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SUMMARY

Plant cells contain numerous subcompartments with clearly delineated metabolic functions. Mitochondria
represent a very small fraction of the total cell volume and yet are the site of respiration and thus crucial for
cells throughout all developmental stages of a plant’s life. As such, their isolation from the rest of the cellu-
lar components is a basic requirement for numerous biochemical and physiological experiments. Although
procedures exist to isolate plant mitochondria from different organs (i.e. leaves, roots, tubers, etc.), they are
often tedious and do not provide resolution at the tissue level (i.e. phloem, mesophyll or pollen). Here, we
present a novel method called IMTACT (isolation of mitochondria tagged in specific cell types), developed in
Arabidopsis thaliana (Arabidopsis) that involves biotinylation of mitochondria in a tissue-specific manner
using transgenic lines expressing a synthetic version of the OM64 (Outer Membrane 64) gene combined
with BLRP and the BirA biotin ligase gene. Tissue specificity is achieved with cell-specific promoters (e.g.
CAB3 and SUC2). Labeled mitochondria from crude extracts are retained by magnetic beads, allowing the
simple and rapid isolation of highly pure and intact organelles from organs or specific tissues. For example,
we could show that the mitochondrial population from mesophyll cells was significantly larger in size than
the mitochondrial population isolated from leaf companion cells. To facilitate the applicability of this
method in both wild-type and mutant Arabidopsis plants we generated a set of OM64-BLRP one-shot con-
structs with different selection markers and tissue-specific promoters.

Keywords: biotinylation, cell types, magnetic beads, mitochondria, purification method, technical advance.

INTRODUCTION L .
cell cultures (Davy de Virville et al., 1994; Millar et al., 2001;

Investigations that aim to improve our understanding of Werhahn et al., 2001) to cite only a few. Additional meth-

cellular functions often require methods to isolate subcel-
lular compartments, known as organelles. With regard to
plant mitochondria, from the mid-1960s onwards numer-
ous methods using differential centrifugations coupled
with either continuous or discontinuous density gradients
have been developed and employed to purify these orga-
nelles from various plant species and/or organs, for exam-
ple spinach leaves (Bergman et al., 1980), pea leaves (Day
et al., 1985), soybean leaves (Gerard and Dizengremel,
1988), apple (Hulme et al., 1964), avocado (Baker et al.,
1968), mung bean hypocotyls, white potato and Jerusalem
artichoke tubers (Douce et al., 1972) or even Arabidopsis

© 2020 The Authors.

ods based on phase partitioning (Gardestrom et al., 1978),
subcellular fractionation (Gardestrom and Wigge, 1988) or
free flow electrophoresis (Eubel et al., 2007) have also been
described to address specific biological questions. Simi-
larly, Keech et al. (2005) reported a procedure proposing
two alternative methods to isolate mitochondria from Ara-
bidopsis leaves depending on whether respiratory proper-
ties or biochemical functions were to be investigated. In all
cases, the success rate and purity and intactness of the iso-
lated organelles have very much been contingent upon the
type of tissue and its availability: whether the tissue of
choice is, for example, photosynthetic or heterotrophic,
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waxy or non-waxy, rich in polyphenols or alkaloids, influ-
ences the success and notably the purity of the isolation.

Today, most analyses of molecular, biochemical and
physiological functions of plant mitochondria still demand
an isolation procedure, which presents three main draw-
backs as it necessitates: (i) a rather long protocol, generally
taking up to several hours; (ii) a relatively large amount of
fresh material; and (iii) in the best-case scenario, it pro-
vides only organ-level resolution. For instance, Lee et al.
(2011) performed proteomics with isolated mitochondria
from Arabidopsis roots and shoots to define constitutive
and variable components in plant mitochondrial metabo-
lism between photoautotrophic and heterotrophic tissues.
With the advent of more sensitive and reliable molecular
techniques, such as high-throughput single-cell RNA
sequencing, it was shown that even within an organ such
as a root, there may be many molecular differences
between the different co-existing cell types (Denyer et al.,
2019); this thus prompted scientists to investigate bio-
chemical and physiological regulations at a tissue-specific
level. In 2010, Deal and Henikoff reported a technique
called INTACT (isolation of nuclei tagged in specific cell
types), which allowed the authors to perform in vivo biotin
labeling of nuclei from different cell types followed by
affinity isolation of these organelles to measure gene
expression and chromatin features in different cell types of
the Arabidopsis root epidermis. In 2016, Chen et al. devel-
oped a method based on an epitope-tagged recombinant
protein to rapidly isolate very pure mitochondria from
Hela cells. The epitope tag, a triple hemagglutinin (3xHA),
was placed on the N-terminus of enhanced green fluores-
cent protein (eGFP) fused to the outer mitochondrial mem-
brane localization sequence of outer membrane
mitochondrial protein 25 (OMP25). This allowed the
authors to quickly isolate the organelles from Hela cells
and perform mass spectrometry on them (Chen et al.,
2016). The OMP family comprises proteins localized on the
surface of mitochondria that allow specific import of
nuclear-encoded pre-proteins from the cytosol to the
matrix of the organelle. No OMP25 orthologs can be found
in Arabidopsis. Instead, the Arabidopsis mitochondrial pro-
tein import complex consists of six translocases of the
outer mitochondrial membrane (TOM) proteins and of the
N-terminal-anchored outer membrane mitochondrial pro-
tein 64 (OM64), which has not been identified in the TOM
complex by blue native PAGE and immunodetection (Lister
et al., 2007).

