OXAla
appeared increased in oxalb mitochondria (Figure 26). This indicates that OXAla and
OXAlb might have some overlapping functionality and more OXAla could be
compensating for the loss of OXA1b. A reduction in the levels of S10 and ERV1 was found
in oxalb mitochondria (Figure 26). S10 is a nuclear-encoded mitoribosomal subunit whose
silencing was found to affect the ratio of the small and large subunits of mitoribosomes
(143). ERV1 is a sulthydryl oxidase which promotes protein import and oxidative protein
folding in the IMS (144, 145). Based on the immunoblot analyses, OXA1b influences S10
and ERV1 levels either directly or indirectly (Figure 26).
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Figure 26. Mitochondrial proteins of oxalb plants. Immunoblot analysis of a selection of proteins in isolated
mitochondria as indicated on the left. The apparent molecular weight of the protein is located on the right in kD. The
correct band is indicated with an arrow head next to the protein name. In some cases, more than one isoform were
detected. Bands not indicated are non-specific reactions of the antibody. 100% corresponds to 40 pg mitochondrial
protein. Where protein abundance is notably different, it is indicated on the right side by either an up or a down arrow
for representing more or less abundance respectively of that protein in both the oxalb lines.

7.4.4. TIM22 appears to assemble faster in oxalb mitochondria

In order to check whether mitochondrial protein import and complex assembly are
affected in oxalb plants, radiolabelled substrate proteins were imported into the isolated
mitochondria. The in-vitro import efficiencies of FAD and AOX, which are substrates of the
presequence translocase as well as PiC and TIM23, which are substrates of the carrier
translocase, into oxalb mitochondria remained correspondingly similar to the efficiencies
observed with wild-type mitochondria (Figure 27A). Following the import of the
radioactive TIM22, its assembly into TIM22 complex was analyzed by resolving the
mitochondrial import reaction by BN-PAGE. Interestingly, TIM22 assembly into the
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Figure 27. Protein import into oxalb plant mitochondria. A) Autoradiogram of the indicated proteins imported via
the general import pathway or the carrier pathway into the mitochondria isolated from the plants mentioned on top. The
import reaction incubation time in minutes is stated on the top and the molecular weight of the protein bands in kD is
specified on the right. ‘P’ stands for the precursor protein alone, which represents 10% of the amount used in the import
reactions. AOX: alternative oxidase; FaD: a subunit of mitochondrial ATP synthase; P;C: inorganic phosphate carrier.
B) Autoradiogram of the TIM22 complex that assembled after the indicated time points of importing TIM22 protein
into the isolated mitochondria. 60% more TIM22 complex assembled in the oxalb mitochondria as compared to that in
the Col-0 mitochondria.

complex was faster in oxalb mitochondria than in the wild-type mitochondria (Figure
27B). About 60% more TIM22 complex accumulated in oxalb mitochondria after 60 min of
incubation in the import buffer. This positive effect could be due to higher levels of

OXAla in oxalb plants, in which case, TIM22 is a potential substrate of OXA1la (Figure 26).

7.4.5. RNA silencing of OXA1la does not alter the plant phenotype

Since OXAla is essential for embryogenesis, RNA silencing was used as one of the
approaches to generate viable mutants and study its roles in postembryonic older plants.
For this, RNA interference using a dexamethasone-inducible pOpOff2 vector as well as a
constitutive pK7GWIWG?2 vector was performed. A gene-specific sequence was inserted
into the vectors and the constructs were transformed into wild-type Arabidopsis plants.
Single-locus homozygous insertion lines selected in the T3 generation were propagated for
further analyses. Dexamethasone induction and RT-qPCR analysis of the three selected
OXA1a-RNA:i lines revealed that all the three lines exhibited a significant transcript
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Figure 28. Verification of OXAla-RNAI lines. The transcript abundances of OXAla (A), OXA2a, (B) and OXA2b (C)
with reference to OEP24 transcript abundance were analysed by RT-gPCR in the corresponding RNAI lines after
induction with dexamethasone. Control-RNAi was targeted to Luciferase. Data are presented as averages + sb of two
independent biological replicates and two technical replicates. Statistical significance with a p value < 0.05 based on
Student’s t test with reference to Col-0 is indicated by *.

reduction of approximately 24% of the wild-type level whereas the transcript level of a

control-RNAIi line was similar to the wild-type level (Figure 28A).

RNAIi approach was employed to produce viable mutants of the other two embryo-lethal
plant OXAs, OXA2a and OXA2b as well. However, the level of transcript reduction was
insignificant in both these cases (Figures 28B and 28C). This indicates that OXA2a and
OXA2b could be so important during the growth stages beyond embryogenesis, that
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severe transcript reduction was possibly lethal. Hence similar result was assumed with the
plants transformed with the constitutive RNAi construct and the corresponding single-

locus homozygous insertion lines were not analysed further.

Two of the OXA1a-RNAi lines were used for phenotypic and biochemical analyses.
Although no major change in the overall plant phenotype was observed, growth on
vertical MS plates showed that the roots of OXAIa-RNAi plants grew significantly slower
in comparison to the roots of wild-type plants (122). Slower root growth has been
observed in other Arabidopsis mutants with altered mitochondrial biogenesis (123, 124).
However, no change in the mitochondrial respiratory complexes or proteins was found
(122). This indicates that the remaining level of OXAla in OXAla-RNAi is possibly
sufficient after embryogenesis and/or the other OXAs could be compensating its
reduction. OXAla appears to be essential for plant development beyond embryogenesis as
no homozygous line could be isolated by the partial complementation strategy using the

ABI3 promoter (122).

