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The evolutionarily conserved YidC/Oxa1/Alb3 proteins are involved in the insertion of membrane proteins in all domains of
life. In plant mitochondria, individual knockouts of OXA1a, OXA2a, and OXA2b are embryo-lethal. In contrast to other members
of the protein family, OXA2a and OXA2b contain a tetratricopeptide repeat (TPR) domain at the C-terminus. Here, the role of
Arabidopsis (Arabidopsis thaliana) OXA2b was determined by using viable mutant plants that were generated by complementing
homozygous lethal OXA2b T-DNA insertional mutants with a C-terminally truncated OXA2b lacking the TPR domain. The
truncated-OXA2b-complemented plants displayed severe growth retardation due to a strong reduction in the steady-state
abundance and enzyme activity of the mitochondrial respiratory chain complex IV. The TPR domain of OXA2b directly
interacts with cytochrome c oxidase subunit 2, aiding in efficient membrane insertion and translocation of its C-terminus.
Thus, OXA2b is crucial for the biogenesis of complex IV in plant mitochondria.

The primary function of mitochondria is to provide
the energy required for various cellular activities. The
multisubunit protein complexes I to IV, present in the
mitochondrial inner membrane, form the electron
transport chain and generate a proton gradient across
the inner membrane that drives the production of ATP
by ATP synthase (complex V). Complex IV or cyto-
chrome c oxidase is the terminal electron acceptor of the
electron transport chain. In most organisms, complex
IV contains three catalytic core subunits, Cox1, Cox2,
and Cox3, which are encoded by the mitochondrial
genome (exceptions include soybean [Glycine max] and
certain species of chlorophycean algae and alveolates
that have nuclear-encoded Cox2 subunits [Pérez-
Martínez et al., 2001; Daley et al., 2002a, 2002b; Waller
and Keeling, 2006]) and more than 10 additional
nuclear-encoded subunits (the exact number varying
among organisms). In plants, complex IV is thought to
contain upwards of 21 proteins including at least six

potential plant-specific subunits (Millar et al., 2004;
Senkler et al., 2017; Mansilla et al., 2018).
The biogenesis of complex IV requires many more

assembly factors than actual subunits (Ghezzi and
Zeviani, 2012; Dennerlein and Rehling, 2015; Timón-
Gómez et al., 2018). Adding to the complexity of com-
plex IV biogenesis, redox active metal centers must be
incorporated into Cox1 and Cox2 before their assembly
into a functional complex (Bourens et al., 2014; Bourens
and Barrientos, 2017). Previous studies on plant com-
plex IV biogenesis were limited mostly to transcript
maturation of the mitochondrial-encoded subunits and
insertion of copper and haem (Kühn et al., 2009;
Steinebrunner et al., 2011; Ichinose et al., 2012; Dahan
et al., 2014;Mansilla et al., 2015, 2018; Radin et al., 2015).
Two conserved complex IV assembly factors, Oxa1 and
Cox18, are members of the Oxa1/YidC/Alb3 family of
membrane protein insertases (Hennon et al., 2015), now
also referred to as the Oxa1 super family (Chen and
Dalbey, 2018).
Members of the Oxa1 super family in mitochondria

(Oxa1; Hell et al., 2001), chloroplasts (Alb3; Sundberg
et al., 1997), bacteria (YidC; Dalbey et al., 2014), archaea
(Ylp1; Borowska et al., 2015), and, more recently, in
the endoplasmic reticulum (TMCO1, Get1, and EMC1;
Anghel et al., 2017), share a common structural archi-
tecture of three transmembrane helices and a coiled-
coil domain between the transmembrane helices
1 and 2 (Fig. 1; Chen and Dalbey, 2018). The members
of Oxa1/YidC/Alb3 family found in bacteria, mito-
chondria, and chloroplasts have two more trans-
membrane domains (Fig. 1). However, while all these
members have a very similar core structure, major
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differences occur at the N- and C termini. Escherichia
coli YidC has a large periplasmic domain and a sixth
transmembrane domain at the N terminus. The C
terminus of mitochondrial Oxa1 has a second coiled-
coil domain that binds ribosomes (Szyrach et al.,
2003) and Alb3 of chloroplasts has a cpSRP43 bind-
ing domain at the C terminus (Falk et al., 2010;
Fig. 1). Oxa1 and Cox18 have been extensively
studied in yeast and humans. Oxa1 functions as the
general insertase machinery for membrane insertion
of mitochondrial-encoded proteins as well as for
some nuclear-encoded proteins that have been
imported into the matrix (Hell et al., 1998, 2001;
Stuart, 2002; Wang and Dalbey, 2011) while Cox18
appears to be dedicated to translocation of the Cox2
C terminus (Saracco and Fox, 2002; Bourens and
Barrientos, 2017).

Plants have four Oxa homologs, OXA1a, OXA1b,
OXA2a, and OXA2b, which were all confirmed to be
localized within the mitochondrial inner membrane
using a combination of GFP tagging and in vitro im-
port experiments (Sakamoto et al., 2000; Benz et al.,
2013). Homozygous T-DNA lines of OXA1a, OXA2a,
and OXA2b aborted at early stages of embryogenesis
(Benz et al., 2013), indicating that each of them per-
forms essential functions during mitochondrial bio-
genesis. Interestingly, plant mitochondrial OXA2a and
OXA2b have a tetratricopeptide repeat (TPR) domain
at the C terminus that is not found in any other known
homolog of Cox18 or the Oxa1/YidC/Alb3 protein
family (Fig. 1; Benz et al., 2013; Kolli et al., 2018). TPR
domains serve as scaffolds for protein–protein inter-
actions in a variety of cellular functions, including
mitochondrial precursor targeting and translocation
(Blatch and Lässle, 1999; Fan and Young, 2011).