Here, we propose a method similar to INTACT to quickly
isolate tissue-specific mitochondria from Arabidopsis. Our
method, called IMTACT (for isolation of mitochondria
tagged in specific cell types), is based on in vivo biotinyla-
tion of tagged OM64 proteins, followed by ex cellulo isola-
tion of the streptavidin beads/mitochondria complex using
a magnetic field. This isolation method allows the user to

rapidly (i.e. in less than 30 min), isolate highly pure mito-
chondria from a given tissue as long as a tissue-specific
promoter is available. We also provide the backbone con-
structs and cloning strategy to transform, in Arabidopsis,
any genotype with any promoter guiding a tissue speci-
ficity in order to isolate mitochondria suitable for -omics’
studies.

RESULTS
Transgenic line production for IMTACT

We synthesized a C-terminal translational fusion of the
OM64 cDNA sequence with an eGFP reporter gene and a
biotin ligase recognition peptide (BLRP) under the control
of three different promoters: the cauliflower mosaic virus
(CaMV) constitutive promoter 35S, the mesophyll-specific
promoter of the CHLOROPHYLL A/B BINDING PROTEIN 3
(CAB3) gene (Susek et al., 1993) and the companion cell-
specific promoter of the ARABIDOPSIS THALIANA
SUCROSE-PROTON SYMPORTER 2 (SUC2) gene (Truernit
and Sauer, 1995; Cayla et al., 2015) (Figure 1a). We chose
OM64 because the native protein form contains an N-ter-
minal transmembrane domain with its C-terminus located
in the cytosol. In parallel, lines containing an Escherichia
coli biotin ligase (BirA) under the control of the UBIQUI-
TIN10 (UBQ10) promoter were also produced (Figure 1a).
Further, stable transgenic plants containing both OM64-
eGFP-BLRP and BirA were generated by crossing and sub-
sequent selection. This combination permitted in planta
biotinylation of the tagged mitochondria. As exemplified
with the 35S::0M64-eGFP-BLRP/UBQ10::BirA grown under
short- and long-day photoperiods, no macro-phenotype
was evidenced from these plants compared with their
wild-type (WT) counterparts (Figure 1b). We then checked
for tissue-specific localization of mitochondria in meso-
phyll, root cells and phloem using MitoTracker Orange and
the eGFP encoded within the transgene (Figure 1c). The
emission of eGFP was confirmed in the mesophyll and root
cells for lines expressing OM64 under the control of the
35S promoter and colocalized with MitoTracker, whereas
eGFP fluorescence in lines encoding the CAB3::OM64-
eGFP-BLRP construct was only detected in mesophyll cells
(Figure 1c). The expression of SUC2:0M64-eGFP-BLRP
was observed in petioles; the eGFP signal also colocalized
with the MitoTracker and was clearly detected in the
phloem component of the vascular tissues. Of note, Mito-
Tracker also stained the xylem well and confirmed the
localization of the GFP signal in vascular tissue but not in
xylem tracheary elements. Intriguingly, although SUC2 is
widely used for its phloem specificity (Stadler et al., 2005;
Cayla et al., 2015; Paultre et al., 2016), a small amount of
signal leakage was observed in photosynthetic cotyledon
cells. Nonetheless, taken together, these results confirmed
that localization of OM64-eGFP-BLRP is mitochondrial and

© 2020 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 459-473



dependent on the tissue-specificity characteristic of the
promoter used.