7.4.6. Generation of OXA1a-RNAi oxalb double mutants

The experimental results of OXAIa-RNAi and oxalb mutants indicated at least some level
of overlapping functionality between the two OXA1 proteins. Hence, double mutants were
generated by crossing OXA1A-RNAi lines with oxalb. As kanamycin resistance of the T-
DNA insert was lost in the oxalb line, the progeny of the crossed plants would derive
kanamycin resistance the RNAi construct only. To serve as a control double mutant, the
control-RNAi was also crossed with oxalb. During selection of the T3 generation, the
double mutants already displayed a phenotype even without dexamethasone induction.
This might be due to leaky expression from the RNAi construct. The OXA1a-RNAi oxalb
double mutant seedlings appeared smaller with elongated cotyledon petioles whereas the
control-RNAi oxalb double mutant seedlings appeared similar to the wild-type seedlings
(Figure 29).
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Figure 29. Seedlings of OXAla-RNAi oxalb double mutants. The T3 generation seeds of the double mutant lines
were grown on Kanamycin selection plates before their transfer to soil and genotyping for homozygosity of the T-DNA
insert and for the presence of the RNAI construct. For reference, the Col-0 wild-type seeds were grown without the
antibiotic. The OXAla-RNAi oxalb double mutant seedlings displayed a phenotype of smaller size with elongated
cotyledon petioles without Dexamethasone induction.

Upon dexamethasone induction, only a fraction of seedlings on plates displayed varying
phenotypes such as no germination, growth-arrest at cotyledon stage, smaller darker
leaves, etc while the remaining seedlings appeared normal. This was due to non-
homogenous population of the seeds. Therefore, further selection and screening was
performed to isolate the mutants homozygous for both the OXA1la/control RNAi construct
and the OXA1b T-DNA. The T5 generation double mutant lines homozygous for OXA1b T-

DNA insert and containing the corresponding RNAi construct were isolated. After
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verifying homozygosis of the RNAi construct as well, characterization of the OXA1a-RNAi
oxalb double mutants can potentially reveal the substrates and interaction partners of
OXAla and OXA1lb in future. Moreover, investigation of the plant lines generated in this
study to express the GUS reporter gene under the control of each OXA promoter will
provide information regarding the expression levels of the different OXAs at different

developmental stages and tissues.
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8. Discussion

Members of the Oxal protein superfamily are involved in membrane insertion, folding
and complex assembly of substrate proteins in bacteria, mitochondria, chloroplasts and
the endoplasmic reticulum (69, 71). Mitochondria of fungi and animals contain two
members of the Oxal superfamily, Oxal and Cox18, which have been well-characterized.
Oxal plays a major role in the cotranslational insertion of mitochondrial-encoded
membrane proteins and also in the posttranslational insertion of nuclear-encoded
membrane proteins (68, 146). In contrast to Oxal, Cox18 has been demonstrated to have
only one substrate protein, Cox2 (29, 61). However, plant mitochondria contain four Oxa
homologs: OXAla, OXAlb, OXA2a, and OXA2b whose exact functions were previously
unknown. This study identified the roles of the OXA2 proteins and laid groundwork for

identifying the roles of the OXA1 proteins in Arabidopsis mitochondria.

8.1. OXA2b is required for complex IV biogenesis

The essential role of OXA2b in Arabidopsis mitochondria was studied by rescuing the
lethal phenotype of homozygous T-DNA insertion lines via expression of a truncated
version of the protein which lacks the C-terminus containing the plant-specific TPR
domain. The mutant plants displayed severe growth defects that could be attributed to a
lack of complex IV from the respiratory chain, indicating that OXA2b is required for
complex IV biogenesis. It was demonstrated that the three mitochondrial-encoded
complex IV proteins were still translated, although at a reduced rate. Therefore, the
biogenesis defect was not due to a translational defect. It was also shown that the absence
of complex IV was due to the failure of COX2 to reach its proper topology with both N-
and C-termini facing the IMS. This was further supported by the demonstration that the
OXA2b TPR domain specifically binds to newly synthesized COX2, but not to COX1 or
COXa.

During complex-IV biogenesis in both yeast and humans, membrane insertion of the Cox2

subunit requires both Oxal and Cox18, due to its unique structure (147). Cox2 contains
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Figure 30. Cox2 biogenesis in different organisms. Current understanding of how Cox2 is inserted into the
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two TMHs and an extremely long hydrophilic C terminus located in the IMS that holds the
dinuclear copper center. Oxal cotranslationally inserts the first TMH of Cox2 into the IM
(148, 149) (Figure 30). Cox2 is then stabilized by its specific chaperone, Cox20 (30, 150).
After Cox18 inserts the second TMH with the concomitant export of the C terminus into
the IMS (29, 61), Cox2 gets metallated and proceeds to complex IV assembly. It is most
likely that the second insertion step is impaired in the OXA2b TPR deletion plants based

on the phylogenetic analysis, topology studies, and interaction experiments. OXAZ2b is
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most likely performing the same function as Cox18. However, it is possible that plant
OXA2b by itself can both stabilize and translocate the COX2 C terminus due to the
presence of a TPR domain at its C terminus, while yeast Cox18, which does not have a
notable C-terminal extension, requires the participation of Mss2 for stabilization before
translocation (151) (Figure 30). This is supported by the in vitro interaction of the OXA2b
TPR domain with the COX2 C-terminus. Thus, it is highly likely that the OXA2b TPR
domain enhances the efficiency of COX2 membrane insertion by stabilizing the COX2 C-

terminus.

Cox18 in both yeast and humans is a very low abundance protein due to its controlled
synthesis and tight regulation (152). Similarly, the steady-state level of OXA2b in wild-
type plants appears to be very low. As for the TPR deletion plants, although the
corresponding transcript levels are clearly evident, it could not be demonstrated that the
truncated protein was stable within mitochondria. Hence it cannot be ruled out that the
phenotypes of the OXA2bA235-complemented plants are not just the result of a TPR
deletion, but may be more akin to knockdown mutants, because knockout mutants are
lethal. Thus, definite functions of the TPR domain and the insertase domain of OXA2b
cannot be separated based on the available data. Mitochondrial Hsp70 is well-known for
its role in protein folding and as a central component of the protein import motor (35, 153)
and has already been implicated in the assembly of complex IV in yeast (154-156). It was
recently found that HSP70 is required for COX assembly in Arabidopsis as well (157). As
HSP70 was up-regulated in the OXA2b TPR deletion plant mitochondria, it could be a
compensatory mechanism to overcome the defect in COX assembly. Further investigations
on the exact role of mitochondrial HSP70 in complex IV assembly in plants are worth

following up.