Arabidopsis (Arabidopsis thaliana) OXA1a could
functionally replace yeast (Saccharomyces cerevisiae)

Oxa1 (Hamel et al., 1997), indicating that it most likely
functions as general insertase machinery for membrane
proteins from the matrix side. However, the exact roles
of all four OXA proteins in plants have not been studied
so far. This study investigated the role of OXA2b in
plant mitochondrial biogenesis. Because OXA2b is es-
sential in Arabidopsis, OXA2BΔ235 complementation
lines lacking the TPR domain of OXA2bwere generated.
This resulted in a phenotype of severe growth retarda-
tion that could be attributed to mitochondrial complex
IV deficiency. We further demonstrated that the TPR
domain directly interacts with newly translated COX2
and is most likely required for efficient export of the
COX2 C-terminal domain across the inner membrane.

RESULTS

OXA2b is More Closely Related to Cox18 than to Plant
Oxa1 Proteins

The Oxa1 super family is well conserved from a
structural and mechanistic standpoint, although con-
servation can be quite low at sequence level (Anghel
et al., 2017). Previous attempts to determine whether
OXA2b is more closely related to yeast or mammalian
Oxa1 or Cox18 were limited to small data sets (Benz
et al., 2013). To overcome this limitation, Oxa1-like
proteins of all plant species found in the Phytozome
database were used to create an unrooted phylogenetic
tree (Fig. 2; Supplemental Dataset S1). For comparison,
a selection of bacterial YidC and chloroplast Alb3/Alb4
sequences were also included in the phylogenetic
analysis. As observed in Benz et al. (2013), YidC and
Alb3/Alb4 proteins were more closely related and
clustered together on one side (Fig. 2).

All the Oxa proteins were found on the other side of
the tree. The nonplant Oxa1 and the plant Oxa1

Figure 1. Conservedmembrane topology of the
Oxa1 superfamily. Conserved membrane to-
pology and conserved structural features of the
members of the Oxa1 superfamily are shown.
The three highly conserved transmembrane
helices are colored orange, red, and blue. The
extra two transmembrane domains of the Oxa1/
YidC/Alb3 proteins are colored two different
shades of green. The coiled-coil region located
between transmembrane helices 1 and 2 is
colored light brown. S. mutans, Streptococus
mutans; TPR, tetratricopeptide repeat; N, N
terminus; C, C terminus.
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proteins, including both the Arabidopsis homologs,
OXA1a and OXA1b, were grouped together (Fig. 2).
Similarly, Cox18 and plant Oxa2 sequences, including
the Arabidopsis proteins, OXA2a and OXA2b, clus-
tered together. However, the plant Oxa2 proteins were
clearly distinct and formed their own group (Fig. 2).
Moreover, only the plant Oxa2 group proteins have a
predicted TPR domain, based on the program TPRpred
(Li et al., 2015). The phylogenetic analysis implied that
OXA2b is more closely related to nonplant Cox18 than
plant Oxa1 proteins, even though the presence of a TPR
domain is unique to plants.

Rescue of OXA2b Embryo Lethality by
Functional Complementation

It has been reportedpreviously thatOXA2b (At3g44370)
is an essential gene in Arabidopsis (Benz et al., 2013). To
confirm this, we genotyped two independent T-DNA
insertion lines, oxa2b-1 (SALK_057938) and oxa2b-2
(GABI_425B09). T-DNA insertions in oxa2b-1 and
oxa2b-2 were found in intron 11 and intron 12, re-
spectively (Supplemental Fig. S1A) and were con-
firmed by sequencing. In agreement with previous
results, only heterozygous but no homozygous plants
could be identified, indicating the essential nature of
OXA2b (Benz et al., 2013).
To determine the functional role of plant OXA2b, we

complemented oxa2b-1 and oxa2b-2 with the conserved
OXA2b insertase domain, but lacking the C-terminal TPR
region. The construct had a 35S promoter-controlled
truncated OXA2b cDNA, which encodes only the first
331 amino acids (35S:OXA2BD235; Supplemental Fig.
S1B). Another construct with the 35S promoter-controlled
full-length cDNA ofOXA2b (35S:OXA2B), which encodes
566 amino acids, was used as a control for complemen-
tation (Supplemental Fig. S1B). Both constructs were

transformed into oxa2b-1 and oxa2b-2 heterozygous mu-
tants to create the following four complementation
lines: oxa2b-1+35S:OXA2B, oxa2b-1+35S:OXA2BD235,
oxa2b-2+35S:OXA2B, and oxa2b-2+35S:OXA2BD235.
All the complementation plants were genotyped for

the original T-DNA insertion in OXA2b and for the
presence of the correct complementation construct
(Supplemental Fig. S1C). All the complementation lines
were homozygous for the original T-DNA insertion as
evidenced by a PCRproduct using the corresponding LB
and RP primers, while a product for the wild-type ge-
nomic DNA (LP+RP) was not amplified (Supplemental
Fig. S1C). To confirm the presence of the two comple-
mentation constructs, different reverse primers were
used: F+R can only amplify the full-length cDNA while
F+RD235 can amplify the truncated as well as the full-
length cDNA. All four complementations resulted in a
product using the F+RD235 primers (Supplemental Fig.
S1C). Using the primer set, F+R, the full-length cDNA
present only in OXA2B complementation lines was
amplified (Supplemental Fig. S1C). Therefore, the en-
dogenous OXA2b gene was knocked out successfully in
both oxa2b-1 and -2 due to complementation by both
OXA2B and OXA2BD235.
To confirm the presence of the correct transcript in

the complementation mutants, RT-PCR was performed
using the same F+R and F+RD235 primer pairs men-
tioned above. The PCR products corresponding to both
the primer pairs were found with wild-type (Col-0)
control and with the OXA2B complementation plants
(Supplemental Fig. S1D). In comparison to the abun-
dance of the wild-type transcript, the transcript of oxa2b-
1+35S:OXA2B was much more abundant, while the
transcript of oxa2b-2+35S:OXA2Bwas only slightlymore
abundant. RT-PCR with oxa2b-1+35S:OXA2BD235 and
oxa2b-2+35S:OXA2BD235 resulted in an amplification
product using the F+RD235 primer pair only. This

Figure 2. Phylogeny of the Oxa1 su-
perfamily. A maximum-likelihood
phylogenetic tree of Oxa1/YidC/Alb3
proteins is shown. Numbers represent
ultrafast bootstrap values from IQTREE.
Only the main branches bootstrap
values are shown for better visibility.
Species and sequences can be found in
Supplemental Dataset S1.
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clearly indicated that these plants no longer expressed a
full-length OXA2b transcript and only expressed the
truncated form.