Purification of biotinylated mitochondria via IMTACT

The aim of IMTACT is to rapidly extract high-purity mito-
chondria in a tissue-specific manner. To illustrate the
potential of this method, we have proposed three sampling
strategies. From plants expressing in tandem the 35S-dri-
ven OM64-eGFP-BLRP and the UBQ10-driven BirA con-
structs, users can harvest material from the whole plant or
a chosen organ (Figure 2a, 1) and subsequently isolate
mitochondria from these samples. Alternatively, if extrac-
tion at a tissue-specific level is required, dedicated promot-
ers should be used for one of the constructs. Here, we
always modulated the expression of OM64-eGFP-BLRP.
For instance, transgenic lines expressing OM64 under the
control of the SUC2 promoter could be sampled from
either the whole plant or a given organ. Thus, this would
allow the user to obtain mitochondria from companion
cells of the whole plant or from a specific organ as phloem
is present in various plant tissues (Figure 2a, 2). Mesophyll
cells constitute a tissue present only in leaves and cotyle-
dons. In this example, the user could sample the whole
plant or only leaves to obtain mitochondria from those
mesophyll cells only (Figure 2a, 3). Note that when using
the transgene driven by the CAB3 promoter, an equal
amount of mitochondrial proteins would be obtained
whether one harvests the whole plant or only the leaves of
this plant.

The experimental procedure for IMTACT is presented in
Figure 2(b). The extraction can be done with a much smal-
ler amount of fresh material than conventional procedures;
however, this logically depends on the tissue targeted.
Less than 30 min, from tissue grinding to a pellet of highly
pure mitochondria, is necessary (Figure 2b). Essentially, a
crude extract enriched with mitochondria is obtained
according to method (a) published in Keech et al. (2005).
From this crude extract, biotinylated mitochondria are
incubated with 50 ul of streptavidin magnetic beads for
1 min, then exposed to a magnetic field for 2 min. The
supernatant is further discarded, and the resulting pellet is
then washed five times with a wash buffer (see Experimen-
tal Procedures). The final pellet with highly purified mito-
chondria is resuspended in 100 ul of wash buffer and
frozen for further use.

Electron microscopy controls

To visualize the bead-mitochondrion interaction, as well as
to assess both the purity and quality of mitochondria, we
used transmission electron microscopy (TEM) to examine
an aliquot of purified mitochondria (Figure 3a). Many
round mitochondria with well-defined double membranes
were observed bound to the beads (Figure 3a-i), support-
ing the idea that the majority of organelles are intact. One

© 2020 The Authors.
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could also observe that a single bead is able to bind sev-
eral mitochondria (Figure 3a-ii). However, since the shapes
and sizes of the organelles are highly variable, we also per-
formed scanning electron microscopy (SEM) as this
method circumvents the TEM-specific bias from sectioning
and its inherent false interpretation about size differences
due to the absence of a third dimension. Scanning electron
microscopy was first performed with beads alone as a
negative control (Figure 3bi). The bead diameter was
approximately 1 um, as described by the manufacturer
(ThermoFisher, see Experimental Procedures). The spher-
oidal shape of the mitochondria were confirmed by SEM,
and an average of one to four mitochondria were retained
per bead following IMTACT (Figure 3bii and biii). We could
observe both single beads decorated with mitochondria
(Figure 3biii) and some chains of beads (Figures 3bii and
4a-c), with mitochondria creating a cross-link between the
magnetic beads. A close-up of a mitochondrion about
450 nm in diameter can be seen in Figure 3(b-iv). As SEM
confirmed the presence of a heterogeneous population of
mitochondria based on their size, we wondered whether
the size distribution of these organelles could be tissue
specific. Therefore, we carried out additional SEM with
35S-, CAB3- and SUC2-driven constructs and quantified the
distribution of the mitochondrial population based on the
diameter of the organelles (Figure 4). It appeared that mito-
chondria isolated specifically from mesophyll cells were
significantly larger than mitochondria isolated from the
whole leaf (via a 35S promoter) and companion cells (via a
SUC2 promoter) (Figure 4d), which reinforces the utility of
this method.