OXA2b may have further interaction partners such as other assembly factors. As no Cox20
homolog has been identified in plants till date, a plant-specific factor playing the role of
Cox20 in plants could be a potential interaction partner of OXA2b. Moreover, similar to
Oxal-Ribosome complexes coordinating complex IV assembly, it is plausible that OXA2b

could be additionally involved in further steps of complex IV biogenesis beyond COX2
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membrane insertion such as metallation and/or assembly (55). Considering that the
OXAZ2b TPR deletion has restored plant viability, substrates other than COX2, which do
not require the TPR domain, may also be inserted by OXA2b. However, it is quite likely
that OXA2b is only required for COX2 insertion and/or assembly based on the data
presented here and previous findings on Cox18 (29, 61).

Apart from some studies on transcript maturation of COX1 and COX2 (23, 124, 127, 158-
161), not much is known about the early steps of complex IV biogenesis in plants. This
work studies the membrane insertion step of COX2 during complex IV biogenesis in
plants. Further investigation on the unknown complex intermediate detected in the in
organello translation analyses will be worthwhile. Since it is missing in the OXA2b TPR
deletion plants, it is very likely to be a complex IV assembly intermediate. This complex
runs at about the same migrating distance on the BN gel where OXA2b was identified in a
complexome map of Arabidopsis mitochondria (25). Thus, it could be an assembly
intermediate containing COX2 and OXA2b. However, further work is required to
determine the exact composition of this potential complex IV assembly intermediate. The
generation of more viable complex IV-deficient mutants of both nuclear- and

mitochondrial-encoded subunits could benefit such studies in Arabidopsis.

8.2. OXA2a appears to be involved in cytochrome c maturation

With the majority of plants only containing one OXA2-like protein, OXA2a and OXA2b
most likely arose in the Brassicaceae family due to a gene duplication followed by
subfunctionalization. The essential role of OXA2a in Arabidopsis mitochondria was
studied by rescuing the lethal phenotype of homozygous T-DNA insertion lines via partial
complementation using the developmentally regulated ABI3 promoter. However, even the
residual ABI3 promoter activity beyond germination was sufficient to provide about 60%
of the normal OXA2a transcript level in ABI3p:OXA2a plants. Whereas OXA2b was at least
detectable by using excess amounts of mitochondria for immunoblotting, OXA2a could
not be detected at all. Thus, the abundance of OXAZ2a appears to be even lower than that of
OXAZ2b. This is in line with the low abundance values of OXA2a and OXA2b detected with
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transcriptomic and proteomic studies (162-165). Yeast and human Cox18 are also

expressed at low levels and appear to be tightly regulated (152, 166).

When the respiratory chain of ABI3p:OXA2a plants was examined, complex III and CYC
were reduced and AOX was increased, whereas complexes I, IV and V remained
unaffected. In organello radiolabelling showed that all the three mitochondrial-encoded
complex IV subunits, COX1, COX2 and COX3 were being synthesised and assembled
normally. Therefore, the reduction in COX3 is probably due to its instability or increased
turnover. Very low amounts of CYC resulted in reduced levels and activity of Complex IV
in addition to increased AOX expression and delayed development in a previous study
(167). In this study, in spite of reduced CYC steady state protein levels, complex IV
activity, abundance and rate of assembly all appear unaffected. This could be because CYC

levels in ABI3p:OXA2a plants are not as low as those in CYC deficient plants of (167).

The process of complex III assembly in plants has not been studied so far. In this study, a
putative assembly intermediate of complex III containing COB and QCR7 was identified.
Moreover, the steady state levels of COB, QCR7 and MPPa remained unchanged while
those of CYC1 and RISP decreased. Assuming that the process of complex III assembly in
plants is similar to the linear assembly model in yeast and humans, the formation of the
assembly intermediate I containing COB and the assembly intermediate II containing
COB, QCR7 and QCRS8 is plausibly normal (19). The accumulation of assembly
intermediate II in ABI3p:OXA2a plants indicates that the formation of the assembly
intermediate III with the addition of QCR6, MPPa, MPPB and CYC1 might have been
affected. Although CYC1 looked like a suitable candidate to be a substrate of OXA2a due
to its N-out C-in topology, it does not appear to be the case since in vitro imported CYC1
topology in ABI3p:OXA2a plants did not display any deviation from that of wild-type
plants. Moreover, plant CYC1 is structurally similar to yeast CYC1 which does not require

Cox18 or any other Oxa protein for its membrane topology (147, 168, 169).
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The reduction in steady state levels of both the mitochondrial c-type cytochromes, CYC
and CYC1 in addition to the accumulation of the putative intermediate II prompted us to
hypothesize that the process of CCM might be affected in ABI3p:OXA2a plants. The CCM
process occurs via system III in yeast and human mitochondria whereas in plant
mitochondria via system I. System III is very simple consisting of a single component
called HCCS. Since HCCS in yeast and humans is a peripheral membrane protein found
on the IMS side of the IM (170), there is no need of a special insertase for its biogenesis. But
System I is complicated and involves several components, CCMA, CCMB, CCMC, CCME,
CCMFn1, CCMFn2, CCMFc and CCMH in Arabidopsis mitochondria (13) (Figure 22A).
Their proposed functions are: CCMA and CCMB acting as ABC transporter, CCMC and
CCME in heme delivery, the three CCMF proteins together functioning as heme lyase and
CCMH for reducing apocytochrome c (13). All the components except CCMA are integral
membrane proteins. Hence plants might require a special insertase such as OXA2a for the
biogenesis of at least one of the CCM components. ABI3p:OXA2a plants had increased
abundances of CCMA, CCMB and CCME, but the steady state levels of CCMFn1, CCMFn2
and CCMH were normal (Figure 22B). This suggests that the heme delivery process might
be affected. Due to lack of an antibody against CCMC, its levels could not be investigated.
Bacterial CcmC directly interacts with heme before incorporating it into CcmE for
transferring to apocytochrome ¢ (171). Plant CCMC is structurally similar to its bacterial

homolog and might act as a CCME-specific heme-lyase (13).