To confirm the expression levels, RT-qPCR was car-
ried out and expression levels of OXA2b as well as
OXA2a were calculated with reference to wild-type
(Supplemental Fig. S2). While the transcript levels of
endogenous OXA2a remained unchanged, the corre-
sponding 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 tran-
script analyses strongly indicated the successful
knockout of genomicOXA2b by complementation with
OXA2B and OXA2BD235.

OXA2BΔ235 Complementation Plants have a Severe
Growth Retardation Phenotype

After confirming homozygous complementation
with OXA2B and OXA2BD235, quantitative phenotyp-
ing was performed using the method outlined in Boyes
et al. (2001). It was already evident from plate-based
phenotyping that the C-terminal deletion mutants
grew at a noticeably slower rate (Fig. 3A). Fourteen-
day-old OXA2BD235 complementation plants failed to
reach stage 1.02 (two rosette leaves . 1 mm in length)
whereas wild-type and OXA2B complementation
plants had already reached stage 1.04 (four rosette
leaves . 1 mm in length; Fig. 3A). Growth on vertical
Murashige & Skoog (MS) plates showed that the roots
of OXA2BD235 complementation plants grew very
slowly compared to wild-type or OXA2B complemen-
tation plants (Fig. 3B). Slower root growth has been
observed in several other Arabidopsis mutants with
altered mitochondrial biogenesis (Hsieh et al., 2015;
Radin et al., 2015).

Based on soil-based phenotyping, the slow growth
phenotype of OXA2BD235 complementation plants
was even more pronounced at later developmental
stages (Fig. 3, C–E). They were slower to reach all major
growth milestones and on average took an extra month
to complete a full life cycle (Fig. 3C). OXA2BD235
complementation plants also displayed a smaller
overall leaf area and the leaves were crumpled
(Fig. 3D). They also failed to reach the height attained
by wild-type and OXA2B complementation plants
(Fig. 3E). Further phenotyping also demonstrated that the
OXA2BD235 complementation plants produced fewer
seeds and did not germinate as efficiently as wild-type
and OXA2B complementation plants (Supplemental
Fig. S3).

Because OXA2b has been shown to be essential for
embryogenesis (Benz et al., 2013), the siliques of all the
genotypes were also analyzed (Supplemental Fig. S4).
The siliques of OXA2BD235 complementation plants
were consistently shorter and contained fewer em-
bryos than wild-type siliques (Supplemental Fig. S4).
OXA2BD235 complementation plant siliques also

displayed a large number of aborted embryos, similar
to the original findings for the T-DNA insertional lines
(Benz et al., 2013), indicating that the complementa-
tion at an embryo level is incomplete. All the above
phenotyping data indicated that the lines com-
plemented with OXA2BD235 displayed a severe
growth retardation in comparison to those com-
plemented with OXA2B and wild-type.

OXA2BΔ235 Complementation Lines Display a Severe
Loss of Complex IV

To determine the underlying cause for the slow
growth phenotype in OXA2BD235 complementation
plants, mitochondria were isolated from all the lines
and blue native PAGE (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 (Fig. 4A).

Because Coomassie staining showed no obvious
differences, enzyme activity stains were performed
(Fig. 4A). All lines showed very similar complex I ac-
tivities, but the supercomplex consisting of complexes I,
III, and IV was missing in OXA2BD235 complementa-
tion lines (Fig. 4A). Upon staining for complex IV en-
zyme activity, the activity was barely detectable in
the OXA2BD235 complementation plants while it was
similar to the wild-type level in the OXA2B comple-
mentation plants (Fig. 4A). Therefore, complex IV de-
ficiency is the most likely cause for the slow growth
phenotype observed in the OXA2BD235 complemen-
tation plants.

To observe the abundance of all respiratory com-
plexes, 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
(Fig. 4B). Interestingly, there was more complex II in
OXA2BD235 complementation lines compared with
wild-type (Fig. 4B). 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 detected
complex IV in OXA2BD235 complementation plants,
while the level of complex IV in OXA2B complemen-
tation plants appeared to be identical to wild-type
levels (Fig. 4B). It is highly likely that this severe com-
plex IV deficiency resulted in the slow growth pheno-
type of OXA2BD235 complementation plants.