Integrity and respiration

Both TEM and SEM supported the idea that the majority of
organelles have conserved their integrity, even though a
few broken or invaginated mitochondria could sometimes
be observed, notably by SEM. With that being said, it
remains very difficult to assess whether those damaged
mitochondria resulted from the extraction procedure or
from the preparation of the sample for SEM. Therefore, a
cytochrome ¢ reduction assay was performed on both the
crude extract and IMTACT samples (Figure 5a). The crude
extract had on average 85% integrity of the outer membrane
while the mitochondria issued from IMTACT had 74% integ-
rity. In a second step, the cytochrome ¢ oxidase activity was
estimated at 168 nmol min"' mg™' in the crude extract
while this activity reached 652 nmol min"' mg™" in the
IMTACT sample, which clearly indicated an enrichment of
mitochondria in the IMTACT samples (Figure 5b). However,
one has to take into account that the value in the crude
extract is largely over-estimated since the mitochondrial
protein quantification is biased by protein contamination
from the other cell debris (see Discussion).
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Figure 1. Molecular constructs and in vivo visualization of tagged mitochondria.

(a) Translational fusion of the 1809-bp cDNA of OM64 with the eGFP reporter gene and the BLRP gene encoding a biotin acceptor peptide in pGWB2 or modified
versions of the pGWB2 vector. OM64-eGFP-BLRP construct expression is driven by either the 35S constitutive promoter, the SUC2 companion cell-specific pro-
moter or the CAB3 mesophyll-specific promoter, while the second construct contains the ligase BirA under the control of the UBQ10 constitutive promoter.

(b) Growth phenotype of the Col0 wild type (WT) and stable plants containing both transgenes after 3 and 7 weeks under long- and short-day growth conditions,
respectively. Scale bars = 1 cm.

(c) Fluorescence images of Arabidopsis mesophyll, root and petiole expressing the OM64-eGFP-BLRP fusion protein. Roots and leaves from stable transforma-
tion lines were observed by confocal microscopy (40x magnification, water immersion) and co-localization was assessed using MitoTracker and chlorophyll aut-
ofluorescence. Expression of OM64 under the control of the 35S promoter is shown in both roots and mesophyll cells. Scale bars = 20 um.
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(a) Prior to isolation of mitochondria tagged in specific cell types (IMTACT), sampling can be done from either: (1) the whole plant or a chosen organ (flowers,
leaves, roots) using the 35S::0M64-eGFP-BLRP/UBQ10::BirA transgenic lines; (2) the whole plant expressing a tissue-specific promoter (e.g. SUC2) allowing iso-
lation of tissue-specific mitochondria from a pool of organs; (3) a chosen organ from a plant expressing a construct with a tissue-specific promoter such as

SUC2 or CAB3.

(b) The experimental procedure for IMTACT. Plant material expressing the IMTACT construct is harvested and ground in an extraction buffer with a mortar and
pestle according to method (a) described in Keech et al. (2005). Two centrifugation steps are necessary to remove contaminants and to obtain a crude pellet
enriched with mitochondria. Those crude mitochondria are exposed to a magnetic field, and biotinylated mitochondria coupled with streptavidin beads are iso-
lated while the supernatant is discarded. Beads are washed several times and finally resuspended in wash buffer. All steps are preferentially completed at 4°C.

We also tried to estimate the respiratory properties of
the isolated mitochondria using a Clark-type oxygen elec-
trode. However, due to the permanent binding of beads to
the mitochondria, magnetic stirring cannot be used with
IMTACT samples, which thus strongly affects the diffusion
of oxygen in the aqueous solution. Nonetheless, we

© 2020 The Authors.

performed several assays without magnetic stirring
(Table S1 in the online Supporting Information). Under
normal magnetically stirred conditions, the respiratory
control ratio (RCR) for mitochondria from the crude extract
was about 2.8 with malate + glutamate as the substrate,
and a respiratory rate of about 74 nmol O, min™' mg™"
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was measured under state 3 (i.e. after the addition of ADP;
see Experimental Procedures). Without stirring, an RCR of
2.6 was measured for the crude extract, while IMTACT
mitochondria had an RCR of 1.9. Yet, as mentioned above,
when no stirring is applied the method remains very
approximate as demonstrated by the drop in the

(ai) o -y

&5_; .‘3 f.-':’ *
‘4 ’a.?' w.!'a -

respiratory rate in the crude extract, from 74 to
25 nmol O, min~" mg™". Nonetheless, this assay demon-
strated that IMTACT mitochondria were still coupled and
had a respiratory rate of 47 nmol O, min~' mg~", which is
in line with previous measurements reported for mitochon-

dria isolated from Arabidopsis leaves (Keech et al., 2005).