In this study, an unknown complex identified upon heme staining was reduced in
ABI3p:0XA2a plants. Bacterial CcmC, CemE, and CemF are involved in heme trafficking,
before it reaches apocytochrome c (136). Their heme-binding abilities are all detectable by
heme staining (137, 172, 173). Since the membrane topologies of CCME, CCMFn:1 and
CCMEn: appeared normal in ABI3p:OXA2a plants, there might have been a problem in the
membrane insertion, folding and/or heme binding event of CCMC, which is supposed to
traffic heme to CCME. CCMC might require the assistance of a special membrane insertase
like OXA2a for attaining the correct membrane topology (Figure 22B). Alternatively, it
might aid in the heme binding of CCMC. In either case, it would explain the changes in
steady-state levels of only specific CCM components in ABI3p:OXA2a plants. Higher

protein levels of CCMA, CCMB and apoCCME as well as CCMA-containing and CCMH-
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containing complexes appear to be compensating for CCMC defect. Thus, CCMC is
plausibly the substrate of OXA2a in Arabidopsis. Reduced efficiency of heme transfer
from CCMC to CCME might have caused the reduction in CYC1 and CYC, accumulation
of intermediate II and the reduction of complex III in ABI3p:OXA2a plants. The
requirement of OXAZ2a function is obsolete in yeast and mammalian mitochondria as they

have a much simpler system III for CCM.

Higher steady state levels of certain import components (HSP70, TIM17, TIM50 and
TIM22) as well as the ribosomal subunit, L16 and mitochondrial TAT proteins were
observed in ABI3p:OXA2a plants. In yeast mitochondria, Hsp70 is not only involved in
protein folding and import, but also in complex IV assembly (154-156). Moreover, its role
in Fe-S cluster biogenesis is conserved in yeast, humans and plants (174-176). The plant
mitochondrial TAT pathway is predicted to be required for the membrane insertion of
folded proteins especially the RISP subunit of complex III (14). Hence, higher steady state
levels of the above mentioned proteins in ABI3p:OXA2a plants most likely indicate an
increase in mitochondrial biogenesis resulting from complex III reduction. A similar
pattern of increased mitochondrial biogenesis resulting from complex IV reduction was
also observed in 35Sp:0XA2b235 plants as mentioned above. Both these studies exemplify

the pivotal correlation between mitochondrial function and mitochondrial biogenesis.

As phenotypic and biochemical analyses of 355p:0XA2aA245 plants did not result in any
deviation from wild-type plants, the TPR domain of OXA2a does not appear to be
essential for its functionality. This is in contrast to a very important role played by the TPR

domain of OXA2b during biogenesis of COX2 subunit of complex IV

8.3. Roles of OXAla and OXA1b

Among the two Arabidopsis OXA1 proteins, OXAla is essential for embryogenesis, but
not OXA1b (87). OXAla could functionally complement a yeast oxal mutant (88). Yeast

Oxal plays a major role in mediating the insertion and assembly of lots of crucial proteins
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into the IM, irrespective of them being encoded in the mitochondrial or the nuclear
genome (55, 56, 59, 177-179). Hence it is likely that OXAla might serve as the general

insertase in plants, similar to yeast Oxal.

The abundance of mitochondrial respiratory complexes and most of the various protein
abundances tested were not affected in oxalb plants. However, more OXAla and less S10
and ERV1 were detected in these mutant plants. Upregulation of OXAla in oxalb plants
implies OXAla compensating for the loss of OXAlb. This indicates overlapping
functionality between the two OXA1 proteins. Along these lines, faster germination and
larger leaf surface area observed in oxalb plants could most likely be due to the increased
abundance of OXAla. S10 is a subunit of the small subunits of mitoribosome and is
encoded in the nuclear genome. Its silencing affected the efficiency of translation such that
the mitochondrial encoded ribosomal proteins increased whereas and the mitochondrial
encoded OXPHOS subunits decreased (143). Reduction of S10 in oxalb plants is possibly
due to a regulatory mechanism in relation to the translation of hypothetical OXA1b-
specific substrates (Figure 4). Alternatively, OXAlb might aid in the assembly of S10
during mitoribosome formation. Another protein that was found to be reduced in oxalb
plants is ERV1. In yeast, the sulfhydryl oxidase, Ervl generates disulfide bonds and passes
them on to the oxidoreductase, Mia40 which then oxidizes substrate proteins in the IMS
(180-182). However, Arabidopsis ERV1 appears to promote protein import and oxidative
protein folding of proteins in the IMS independently of MIA40 (145, 183). Its
downregulation in oxalb plants is very interesting, but further investigations are required
to analyze the link between the mitochondrial insertase, OXAlb and the IMS protein,
ERVL.

In yeast, Oxal is required not only for the biogenesis of the several proteins imported via
the general presequence pathway involving the TIM23 complex, but also for that of
numerous metabolite carriers via the carrier pathway involving the TIM22 complex (68,
179). The import of substrate proteins via the general import pathway as well as via the
carrier import pathway appeared normal in oxalb plant mitochondria. However, following

the import and assembly of TIM22 revealed that its assembly into the carrier translocase
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complex is faster in oxalb plants. Since more OXAla was detected in oxalb plants, faster
assembly of TIM22 provides an exciting clue that OXAla could be involved in the
assembly of TIM22. This statement is strengthened by an earlier report that yeast Oxal
promotes the assembly of Tim18-Sdh3 module of the TIM22 complex (179). The yeast
TIM22 complex is made up of the membrane-embedded core consisting of Tim22 channel
protein, Tim54 receptor and the Tim18-Sdh3 module together with the Tim9-Tim10-Tim12
peripheral chaperone complex (184-186). In plants, the composition and mechanism of
TIM22 complex is poorly understood. Orthologs of Tim12, Tim18 and Tim54 could not be
found in plants (33, 187, 188). Moreover, it is not certain whether plant SDH3 plays a dual