To further analyze the complex IV defect, mito-
chondrial proteins separated by SDS-PAGE were sub-
jected to immunoblot analysis (Fig. 5). To begin, several
electron transport chain proteins were analyzed
(Fig. 5A). The proteins from complexes I (CA2), III
(RISP, QCR7, and Cyt c1), and V (ATPa/b) displayed
no obvious differences between wild-type and all four
complementation lines (Fig. 5A), in agreement with the
complex activity and abundance results (Fig. 4). An
increase in the abundance of a complex II subunit,
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Figure 3. 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. 1mm 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 6 SE. n = 12, 20, 16, 17, and 9 for Col-0, oxa2b-1+35S:OXA2B,
oxa2b-1+35S:OXA2BΔ235, oxa2b-2+35S:OXA2B, and oxa2b-2+35S:OXA2BΔ235, 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
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succinate dehydrogenase4, was observed in OXA2BD235
complementation plants (Fig. 5A), supporting in-
creased complex II abundance (Fig. 4B). Importantly, a
complete absence of COX1 and COX3 and a severe re-
duction in the abundance of COX2were observed in the
mitochondria from OXA2BD235 complementation
plants (Fig. 5A). The absence of complex IV (Fig. 4) and
its catalytic core subunits was accompanied by a large
increase in the abundance of alternative oxidase (AOX;
Fig. 5A), which is not surprising because AOX is gen-
erally up-regulated upon respiratory chain disruption in
plants (Kühn et al., 2015). Interestingly, no change in
cytochrome c abundance was observed, although com-
plex IV was barely detectable in OXA2BD235 comple-
mentation plants (Figs. 5A and 4).

Probing with antibodies against mitochondrial pro-
tein import components produced some interesting
results. Although no obvious changes were observed
for the proteins present in outer membrane (OM) and
intermembrane space (IMS; Fig. 5B), certain inner
membrane import components were up-regulated in
OXA2BD235 complementation plants, namely TIM21,
TIM50, TIM23, TIM22, and HSP70 (Fig. 5B). This is
most likely due to a general up-regulation of mito-
chondrial biogenesis similar to that observedwith other
respiratory chain mutants (Wang et al., 2012). In re-
lation to other processes, the only other proteins to
change in abundance were the ribosomal protein S10
and the protein LETM1, both of which were up-
regulated in OXA2BD235 complementation plants
(Fig. 5C). As with the import components, these are
most likely indirect effects due to increased mito-
chondrial biogenesis in response to a strong reduction
in complex IV.

Immunoblots for OXA2b were performed using an
antibody generated against the loop region between
transmembrane helices 1 and 2 (Fig. 5D). Full-length
OXA2b (58 kD) was readily visible in oxa2b-1+35S:
OXA2B, but hardly noticeable in wild type and oxa2b-2
+35S:OXA2B, even when using more than 3-fold mi-
tochondrial protein than was generally used for all
other blots. OXA2b inwild-type plants appeared to be a
very low abundant protein. The protein levels of
OXA2b appeared to be in agreement with the corre-
sponding transcript levels (Supplemental Figs. S1D and
S2). The truncated version of OXA2b, which has a pre-
dicted molecular mass of 32 kD, was not found in either
oxa2b-1+35S:OXA2BD235 or oxa2b-2+35S:OXA2BD235.
However, this does not indicate their absence due to
instability or degradation. As mentioned previously,
OXA2b is essential for embryogenesis (Benz et al., 2013),
and without complementation with at least the con-
served insertase domain of OXA2b (OXA2bD235), it is
not possible to obtain viable mutants. Moreover, our

previous results clearly indicated the presence of the
truncated version at the DNA and transcript level
(Supplemental Fig. S1, C and D). It is most likely that
oxa2b-1+35S:OXA2BD235 and oxa2b-2+35S:OXA2BD235
had very low amounts of truncated OXA2b, probably
much less than the amount of full-length protein found
in wild-type and oxa2b-2+35S:OXA2B.

COX2 Membrane Insertion is Affected in the OXA2BD235
Complementation Plants

To check the synthesis and assembly ofmitochondrial-
encoded proteins, in-organello translation reactions
were carried out using isolatedmitochondria. Due to the
difficult nature of these experiments and because the
corresponding OXA2B and OXA2BD235 complementa-
tion lines of oxa2b-1 and oxa2b-2 behaved similarly in all
our previous experiments, we chose to work only with
the complementation lines of oxa2b-1 and wild-type.
Radiolabeled mitochondrial translation products were
observed after 10, 30, and 60 mins of translation
(Fig. 6A). For wild-type and the OXA2B complementa-
tion plants, the mitochondrial translation rates were
identical as determined by similar intensities of the
translated protein bands (Fig. 6A). Although the trans-
lation rates of mitochondrial proteins were reduced in
the OXA2BD235 complementation plant mitochondria,
all major mitochondrial translation products that we
identified in wild-type (Fig. 6A; Supplemental Fig. S1)
were still detected. This means that the OXA2BD235
complementation plant mitochondria were still able to
synthesize the COX proteins, although at a slower rate.
Hence, complex IV deficiency in these plants may not be
due to a problem in protein synthesis, as all other com-
plexes accumulate at wild-type levels despite the ob-
served reduction in synthesis.

Because the OXA2BD235 complementation plants
can synthesize mitochondrial-encoded complex IV
subunits, the question then is, can they assemble them?
To answer this question, the same in-organello transla-
tion reactions from above were separated by BN-PAGE.
For wild-type and OXA2B complementation plant mi-
tochondria, the radiolabeled proteins were efficiently
assembled into respiratory complexes (Fig. 6B). Al-
though complex Vwas assembled at the highest rate in
both wild-type and the OXA2B complementation
plant mitochondria, the OXA2B complementation
plant mitochondria assembled complex IV faster than
wild-type mitochondria (Fig. 6B). This could be due to
overexpression of OXA2b in the OXA2B complemen-
tation line used here, in relation to the wild-type level
(Fig. 5D; Supplemental Fig. S2). In reference to the
OXA2BD235 complementation plants, the overall sig-
nal was less, most likely due to a reduced translation