Figure 3. Electron microscopy controls for mitochondria purified by isolation of mitochondria tagged in specific cell types (IMTACT).
(ai), (aii) Transmission electron microscopy of mitochondria purified by IMTACT at two different magnifications. A black arrow indicates a bead while a white

arrow indicates a mitochondrion.

(b) Scanning electron microscopy of mitochondria purified by IMTACT: (i) control for beads in buffer, (ii) three magnetic beads decorated with mitochondria, (iii)
a single bead can trap several mitochondria; (iv) close-up of a mitochondrion attached to a bead. Scale bars in (b) are all 200 nm.

© 2020 The Authors.
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Immunoblot controls

We also performed a set of controls to confirm the quality
and reliability of our extraction procedure. Different vol-
umes (2, 5 and 10 pl) of mitochondrial extracts from leaves
of CAB3::0M64-eGFP-BLRPx UBQ10::BirA and 35S::0M64-
eGFP-BLRPx UBQ10::BirA were compared by immunoblot
analyses using antibodies raised against the mitochondrial
isocitrate dehydrogenase protein (IDH; 39 kDa) and the
mitochondrial H-protein of glycine decarboxylase complex
(GDC-H; 16 kDa) (Figure 6a). As expected, an increasing
volume of IMTACT extracts led to a proportionally stronger
immunoblot signal with both antibodies, while the total
protein concentration in 35S lines (1.5 pg pul™") was
nearly double that in CAB3 lines (0.8 ug ul™"). A similar
result was obtained from leaves of SUC2::0M64-eGFP-
BLRPx UBQ10::BirA with a protein concentration similar to
that obtained from CAB3lines, i.e. 0.75 pg ul™" (Figure S1a).
Intriguingly, although logically more mitochondria are
extracted from a given leaf with the 35S-driven line than
with the CAB3 or SUC2 lines, we are unable to determine
why in the two latter lines the mitochondrial protein con-
tent was nearly half that of the 35S line, as the binding
ratio (mitochondria to bead) appears similar regardless of
the promoter used (Figure 4).

Figure 4. Tissue-specific distribution of the mitochondrial population by size.
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To see whether the incubation time between the beads
and mitochondria influenced the final amount of mitochon-
drial protein, an incubation kinetic ranging between 1 and
30 min was adopted and tested by immunoblot analyses on
35S extracts (Figure 6b). Interestingly, for all four time
points (i.e. 1, 5, 10 and 30 min), no differences in the abun-
dance of IDH and GDC-H were noticeable. Furthermore, a
similar amount of total mitochondrial protein was detected.
We concluded that the streptavidin-biotin interaction occurs
rapidly, with a minute of incubation being sufficient to satu-
rate the beads (and probably not deplete the sample).
Indeed, to test whether bead saturation or depletion of
mitochondria in a crude extract would occur after incuba-
tion, a 35S crude extract was incubated three times succes-
sively, every time with a fresh batch of magnetic beads.
These extracts were then tested by immunoblotting on a
10 ul volume basis (Figure 6¢). All three extracts (accord-
ingly named IMTACT 1, 2 and 3) showed nearly equivalent
mitochondrial signals while no plastidial contamination
could be detected in any of the samples. Interestingly,
immunoblots with IMTACT from CAB3 lines exhibited a
stronger mitochondrial signal for IMTACT 1 and 2 than for
IMTACT 3 (Figure S1b), suggesting a rapid depletion of
mitochondria from the crude extract.

CABa3 line

50- Bl 35Sline
g B CAB3line
g 404 ™ Suc2line
% 2 -
2 30-
6
g, 20-
£
§ 10+
7]
a0

Diameter size (in nm)

(a) Representative scanning electron microscopy picture of tagged mitochondria purified by isolation of mitochondria tagged in specific cell types (IMTACT) with

a 35S line, (b) with a CAB3 line and (c) with a SUC2 line. Scale bars = 1 um.

(d) Distribution (percentage) of the mitochondrial population by diameter (five to eight replicates; n > 200). A multiple t-test showed statistically significant dif-

ferences at *P < 0.05 and **P < 0.01.
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We then checked whether potential cross-reactions
between beads and mitochondria that are independent of
OM®64 biotinylation could occur. An IMTACT assay was per-
formed on leaves from plants containing only the 35S::
OM64-eGFP-BLRP (no BirA) or the UBQ10::BirA (no BLRP)
constructs. Theoretically, mitochondria should not be
biotinylated and should not interact with streptavidin beads.
Western blot assays using IDH and GDC-H antibodies as
well as the LHCIl type | chlorophyll a/b-binding protein
(LHCB1), were carried out to assess potential plastid con-
tamination, and confirmed that neither mitochondria nor
plastids were retained by beads incubated by non-biotiny-
lated crude samples (Figure 6d). Therefore, the IMTACT
assay is clearly specific to biotinylated mitochondria.