function in complex II as well as TIM22 similar to yeast (185).
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9. Supplemental Figures
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Supplemental Figure 1. RT-qPCR analysis of OXA2b and OXA2a transcripts. RT-gPCR analysis was carried out
on all the oxa2b complementation plants with primers specific for OXA2a and OXA2b. Results are based on four
independent biological replicates. Data are presented as averages + St. Statistical significance based on Student’s t test

is indicated by * with a specified p value.
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oxaz2b-1 oxaz2b-1 oxazb-2 oxaz2b-2
+35S:0XA2b +35S:0XA2bA235 +35S:0XA2b +35S:0XA2bA235

Supplemental Figure 2. Seed weight and germination rates of all the oxa2b complementation plants. A) The
average weights of seeds collected from a single plant of each genotype are plotted. B) Percentage of seeds not
germinated on plates used for phenotyping and root growth analysis are plotted for all genotypes. Data are presented as
averages + SE. Statistical significance based on Student’s t test is indicated by * with a specified p value. C) Pictures of
1-week-old seedlings germinated on MS plates of all genotypes. The scale bar corresponds to 1 cm.
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Supplemental Figure 3. Silique phenotypes of all the oxa2b complementation plants. Pictures of five different
siliques from each genotype are shown on the left side. One dissected silique from the corresponding genotype is shown
on the right side. The scale bar corresponds to 5 mm.
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Supplemental Figure 4. ldentification of Arabidopsis mitochondrial translation products. A 60 minute in
organello mitochondrial translation reaction and five samples of unlabelled mitochondria of Arabidopsis wild type were
separated by SDS-PAGE on the same gel and used for immuno-blot analysis with antibodies indicated below. The
correct protein bands are marked with an arrow head based on their apparent molecular weight. The labelled protein
bands identified based on alignment are indicated on the left. This figure was used as a reference for labelling the in
organello translation products in Figure 9.
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Supplemental Figure 5. Silique phenotypes of all the oxa2a complementation plants. Pictures of five different
siliques from each genotype are shown on the left side. One dissected silique from the corresponding genotype is shown
on the right side. The scale bar corresponds to 5 mm.
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10. Supplemental Tables

Supplemental Table 1. Primers used in this study

Primer Sequence
LP1 (OXA2b) AAGAAGAAAATGGTGCAACCC
RP1 (OXA2b) TCACTGATCCATCCTCGAAAG
LB1 (OXA2b) ATTTTGCCGATTTCGGAAC
LP2 (OXA2b) AATCAATCCTTAACCATCCCG
RP2 (OXA2b) TGCTTCCTCTCTCCTTCCTTC
LB2 (OXA2b) CCCATTTGGACGTGAATGTAGACAC
F (OXA2b) ATGGCATTTCGTAGGGTTTITACTCT
R (OXA2b) TGAAGTTTTGCTGGTAGAAT
RA235 CTGAGCAATGCTGAATGACA
O CDS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
xa w GCATTTCGTAGGGTT
Osazb CDS Ry GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATGAAG
TTTTGCTGGTAGA
Oxa2b ACterm R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCACTGAG
xa erm BV CAATGCTGAATGA
LP1 (OXA2a) TTGGCTATGCTATTCCACAGG
RP1 (OXA2q) CCGGAAATTCTAACCTTGGAG
LB1 (OXA2a) ATTTTGCCGATTTCGGAAC
LP2 (OXA2q) CGACTGACTGTGAGTCGTCTG
RP2 (OXA2q) AGTTTGCACAACCATAGAGCG
LB2 (OXA2a) CCCATTTGGACGTGAATGTAGACAC
ApF (OXA24) CTTTTTCCTTGCCTCCTTACTC
2aR (OXA2a) GAAATGATCCTTTCTGCG
F (OXA2a) CTCCTCTCGTCACCGTTTATC
R (OXA2a) TTGTACGCCGGATTGTGATCC
RA245 CCTGTGGAATAGCATAGCCAAC
T3 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
m GCGGCTAATAACAGA
T3 R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCAAATGG
m GCACATACCGCTT
Ol F GGGGACAAGTTTIGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
GCTTTCAGGCAAACT
Oala R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCACTTCTT
xata CTTGCTGCTATT
Oalb GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
xa GCTACTTGCTTGCGT
Oxalb R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCACTTCTT
xa GATCTTTCGGTC
Osada F GGGGACAAGTTTIGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG
GCAGTGTGGAGGAGT
OxaDaR GGGGACCACTTTIGTACAAGAAAGCTGGGTCTCCACCTCCGGATCAGAAAT
GATCCTTTCTGCG
Oxada ACterm R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCAGACAA
¢ GACTTCCCTGTGGAAT
i F GGGGACAAGTTTIGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCTGATTCGAGTGCTGCTGA
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GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATGTATG

Tim22 R CCTATCAAAGAA

Oxalb LP1 TATCCAGAAGGCATTTTCACG

Oxalb RP1 TGCAGTTTTGATTTCAATCCC

Oxalb LB ATTTTGCCGATTTCGGAAC

Oxalb LP2 TATCCAGAAGGCATTTTCACG

Oxalb RP2 TGCAGTTTTGATTTCAATCCC

Oxala RNAj F GGGGACAAGTTTGTACAAAAAAGCAGGCTGATAAAGCGTCCTCAAGT
Oxala RNAi R GGGGACCACTTTGTACAAGAAAGCTGGGTTACTAACAGGACTCAGCG
Oxa2a RNAi F GGGGACAAGTTTGTACAAAAAAGCAGGCTAATTATCTCTCAAGCACC
Oxa2a RNAi R GGGGACCACTTTGTACAAGAAAGCTGGGTCTGGTGTTAGAGTCTGTA
Oxa2b RNAi F GGGGACAAGTTTGTACAAAAAAGCAGGCTAGGGTTTTACTCTCTCAC
Oxa2b RNAi R GGGGACCACTTTGTACAAGAAAGCTGGGTAAGGCAATCCAGTGATGT
Oxala RT F ATGCAAAACAAGGGAATGGA