Figure 3. (Continued.)
are given as averages for 24 plants. D, Representative pictures of plants grown for the soil-based phenotyping. Pictureswere taken
after the indicated days of growth. E, Plant height measured at stage 6.90. Data are given as averages6 SE for 24 plants. Statistical
significance based on Student’s t test is indicated by * with a specified P value.
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Figure 4. 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 I), and the gel on the right was stained for cytochrome c oxidase activity (complex IV). Complexes and super complexes
are indicated where appropriate. B, Immunoblot analysis of mitochondrial complexes after BN-PAGE with the following anti-
bodies: carbonic anhydrase2 (complex I), succinate dehydrogenase subunit4 (complex II), Rieske iron-sulfur subunit of cyto-
chrome c reductase (complex III), cytochrome c oxidase subunits 1, 2, and 3 (COX1, 2 and 3, complex IV), and subunits alpha and
beta of ATP synthase (complex V). I, complex I; V, complex V; III2, dimeric complex III; F1, F1 part of complex V; I+III2, super-
complex composed of complex I and dimeric complex III; I2+III4, supercomplex composed of two complex I monomers and two
copies of dimeric complex III; I+III2+IV, super complex composed of complex I, dimeric complex III, and complex IV. CA2,
carbonic anhydrase2; SDH4, succinate dehydrogenase subunit4; RISP, Rieske iron-sulfur subunit of cytochrome c reductase;
ATPa/b, subunits alpha and beta of ATP synthase.
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rate (Fig. 6, A and B). Nevertheless, assembly of com-
plexes I, V, and III as well as the super complex I+III2
was observed whereas complex IV assembly was not
detected (Fig. 6B). An unknown complex labeled with a
question mark in Figure 6B also failed to accumulate in
the OXA2BD235 complementation plants. It is possi-
bly 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 translated, but
not assembled into a complex, in the OXA2BD235
complementation plants.

In yeast and human mitochondria, Cox18 inserts the
second transmembrane domain of Cox2 into the inner
membrane and translocates the soluble C terminus into
the IMS (Saracco and Fox, 2002; Bourens and
Barrientos, 2017). Because OXA2b is closely related to
Cox18, COX2 is its most likely substrate. To confirm
this, mitochondrial translation reactions were per-
formed for 60 min, after which the mitochondrial OM
was ruptured by osmotic shock. Then the reactions
were split in half and one half was treated with

proteinase K (PK). The rationale here is that if COX2 is
fully inserted with its C terminus in the IMS, PK treat-
ment should produce a 7.3-kD protein (Fig. 6C). But if
only the first transmembrane domain is inserted and
the C terminus remains in the matrix, then after PK
treatment, a 24.8-kD band should be produced
(Fig. 6C). When wild-type and the OXA2B comple-
mentation plant mitochondrial translations were trea-
ted with PK, no obvious differences were observed
(Fig. 6D). In fact, most of the COX2 bandwas degraded,
indicating correct insertion across the inner membrane,
while the remaining COX2 was most likely located
within complex IV and thus protected from protease
treatment (Fig. 6D). The predicted 7.3-kD band, how-
ever, is not visible, presumably due to the presence of
the large band representing ATP9 near the bottom of
the gel (Fig. 6D). With the OXA2BD235 complementa-
tion plant mitochondria, after PK treatment, no pro-
tected COX2 was visible; this again suggests that
complex IV was not assembled.

Interestingly, after PK treatment of OXA2BD235 com-
plementation plant mitochondria, a band appeared, be-
lowwhere COX2 normally runs, with an intensity similar

Figure 5. Analysis of mitochondrial
proteins in oxa2b complementation
plants. A, Immunoblot analysis of the
indicated proteins involved in the res-
piratory 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, Im-
munoblot for OXA2b. Because 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 right. The correct band is indi-
cated with a small arrow head on the
left-hand side. In some cases, more than
one isoform is detected. Bands not in-
dicated are nonspecific reactions of the
antibody. Where protein abundance is
notably different, it is indicated on the
right side by either an up (up-regulated)
or a down (down-regulated) arrow. For
full list of antibodies, see Supplemental
Table S2. M, matrix; IM, inner mem-
brane; R, ribosomal proteins.
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Figure 6. Translation and assembly of mitochondrial-encoded proteins in oxa2b-1 complementation plants. A, Autoradiogram of
proteins synthesized in organello for 10, 30, and 60min in themitochondria isolated from the indicated plants after separation by
SDS-PAGE. The proteins identified in Supplemental Fig. S5 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. 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 terminus 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 (2) 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 when treated with PK in the truncated-OXA2b-
complemented plant mitochondria. The full gel is shown on the left and the region containing COX2 is enlarged on the right. E,
The same treatments as in (D), except that another complex IVmutant (rpoTmp) was included for comparison. Again, the full gel is
shown on the left and the region containing COX2 is enlarged on the right.
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to PK-untreated COX2 band (Fig. 6D). This band was not
found with PK-treated wild-type and OXA2B comple-
mentation plant mitochondria. We believe 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 res-
piratory 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, because COX3 full-length protein al-
ready runs at a lower Mr than the PK-generated band, it
cannot be COX3. Therefore, the extra band generated
upon PK treatment of OXA2BD235 complementation
plant mitochondria 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 in other complex-IV deficiencies in general,
PK digestions of in-organello translation reactions were
performed on a previously characterized complex IV
mutant, rpoTmp, which is missing the Phage type RNA
polymerase RPOTmp, specifically required for COX1
transcription (Kühn et al., 2009;Fig. 6E). The lack of
COX1 transcript leads to a reduction in complex IV and
the mutants have a phenotype similar to that observed
with the OXA2BD235 complementation plants (Kühn
et al., 2009; Fig. 3D). However, the smaller COX2
band was not observed when we treated in-organello
translation reactions of rpoTmp mutant mitochondria
with PK (Fig. 6E). This means that in the rpoTmp mu-
tant, COX2was inserted into the inner membrane in the
correct orientation with its C terminus in the IMS and
was not causing the complex IV reduction. The partially
inserted COX2 band appeared in the OXA2BD235
complementation plant only. The OXA2BD235 com-
plementation plant mitochondria were overloaded in

this experiment to try and reach the same band inten-
sity 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 transmembrane helix
and translocation of the C terminus of COX2 into
the IMS.