Finally, the purity of the final mitochondrial pellets,
which were extracted with either the buffers from Keech
et al. (2005) or the KPBS (phosphate-buffered saline con-
taining potassium) buffer from Chen et al. (2016), was
assessed by running a set of immunoblots with antibodies
raised against protein markers of several subcellular com-
partments. With 10 pg of proteins from crude leaf extracts
as well as from isolated 35S-tagged mitochondria, a strong
enrichment of mitochondria, based on anti-IDH and anti-H-
protein signals, was observed after IMTACT when using
the buffers from Keech et al. (2005) (Figure 6e). With the
KPBS buffer from Chen et al. (2016), IMTACT extracts
showed a lower mitochondrial signal compared with the
crude extract, suggesting mitochondrial protein loss and
thus lower mitochondrial integrity with this buffer.

Further immunoblots were performed to check whether
the mitochondrial preparation was contaminated by: plas-
tids, with antibodies directed against the LHCB1 protein;
the cytosol, with anti-UDP-glucose pyrophosphorylase
(UGPase); nuclei, with anti-histone 3 (HIS3); peroxisomes,
with anti-catalase (CAT); vacuoles, with anti-gamma tono-
plast intrinsic protein (yTIP); and endoplasmic reticulum
with anti-SEC12 antibodies (Figure 6e). Plastidial, cytosolic,
nuclear, vacuolar and endoplasmic reticulum contamina-
tion was only observed in the crude extracts, while the
samples issued from IMTACT were free from contami-
nants. However, a very small amount of peroxisomal

Figure 5. Physiological properties of mitochondria
purified by isolation of mitochondria tagged in
specific cell types (IMTACT).

(a) Intactness of the outer membrane of mitochon-
dria was estimated by the cytochrome ¢ reduction
test, and expressed as a percentage (35S lines).

(b) Cytochrome oxidase activity in
nmol min~" mg™" (with 35S lines) (n > 6); results
are mean + SD; a Student’s t-test showed statisti-
cally significant differences at *P < 0.05.

Crude extract IMTACT

contamination was sometimes observed when using buf-
fers from Keech et al. (2005), while it was not detected in
IMTACT preparations done with the KPBS buffer. In addi-
tion, the isolation procedure was applied to Col-0 lines to
check whether beads and buffers could bind contaminants
independently from the BirA/BLRP combination (Fig-
ure S1c). Immunoblots revealed that neither mitochondria
nor contaminant signals can be detected in Col-0 lines after
the IMTACT procedure, regardless of the buffers
employed.

Finally, to confirm that mitochondria can be obtained
from organs other than leaves, immunoblots were per-
formed on root mitochondria extracted with the IMTACT
procedure (Figure S1d). As for shoot extracts, a strong
accumulation of anti-IDH signals was observed in root
IMTACT samples. For the H-protein signal, a scarce signal
slightly heavier than expected (about 17 kDa) was only
observed in IMTACT from roots. This band could corre-
spond to another isoform of the H-protein, expressed in a
tissue-specific manner. Indeed, a line of evidence for the
previous statement comes from Populus tremuloides,
where two H-protein isoforms, PtHT and PtH2, were seen
to be expressed in roots whereas two other isoforms, PtH3
and PtH4, were mainly detected in shoots (Wang et al.,
2004; Rajinikanth et al., 2007).

Overall, we conclude that IMTACT provides a great
method to rapidly obtain highly pure and tissue-specific
mitochondria. While a higher mitochondrial enrichment
was obtained with the Keech et al. (2005) buffers, the
IMTACT extracts obtained with the KPBS buffer resulted in
fewer mitochondria but a nearly immaculate contamina-
tion profile.

Synthesizing one-shot editable IMTACT constructs

For this report, we generated double homozygous mutant
lines by plant floral dipping and subsequent crossing. This
allowed control experiments to be performed with the two
independent lines, containing either the BLRP or the BirA
construct. However, as such, IMTACT would appear as a
time-consuming process and would thus not often be
employed. Therefore, to optimize the generation of
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Figure 6. Immunoblot controls of mitochondria purified by isolation of mitochondria tagged in specific cell types (IMTACT). Loading, incubation time and
cross-reaction controls.