Oxala RT R TGGGGTGAATGGAGTGAC

Oxa2a RT F TAGATGGTCACCCTGGCTTT

Oxa2a RT R AGCCACCAGGAAGATCACTC

Oxa2b RT F TCGTTTTTGTGGGTTCCTG

Oxa2b RT R CCGAATCAAATCCAGGATGA

OEP24 RT F CAACTCTAAATCAACTGGATCTTTCA

OEP24 RT R GTCAGTTTTGGCGGCTTC

ACT2,8 RT F GGTAACATTGTGCTCAGTGGTGG

ACT2,8 RT R AACGACCTTAATCTTCATGCTGC

Oxala RNAi SeqF

CTCAACTTTTATCITCTTCGTCITACAC

Oxala RNAi OCSR

TTAGGTTTGACCGGTTCTGCC

OXA1A pro A-CF1

ATGAAGACTTTACGGGTCTCAGCGG GCTTCITGGGATCTCTCAATG

OXA1A pro A-CR1

TAGAAGACAAGAAAAAGACGGTGATGGTGACG

OXA1A pro A-CF2

TAGAAGACAATTITCTTCCATTGACAGGITTCA

OXA1A pro A-CR2

ATGAAGACTTCAGAGGTCTCAGGTGCC
TGCAGAATCTAAACAAGATCCTAC

OXA1B pro A-C F1

ATGAAGACTTTACGGGTCTCAGCGGGCTCAATTCTTTATTAGGTATCAG

OXA1B pro A-CR1

TAGAAGACAAAGACGACTTGGGCATCAGGCCT

OXA1B pro A-C F2

TAGAAGACAAGTCTCGAGTTGGCGGCTA

OXA1B pro A-CR2

ATGAAGACTTCAGAGGTCTCAGGTGCCAACTAAGATCCTGCTAACAAAAA
G

OXA2A pro A-CF1

ATGAAGACTTTACGGGTCTCAGCGGAGCGTACCACGGTTCAAT
CATCTTATAAACAATTCAAGAAGGCTAAAAAAT

OXA2A pro A-CR1

TAGAAGACAAAACAAGACCTCAGCTGCATTAG

OXA2A pro A-CF2

TAGAAGACAATGTTAAGGAGATTCCTGCT

OXA2A pro A-CR2

ATGAAGACTTCAGAGGTCTCAGGTGCCTCCAG
ITTTTTTCTTTTGCCTAAAAC

OXAZ2B pro A-C F1

ATGAAGACTTITACGGGTCTCAGCGG CGGCGATATAAACGATGCAG

OXAZ2B pro A-CR1

ATGAAGACTTCAGAGGTCTCAGGTGCC TTCCGGTGAAGAAAACTGTAC

GUSC-DF ATGAAGACTTTACGGGTCTCACACC ATGGTACGTCCTGTAGAAACC
GUSC-DR ATGAAGACTTCAGAGGTCTCACCTT TCATTGTTTGCCTCCCTGCTGCG
T7 AATACGACTCACTATAG

T7terminator GCTAGTTATTGCTCAGCGG

DNR5 CTGGCAGTTCCCTACTCTCG
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SeqlB

GTAACATCAGAGATTTTGAGACAC

T35S Rev TATGCTCAACACATGAGCGAAAC
Intron For ATTGAATTTGATGGCCATAGGGG
Intron Rev AATTTTACCCACTAAGCGTGACC
P35S For TTCATTTGGAGAGGACTGCAGG
pOpOff INT seq Fw | TGAGCTTTGATCTTTCTTTAAACTG
pOpO£f2 seq rev GGGTTCGAAATCGATAAGCTTGCGC
pOpOff INT seq rev | TGTTAGAAATTCCAATCTGCTTGTA
pOpO£f2 seq fw CTCAACTTTTATCTTCTTCGTCTTACAC
OrabCtermE GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCCAA
xacblterm. TCAATCCTTAACCATCCCG
OrxabCtermR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATTATGA
xasbl-te AGTTTTGCTGGT
OsalaloonE GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCAAA
xalaLoop CAAATGAAAGACACA
OrxalaloonR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATTATGG
xataLoop GGTGAATGGAGT
OsalbloonE GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCAAT
xalbLoop CAACTAAAGGCTACT
OxalbLoobR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATTAAA
p ATGGAGTTACTCC
Osxa2aLoonE GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCTTAT
p TGCCTTTACTCATA
Ol oonR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCACTAGA
xazaLoop AGAACCACAAAAA
O a2bLooDE GGGGACAAGTTTIGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCTTG
p I'TTCCTATACTGATT
Oxa2bLoooR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCATCAAG
p GAACCCACAAAAA
Oxa2b pGEX F ATGCGAATTCCAATCAATCCTTAACCATCCCG
Oxa2b pGEX R ATGCGCGGCCGCTTATGAAGTTTTGCTGGTAG
GSTfor CCACGTTTGGTGGTGGCG
GSTback CACCGAAACGCGCGAGGC
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Supplemental Table 2. Antibodies used this study