The TPR Domain of OXA2b Can Directly Bind the Nascent
COX2 C Terminus

To confirm that the TPR domain of OXA2b is re-
quired for the correct 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 (Fig. 7A). The slight shift in its run-
ning 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 transla-
tions. The bait proteins, GST (26 kD) and GST-
OXA2bTPR (53 kD), have nonspecifically 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
(Fig. 5A), could not be detected in the GST-OXA2bTPR
pull-down fraction (Fig. 7A). Hence the TPR domain of
OXA2b specifically interacts with nascent COX2.

Figure 7. 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 Tri-
ton X-100 and incubated with recombinant GST
or GST fused to OXA2bTPR, prebound to gluta-
thione 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 COX2Ct (17
kD) were incubated with recombinant GST or
GST fused to OXA2bTPR, prebound to glutathi-
one beads. After washing, the bound material
was eluted, proteins were analyzed by SDS-
PAGE, and autoradiography was recorded. For
translation, 20% of translation reaction was used
for binding.

610 Plant Physiol. Vol. 179, 2019

OXA2b is Crucial for Complex IV Biogenesis



Because the TPR domain of OXA2b appeared to be
involved in the insertion of the COX2 C terminus
(Fig. 6) and also interacted with nascent COX2 directly,
we wanted to check if the C terminus of COX2 interacts
directly with the OXA2b TPR domain. For this pur-
pose, pull-down assays of GST-OXA2bTPR and GST
control were performed with in vitro synthesized
COX2 and COX2 C terminus (Fig. 7B). Even though
OXA2bTPR was found to interact with both COX2
and COX2 C terminus, the interaction with COX2 C
terminus appears to be more prominent in vitro.

DISCUSSION

Mitochondria of fungi and animals contain two
members of the Oxa1/YidC/Alb3 family (Oxa1 and
Cox18) that have been well-characterized. However,
plant mitochondria contain four members (OXA1a,
OXA1b, OXA2a, and OXA2b), whose exact functions
have not been investigated so far. Oxa1 plays a major
role in the cotranslational insertion of mitochondrial-
encoded membrane proteins and also the post-
translational insertion of nuclear-encoded membrane
proteins (Hildenbeutel et al., 2012; Thompson et al.,
2018). In contrast to Oxa1, Cox18 has been demon-
strated to have only one substrate protein, Cox2
(Saracco and Fox, 2002; Bourens and Barrientos, 2017).
This study aimed to understand the essential role of
OXA2b in Arabidopsis mitochondria by rescuing the
lethal phenotype via expression of a truncated version
of the protein lacking the plant-specific TPR containing
C terminus. Expression of the TPR deletion construct in
the mutant background led to 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 is not due to a translational defect.
It was also shown that the absence of complex IV could
be due to the failure of COX2 to reach its proper to-
pology with both N- and C termini facing the IMS. This
was further supported by the pull-down assays, which
demonstrated that the OXA2b TPR domain can spe-
cifically bind to newly synthesized COX2, but not to
COX1 or COX3.
During complex-IV biogenesis in both yeast and

humans, membrane insertion of the Cox2 subunit re-
quires both Oxa1 and Cox18, due to its unique structure
(Bonnefoy et al., 2009). Cox2 contains two transmem-
brane domains and an extremely long hydrophilic
C terminus located in the IMS that holds the dinuclear
copper center. Oxa1 cotranslationally inserts the first
transmembrane helix of Cox2 into the inner membrane
(Hell et al., 1997, 1998). Cox2 is then stabilized by its
specific chaperone Cox20 (Elliott et al., 2012; Bourens
et al., 2014). After Cox18 inserts the second transmem-
brane helix with the concomitant export of the C ter-
minus into the IMS (Saracco and Fox, 2002; Bourens and
Barrientos, 2017), Cox2 gets metallated and proceeds to

complex IV assembly. Because the Arabidopsis OXA1a
can completely complement the yeast mutant (Hamel
et al., 1997), it is most likely that OXA1a in plants per-
forms the same function. No Cox20 homolog has been
identified in plants to date. It is most likely that the
second insertion step is impaired in the OXA2b TPR
deletion plants based on our phylogenetic analysis,
topology studies, and interaction experiments. OXA2b
is 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 stabi-
lization before translocation (Broadley et al., 2001). 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 general is a very low abundance protein due

to its controlled synthesis and tight regulation (Gaisne
and Bonnefoy, 2006). 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 OXA2bD235-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, the definite func-
tions of the TPR domain and the insertase domain of
OXA2b cannot be separated for now.
Mitochondrial Hsp70 is well-known for its role in

protein folding and as a central component of the pro-
tein import motor (Kang et al., 1990; van der Laan et al.,
2010) and has already been implicated in the assembly
of complex IV in yeast (Fontanesi et al., 2010; Böttinger
et al., 2013, 2015). Here we have shown that HSP70 was
up-regulated in the OXA2b TPR deletion plant mito-
chondria. The exact role of mitochondrial HSP70 in
complex IV assembly in plants needs further investi-
gation. OXA2b may have further interaction partners
such as other assembly factors. Moreover, it is plausible
that OXA2b could be additionally involved in the steps
of complex IV biogenesis beyond COX2 membrane
insertion such as metallation and/or assembly, similar
to Oxa1-Ribosome complexes coordinating complex IV
assembly (Keil et al., 2012). Considering that the
OXA2b TPR deletion has restored plant viability, sub-
strates other than COX2, which do not require the TPR
domain, might also be inserted by OXA2b. However,
based on the data presented here and previous findings
on Cox18 (Saracco and Fox, 2002; Bourens and
Barrientos, 2017), it is most likely that OXA2b is only
required for COX2 insertion and/or assembly.
Apart from some studies on transcript maturation of