(a) Ten microliters of mitochondria crude extract (C.E) or 2, 5 and 10 ul of IMTACT-purified mitochondria from 35S::0M64-BLRPx UBQ10::BirA and CAB3::0M64-
BLRPx UBQ10::BirA were loaded on 12% polyacrylamide gels and analyzed by anti-isocitrate dehydrogenase (IDH) and anti-mitochondrial H-protein of glycine
decarboxylase complex (GDC-H) immunoblots.

(b) A single crude extract was incubated for either 1, 5, 10 or 30 min with streptavidin magnetic beads. Then, 10 ul of IMTACT-purified sample was studied using
anti-IDH and anti-GDC-H antibodies to test mitochondria.

(c) Bead saturation controls. A single 35S crude extract was incubated with three different batches of streptavidin beads one after another. Immunoblotting
using anti-IDH, anti-GDC-H and anti-LHCB1 (anti-LHCII type | chlorophyll a/b-binding protein) antibodies was performed on 10 pl of crude extract and IMTACT-
purified samples.

(d) Crude mitochondria from plants expressing either 35S::0M64-eGFP-BLRP or UBQ10::BirA (non-biotinylated mitochondria) were obtained and mixed with
magnetic beads. Immunoblots were performed with anti-IDH, anti-GDC-H, anti-LHCB1 antibodies. Loaded protein quantities were assessed with a Bradford
assay.

(e) Enrichment and purity controls. Ten micrograms of crude extract and purified biotinylated mitochondria from shoots was immunoblotted with anti-IDH and
anti-GDC-H to observe mitochondrial enrichment. Anti-LHCB1, anti-UDP-glucose pyrophosphorylase (UGPase), anti-catalase (CAT), anti-histone 3 (HIS3), anti-
gamma tonoplast intrinsic protein (yTIP) and anti-SEC12 antibodies were used to check contamination of plastidial, cytosolic, peroxisomal, nuclear, vacuolar
(tonoplast) and endoplasmic reticulum located proteins, respectively. The left panel shows extracts obtained with buffers from Keech et al. (2005). The right
panel shows extracts obtained with the KPBS buffer from Chen et al. (2016).

expression cassettes (Figure 7a). This allows users to easily
clone their promoter of choice in a one-step cut ligation
reaction with the only limitation being that the promoter
sequence is required to be cleared of Bsal restriction sites.
The use of only one plasmid also facilitates the use of the
method in other transgenic lines, as users would only have
to transform the single plasmid into their selected lines. To
promote its use with other transgenic lines three different
selection markers (Basta, hygromycin and kanamycin)
have also been included in the basal vector collection (Fig-
ure 7a). It is hoped that these three basal vector constructs

transgenic lines and thus greatly facilitate the use of
IMTACT with any accessions or mutants, we constructed a
set of Golden Gate plasmids containing the IMTACT trans-
gene features (Figure 7a). Three basal constructs were gen-
erated with a first expression cassette composed of OM64,
eGFP attached to the BLRP and a NOS terminator, and with
a second expression cassette made of BirA under the con-
trol of the UBQ10 promoter and the NOS terminator. In
these constructions, a ccdB cassette, which is used for neg-
ative selection during cloning reactions, flanked by Bsal
restriction sites, was placed upstream of the OM64
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Figure 7. One-shot constructs for tissue-specific transformations.

(a) BirA expression is driven by a constitutive UBQ10 promoter. The full length form of OM64 cDNA (OM64) was fused with eGFP and BLRP. Instead of a pro-
moter, a ccdB cassette has been inserted upstream of the OM64 translational fusion. The ccdB cassette can be replaced using Golden Gate cloning by the
desired promoter, hence allowing the modulation of OM64 expression (tissue- or development-specific). Three different selection markers (Basta, hygromycin,
kanamycin) were inserted at the 3’ end of the constructs.

(b) Fluorescence images of Arabidopsis mesophyll and root expressing the Golden Gate-based UBQ10::0M64-eGFP-BLRP/UBQ10::BirA fusion proteins. Roots
and leaves from stable transformation lines were observed by confocal microscopy (40x magnification, water immersion), and co-localization was assessed
using MitoTracker and chlorophyll autofluorescence. Scale bars = 20 um.