S/N A;T:I?Sy Detected Protein(s) Source
1 | CA2 Carbonic Anhydrase subunit 2 (11)
2 | ShH4 Succinate DeHydrogenase subunit 4 PhytoAB - PHY0562S
3 | RISP Rieske Iron-Sulfur Protein (183)
4 | COB CytochrOme B (189)
5 | QCR7 ubiQuinol-cytochrome C oxidoReductase subunit 7 Prof. James Whelan
6 | MPPa Mitochondrial Processing Peptidase - a subunit Phytoab - PHY05735
7 CYC1 Cytochrome ¢ ?233?0_52281 67568;  Phytoab
8 | CYC Cytochrome ¢ Agrisera - AS08 343A
9 | COX1 Cytochrome ¢ Oxidase subunit 1 (189)
10 | COX2 Cytochrome ¢ Oxidase subunit 2 Agrisera - AS04 053A
11 | COX3 Cytochrome ¢ Oxidase subunit 3 abcam - ab110259
12 | ATPa/p ATP synthase subunit a/subunit (3 (190)
13 | AOX Alternative Oxidase Agrisera - AS04 054
14 | TOM20 20 kD subunit of TOM complex (191)
15 | TOM40 40 kD subunit of TOM complex (183)
Mitochondrial intermembrane space Import and|
16| MIA40 Assembly 40 kD subunit i ’ (183)
17 | ERV1 Essential for Respiration and Viability 1 (183)
18 | TIM9 9 kD subunit of TIM complex (126)
19 | TIM21-3 21 kD subunit of TIM complex (126)
20 | TIM50 50 kD subunit of TIM complex (126)
21 | TIM17-2 17 kD subunit of TIM complex (192)
22 | TIM23-2 23 kD subunit of TIM complex (183)
23 | TIM44 44 kD subunit of TIM complex (126)
24 | TIM22 22 kD subunit of TIM complex (126)
25 | HSP70 Heat Shock Protein 70 kD Agrisera - AS08 347
26 | GDC-H Glycine Decarboxylase Complex - H subunit Agrisera - AS05 074
27 | 54 Mitochondrial ribosomal small subunit protein S4 Agrisera - AS15 3068
28 | S10 Mitochondrial ribosomal small subunit protein S10 Agrisera - AS15 3067
29 | L16 Mitochondrial ribosomal large subunit protein L16 Agrisera - AS15 3069
30 | VDAC Voltage-Dependent Anion-selective Channel protein | (193)
31 | CCMB Cytochrome C Maturation subunit B This study
S R
MlItochondrial contact site and Cristae organizin
33 | MIC60 system 60 kD subunit i i (195)
34 | UCP UnCoupling Protein Agrisera -AS12 1850
35 | TATB Twin-Arginine Translocase subunit B (14)
36 | TATC Twin-Arginine Translocase subunit C (14)
37 | CCMA Cytochrome ¢ Maturation subunit A (134)
38 | CCMB Cytochrome ¢ Maturation subunit B (196)
39 | CCME Cytochrome ¢ Maturation subunit E (197)
40 | CCMFn: Cytochrome ¢ Maturation subunit Fny (135)
41 | CCMFn2 Cytochrome ¢ Maturation subunit Fx (135)
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42 | CCMFc Cytochrome ¢ Maturation subunit Fc (135)

43 | OXAla cytochrome ¢ OXidase Assembly factor 1a This study
44 | OXA1lb cytochrome ¢ OXidase Assembly factor 1b This study
45 | OXA2b cytochrome ¢ OXidase Assembly factor 2b This study
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Supplemental Table 3. Organisms included in a phylogenetic analysis (Figure 4)

S/N Organism Name S/N Organism Name
1 | Aquilegia coerulea 43 | Malus domestica
2 | Ananas comosus 44 | Manihot esculenta
3 | Anopheles gambiae 45 | Mimulus guttatus
4 | Arabidopsis halleri 46 | Mus musculus
5 | Amaranthus hypochondriacus 47 | Marchantia polymorpha
6 | Arabidopsis lyrata 48 | Micromona pusilla CCMP1545
7 | Arabidopsis thaliana 49 | Micromonas sp. RCC299
8 | Amborella trichopoda 50 | Medicago truncatula
9 | Brachypodium distachyon 51 | Neurospora crassa
10 | Brassica oleracea capitata 52 | Ostreococcus lucimarinus
11 | Brassica rapa FPsc 53 | Oryza sativa
12 | Brachypodium stacei 54 | Oropetium thomaeum
13 | Boechera stricta 55 | Panicum hallii
14 | Bacillus subtilis 56 | Physcomitrella patens
15 | Clostridium acetobutlicum 57 | Prunus persica
16 | Citrus clementina 58 | Pseudomonas putida
17 | Capsella grandiflora 59 | Populus trichocarpa
18 | Cyanidioschyzon merolae 60 | Panicum virgatum
19 | Carica papaya 61 | Phaseolus vulgaris
20 | Chlamydomonas reinhardtii 62 | Ricinus communis
21 | Capsella rubella 63 | Rattus norvegicus
22 | Cucumis sativus 64 | Sorghum bicolor
23 | Citrus sinensis 65 | Saccharomyces cerevisiae
24 | Coccomyxa subellipsoidea 66 | Sphagnum fallax
25 | Daucus carota 67 | Setaria italica
26 | Drosophila melanogaster 68 | Solanum lycopersicum
27 | Dunaliella salina 69 | Selaginella moellendorffii
28 | Escherichia coli 70 | Streptococcus mutans
29 | Eucalyptus grandis 71 | Spirodela polyrhiza
30 | Eutrema salsugineum 72 | Schizosaccharomyces pombe
31 | Fragaria vesca 73 | Salix purpurea
32 | Glycine max 74 | Staphylococcus
33 | Gossypium raimondii 75 | Solanum tuberosum
34 | Haemophilus influenzae 76 | Setaria viridis
35 | Homo sapiens 77 | Theobroma cacao
36 | Kalanchoe fedtschenkoi 78 | Trifolium pratense
37 | Kalanchoe laxiflora 79 | Volvox carteri
38 | Lactococcus lactis 80 | Vibrio cholerae
39 | Lactococcus plantarum 81 | Vitis vinifera
40 | Linum usitatissimum 82 | Zostera marina
41 | Listeria welshimeri 83 | Zea mays
42 | Musa acuminata
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Supplemental Table 4. Organisms included in a phylogenetic analysis (Figure 6)