COX1 andCOX2 (Kühn et al., 2009; Steinebrunner et al.,
2011; Ichinose et al., 2012; Dahan et al., 2014; Mansilla
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et al., 2015, 2018; Radin et al., 2015), 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. It will be
worthwhile to investigate the unknown complex in-
termediate detected in our in-organello translation
analyses (labeled with a question mark). Because it is
missing in the OXA2b TPR deletion plants, it is very
likely to be a complex IV assembly intermediate. The
complex also runs at about the same Mr on the blue
native gel where OXA2b was identified in a complex-
ome map of Arabidopsis mitochondria (Senkler et al.,
2017). Thus, it could be an assembly intermediate con-
taining COX2 and OXA2b. However, further work is
required to determine the exact composition of this
potential complex IV assembly intermediate. The gen-
eration of more viable complex IV–deficient mutants of
both nuclear- and mitochondrial-encoded subunits
could benefit such studies in Arabidopsis.

CONCLUSIONS

Embryo-lethality of OXA2b was rescued by comple-
mentationwith truncatedOXA2b lacking the C-terminal
TPR domain. In the truncated-OXA2b-complemented
plant mitochondria, COX2 is most likely degraded due
to its inefficient insertion into the membrane. This led to
a down-regulation of the other mitochondrial-encoded
complex IV subunits, COX1 and COX3. Therefore,
complex IV could not be assembled and the truncated-
OXA2b-complemented plants displayed a severe
growth-retardation at all developmental stages. Hence,
the plant-specific TPR containing protein OXA2b is re-
quired for proper membrane insertion of COX2 during
biogenesis of complex IV in Arabidopsis. Although
OXA2b of plant mitochondria performs a function sim-
ilar to its related proteins in fungi and humans during
complex IV biogenesis, the actual mechanism could be
different due to their structural differences.

MATERIALS AND METHODS

Phylogenetic Analysis

Protein sequences for Oxa1/YidC/Alb3 family proteins were obtained by
performing a BLAST search of yeast Oxa1 and Cox18 sequences against the
species listed in Supplemental Dataset S1 (Altschul et al., 1990). Plant protein
sequences were obtained from the Phytozome 12 Web site (Goodstein et al.,
2012). All the sequences were aligned using Clustal Omega (Li et al., 2015).
Gaps in the alignment were removed using TrimAI with the gappyout algo-
rithm (Capella-Gutiérrez et al., 2009). A maximum-likelihood phylogeny was
obtained with the help of IQTREE (Nguyen et al., 2015).

T-DNA Insertion Mutants

Seeds for two independent T-DNA insertions in OXA2b (At3g44370) in the
Arabidopsis (Arabidopsis thaliana) Columbia-0 background were obtained from
NottinghamArabidopsis Stock Centre. These lines, SALK_057938 (oxa2b-1) and
GABI_425B09 (oxa2b-2) were genotyped by PCR using the primers listed in
Supplemental Table S1 and the insertion sites were confirmed by sequencing.
No homozygous lines could be isolated due to the essential role of OXA2b as
reported in Benz et al. (2013).

Functional Complementation of oxa2b

For complementation studies of OXA2b embryo lethal lines, the full-length
coding sequence and a C-terminally (TPR domain) truncated OXA2b sequence
were cloned into the vector pH2GW7 (Karimi et al., 2002) using standard
Gateway cloning (Invitrogen) techniques. The constructed plasmids were then
transformed into heterozygous oxa2b-1 and oxa2b-2 plants by the floral dip
method (Clough and Bent, 1998) via Agrobacterium tumefaciens strain GV3101.
Homozygous plants due to complementation were isolated by selecting seeds
on plates containing hygromycin (for transformation selection) and kanamycin
(SALK T-DNA selection) or sulfadiazine (GABI T-DNA selection) and geno-
typed by PCR. The next generation mutants were verified for homozygosity by
performing genotyping PCR before being propagated for further studies.

Plant Growth Conditions and Phenotyping

All plants were grown under controlled long-day conditions (16 h light
[100 mE, 22°C], 8 h dark [18°C] 50% relative humidity) until the first flowers
appeared and then moved to a greenhouse. Seeds were surface-sterilized (70%
ethanol and 0.05% Triton X-100) and sown on MS agar plates (half-strength MS
medium, 0.05% [w/v] MES and 0.75% [w/v] agar, pH 5.8) followed by strati-
fication at 4°C in the dark while those for growth on soil were stratified directly
on wet soil for 3 d before their incubation in the growth chambers. Growth-
stage–based phenotypic analysis was performed as described in Boyes et al.
(2001). Root lengths were measured from 14-d-old seedlings grown on verti-
cally placed agar plates. Data for growth progression analysis was collected
from 100 plants for the plate-basedmethod, 24 plants for the soil-basedmethod,
and 20 plants for the root growth measurement.

For isolation of mitochondria, 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% [w/v] Suc and 50 mg/mL cefotaxime) with
shaking at 80 rpm for 2 to 3 weeks in the growth chamber. Weights of seeds
harvested from three different plants of each genotypeweremeasured and their
averages calculated except for oxa2b-1+35S:OXA2B, for which the seed weight
was calculated based on the total weight of seeds harvested from 24 plants. Col-
0 wild-type and the complemented plants were grown simultaneously under
long-day conditions until the silique stage. Green siliques, dissected from plants
and opened using a needle, were visualized using a binocular microscope
(Stemi 2000-C; Zeiss).

RT-PCR and RT-qPCR

Total RNAwas isolated from rosette leaves of 4-week-oldArabidopsis plants
using the RNeasy Plant mini kit (Qiagen) and treated with TURBO DNase
(Invitrogen) to remove contaminating DNA. cDNA was synthesized using
SuperScript III Reverse Transcriptase (Invitrogen) with the gene-specific re-
verse primer mentioned in Supplemental Table S1. To detect the presence of
OXA2b full-length or truncated transcripts, PCR was performed using the
primers specified in Supplemental Table S1. For RT-qPCR, total RNA was
isolated from 2-week-old Arabidopsis seedlings as mentioned above, and
cDNAwas synthesized using the iScript cDNA synthesis kit (Bio-Rad) followed
by qPCR using LightCycler 96 (Roche). The transcript abundance of actin was
used as reference for calculating fold change.

Isolation of Mitochondria

Mitochondria were isolated from 10 to 14-d-old plants (wild-type and full-
length OXA2b complemented plants) and 17- to 21-d-old plants (C-terminally
truncated-OXA2b-complemented plants) grown in liquid medium as described
in Murcha and Whelan (2015) except for the omission of Cys in the grinding
medium. Protein content was quantified by Bradford assay using a protein
assay dye reagent (Bio-Rad) and the samples were used directly for analyses or
frozen at –80°C for further analyses.

Analysis of Mitochondrial Complexes and Proteins

BN-PAGE (Eubel and Millar, 2009) using 5% (w/v) digitonin for membrane
solubilization and SDS-PAGE were performed with 100 mg and 30 mg mito-
chondrial protein per lane, respectively. Enzyme assays for the respiratory
complexes I (Schertl and Braun, 2015) and IV (Sabar et al., 2005)were performed
as described previously. Blots were probed with the primary antibodies
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mentioned in Supplemental Table S2. For production of the antibody against
CCMB (Atmg00110), the peptide QFGRSGMDRLNIP was produced by Gen-
axxon Bioscience and injected into two New Zealand white rabbits as per
standard protocols (Cooper and Paterson, 2008). After incubating with an HRP-
conjugated secondary antibody followed by addition of substrate solution,
chemiluminescence was detected using an ImageQuant LAS4000 image ana-
lyzer (GE Healthcare). The images were analyzed using the software ImageJ
(Schneider et al., 2012).

In Organello Protein Synthesis and PK Treatment
of Mitoplasts

In-organello mitochondrial translation reactions were performed using
[35S] Met as described in Giegé et al. (2005) using freshly isolated mitochon-
dria. The protein bands were identified by immunoblot analysis of Col-0
mitochondria run on the same gel (Supplemental Fig. S5). For preparing
mitoplasts, the mitochondrial OM was disrupted via osmotic swelling as
described in Murcha et al. (2003). The mitoplasts were then further incubated
with or without 60 mg/mL PK for 30 min followed by inhibition of the pro-
tease activity by addition of 2 mM phenylmethanesulfonyl fluoride and rei-
solated by centrifugation. The samples were resolved by SDS-PAGE and/or
BN-PAGE and the incorporation of [35S] Met into proteins was determined by
exposing the dried gel to a storage phosphor screen for at least 48 h. The
exposed screen was visualized using a Typhoon Trio scanner (GEHealthcare)
at high sensitivity.

In Vitro Pull-Down Assays

The pGEX-6P-1 plasmid containing the TPR domain of OXA2b (GST-
OXA2bTPR) and the empty plasmid (GST) were transformed into
BL21 Escherichia coli cells. After induction with 1 mM IPTG, the cells were grown
overnight at 12°C. The harvested cells were resuspended in PBS buffer and
homogenized using a French press (FA-078; SLM-Aminco) at 12,000 psi cell
pressure. The cell lysate was centrifuged (10,000 g, 20 min, 4°C) and the su-
pernatant was incubated with 1 mL Glutathione Sepharose 4 Fast Flow beads
(GE Healthcare) that were washed and resuspended in PBS, for 1 h at room
temperature on a roller. After collecting the flow-through followed by three
washes, the bound proteins were eluted with 2.5 mL 50 mM Tris-HCl, 10 mM

reduced glutathione, pH 8.0. Purified GST and GST-OXA2bTPR were dialyzed
overnight using standard RC tubing (MWCO, 3.5 kD; Spectra/Por) in PBS at
4°C to remove bound glutathione and the protein concentrations were mea-
sured by Bradford assay using a protein assay dye reagent (Bio-Rad). In-
organello translation of mitochondrial-encoded proteins was performed with
Col-0mitochondria as outlined previously, followed by lysis using 1%Triton X-
100, 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 1 mM PMSF,
pH 7.4. The clarified lysate was applied to 25 mL 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 supple-
mented with 1 mM PMSF, and incubated for 3 h at 4°C. After collecting the
flow-through and washing, the bound proteins were eluted using 25 mL of 50 mM

Tris-HCl, 10mM reducedglutathione, pH8.0 afterwhich SDS-PAGEwasperformed
and the bound proteins were then visualized by autoradiography. For pull-down
assays with in vitro synthesized proteins, 20 mL of the beads loaded with 100 mg of
GST (control) or GST-OXA2bTPR were incubated with the translation reaction for
1 h at room temperature. After washing, the bound proteins were eluted, separated
by SDS-PAGE, and then visualized by autoradiography.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers OXA1a: At5g62050, OXA1b: At2g46470,
OXA2a: At1g65080, and OXA2b: At3g44370.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. DNA and RNA analysis of oxa2b complementa-
tion plants.

Supplemental Figure S2. RT-qPCR analysis of OXA2b and OXA2a
transcripts.

Supplemental Figure S3. Seed weight and germination rates of all
genotypes.

Supplemental Figure S4. Silique phenotypes of all genotypes.

Supplemental Figure S5. Identification of Arabidopsis mitochondrial
translation products.

Supplemental Table S1. Primer sequences used in this study.

Supplemental Table S2. List of antibodies used in this study.

Supplemental Dataset S1. Multiple sequence alignment of Oxa1/Alb3/
YidC family members.
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