S/N Organism Name S/N Organism Name
1 | Aquilegia coerulea 33 | Malus domestica
2 | Ananas comosus 34 | Manihot esculenta
3 | Anopheles gambiae 35 | Mimulus guttatus
4 | Arabidopsis halleri 36 | Mus musculus
5 | Amaranthus hypochondriacus 37 | Marchantia polymorpha
6 | Arabidopsis lyrata 38 | Micromona pusilla CCMP1545
7 | Arabidopsis thaliana 39 | Micromonas sp. RCC299
8 | Amborella trichopoda 40 | Medicago truncatula
9 | Brachypodium distachyon 41 | Ostreococcus lucimarinus
10 | Brassica oleracea capitata 42 | Oryza sativa
11 | Brassica rapa FPsc 43 | Oropetium thomaeum
12 | Brachypodium stacei 44 | Physcomitrella patens
13 | Boechera stricta 45 | Prunus persica
14 | Citrus clementina 46 | Populus trichocarpa
15 | Capsella grandiflora 47 | Panicum virgatum
16 | Chlamydomonas reinhardtii 48 | Phaseolus vulgaris
17 | Capsella rubella 49 | Ricinus communis
18 | Citrus sinensis 50 | Rattus norvegicus
19 | Coccomyxa subellipsoidea C-169 51 | Sorghum bicolor
20 | Daucus carota 52 | Saccharomyces cerevisiae
21 | Drosophila melanogaster 53 | Sphagnum fallax
22 | Dunaliella salina 54 | Setaria italica
23 | Eucalyptus grandis 55 | Solanum lycopersicum
24 | Eutrema salsugineum 56 | Spirodela polyrhiza
25 | Fragaria vesca 57 | Schizosaccharomyces pombe
26 | Glycine max 58 | Salix purpurea
27 | Gossypium raimondii 59 | Setaria viridis
28 | Homo sapiens 60 | Theobroma cacao
29 | Kalanchoe fedtschenkoi 61 | Trifolium pratense
30 | Kalanchoe laxiflora 62 | Volvox carteri
31 | Linum usitatissimum 63 | Zostera marina
32 | Musa acuminata 64 | Zea mays PH207
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Supplemental Table 5. Plasmids used in this study

S/N Construct Insert Vector Source

1 OXAla_RNAi_Ind OXAla RNAi pOpoff2 (Kan) This study

2 OXA2a_RNAi_Ind OXA2a RNAi pOpoff2 (Kan) This study

3 OXA2b_RNAI_Ind OXA2b RNAi pOpoff2 (Kan) This study

4 Luc_RNAi_Ind Luc RNAi pOpoff2 (Kan) Prosf'a?:lﬁ;t{;&ggf;an
5 OXAla_RNAi_Con OXAla RNAi pPK7GWIWG2 This study

6 OXA2a_RNAi_Con OXA2a RNAi pPK7GWIWG2 This study

7 OXA2b_RNAi_Con OXA2b RNAi pK7GWIWG2 This study

8 OXAla_Comp OXAla cDNA pH2GW7 This study

9 OXA2a_Comp OXA2a cDNA pH2GW7 This study
10 OXA2b_Comp OXA2b cDNA pH2GW?7 This study
11 | OXAlaACterm_Comp OXAlaACterm cDNA pH2GW7 This study
12 | OXA2aACterm_Comp OXA2aACterm cDNA pH2GW?7 This study
13 | OXA2bACterm_Comp OXA2bACterm cDNA pH2GW?7 This study
14 | ABI3p-OXAla_Comp OXAla cDNA pHABI3pGW?7 Dr. Chris Carrie
15 | ABI3p-OXA2a_Comp OXA2a cDNA pHABIBpGW?7 Dr. Chris Carrie
16 | ABI3p-OXA2b_Comp OXA2b cDNA pHABI3pGW?7 Dr. Chris Carrie
17 OXAlap-GUS OXAla promoter BB2049 This study
18 OXA1bp-GUS OXA1b promoter BB2049 This study
19 OXA2ap-GUS OXA2a promoter BB2049 This study
20 OXA2bp-GUS OXA2b promoter BB2049 This study
21 OXAla OXAla cDNA pDEST14 This study
22 OXAlb OXA1b cDNA pDEST14 This study
23 OXA2a OXA2a cDNA pDEST14 This study
24 OXA2b OXA2b cDNA pDEST14 This study
25 TIM23 TIM23 cDNA pDEST14 This study
26 TIM22 TIM22 cDNA pDEST14 This study
27 AOX AOX cDNA (soybean) pGem-3Zf(+) Dr. Chris Carrie
28 Fad Fad cDNA (soybean) pGem-3Zf(+) Dr. Chris Carrie
29 PiC P;C cDNA (maize) pGem-3Zf(+) Dr. Chris Carrie
30 QCR?7 QCR7 cDNA pINT Dr. Chris Carrie
31 CyC1 CYC1 cDNA pINT Dr. Chris Carrie
32 CCMA CCMA cDNA pINT Dr. Chris Carrie
33 CCME CCME cDNA pINT Dr. Chris Carrie
34 CCMH CCMH cDNA pINT Dr. Chris Carrie
35 OXAlaLp OXAlaloop cDNA pDEST17 This study
36 OXA1bLp OXA1b loop cDNA pDEST17 This study
37 OXA2aLp OXA2aloop cDNA pDEST17 This study
38 OXA2bLp OXA2b loop cDNA pDEST17 This study
39 GST-OXA2bTPR OXA2bCterm cDNA pGEX-6P-1 This study

Cterm: Cterminus; cDNA: complementary DNA; loop: the first matrix-exposed loop region
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Supplemental Table 6. Gene accession numbers

S/N Gene Name Accession Number
1 OXAla At5g62050
2 OXA1b At2g46470
3 OXA2a Atlg65080
4 OXA2b At3g44370
5 CCMB Atmg00110
6 TIM23 Atlg72750
7 TIM?22 At3g10110
8 QCR7 At4g32470
9 cYc1 At3g27240

10 CCMA Atlg63270
11 CCME At3g51790
12 CCMH Atlg15220
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