(c) Enrichment and purity controls. Ten micrograms of proteins from crude extract (C.E) and purified mitochondria (isolation of mitochondria tagged in specific
cell types, IMTACT) from leaves expressing UBQ10::0M64-eGFP-BLRP/UBQ10::BirA were immunoblotted with anti-isocitrate dehydrogenase (IDH) and anti-mi-
tochondrial H-protein of glycine decarboxylase complex (GDC-H) to control mitochondrial enrichment while anti-LHCII type | chlorophyll a/b-binding protein
(LHCB?1), anti-UDP-glucose pyrophosphorylase (UGPase), anti-catalase (CAT), anti-histone 3 (HIS3), anti-gamma tonoplast intrinsic protein (yTIP) and anti-SEC12
antibodies were used to assess the contamination from the other cellular compartments. Samples were obtained with buffers from Keech et al. (2005).

will allow great flexibility in the utilization of the IMTACT
method. To confirm that these constructs were functional,
a UBQ10 promoter was cloned upstream of the OM64
expression cassette and stable transgenic plants were gen-
erated. Mitochondrial localization in mesophyll and root
cells was checked in T; kanamycin-tolerant lines using
MitoTracker Orange and eGFP encoded in the transgene
(Figure 7b). As expected, the eGFP signal was confirmed
and colocalized with MitoTracker in both leaves and roots.
The presence and purity of mitochondria was then checked
by Western blots performed with 10 pg proteins for both

crude and IMTACT samples (Figure 7c). As for the 35S
lines (Figure 6), the immunoblotting of IDH and GDC-H evi-
denced a strong mitochondrial enrichment in the IMTACT
sample compared with the crude extract. Furthermore,
apart from an extremely minor cytosolic signal, no con-
taminants were observed in the IMTACT samples isolated
from the Golden Gate transgene (Figure 7c).

DISCUSSION

Here, we report an easy and reliable method, called
IMTACT, to isolate highly pure mitochondria in a tissue-
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specific manner. We opted for a translational fusion of
OM®64 containing eGFP and BLRP at its C-terminal end
along with a UBQ10::BirA construct allowing biotinylation
of BLRP (Figure 1a). It is likely that other members of the
outer membrane of mitochondria, such as TOMs, would
have also been suitable for this method; however, as it is
not part of the TOM complex, we estimated that a modifi-
cation of OM64 would be less likely to affect protein
translocation and the Col-0 phenotype. Indeed, no visible
effect on IMTACT transgenic line phenotypes was
observed (Figure 1b), supporting the idea that the OM64—
eGFP-BLRP translational fusion is functional or that a suffi-
cient fraction of endogenous OM®64 proteins, which would
perhaps compete with the biotinylated OM64, is active on
the mitochondrial surface. Furthermore, as functional stud-
ies evidenced that a defect in OM64 caused a minor pheno-
type, by affecting the import of some mitochondrial
proteins (Lister et al., 2007), we are rather confident that
OM®64 is sufficiently functional in our transgenic lines.

As a proof of concept, the OM64 translational fusion
was expressed under the control of the 35S constitutive
promoter, as well as under two tissue-specific promoters:
CAB3 and SUC2 for mesophyll and companion cells,
respectively. Besides the promoter chosen, the sampling
strategy is also important as one can primarily select an
organ and extract a mix of mitochondria from this organ,
i.e. with the use of a ubiquitous promoter such as 35S or
UBQ10; while with an extraction based on a tissue-specific
promoter such as the one from SUC2, one can instead iso-
late organelles from companion cells of only photosyn-
thetic or heterotrophic organs (Figure 2).

Confocal microscopy and immunoblots from IMTACT
samples confirmed the isolation of highly pure, and rela-
tively functional, mitochondria from specific organs or tis-
sues in less than 30 min from grinding to a final pellet of
mitochondria. The first steps, i.e. method (a) from Keech
et al. (2005), appeared useful as it allowed us to remove a
significant fraction of contaminants which could clump
with, and especially within, the beads during the purifica-
tion process. The remaining contaminants were eliminated
by a set of sequential wash steps to make sure that purity
was optimal for subsequent sensitive ‘-omics’ analyses.
That said, the isolation time could still be slightly reduced
by performing shorter centrifugations and fewer wash
steps, depending on the level of purity required.

Both immunoblot analyses (Figure 6e) and cytochrome
¢ oxidase activity (Figure 5b) evidenced a significant mito-
chondrial enrichment in the IMTACT samples compared
with the crude extract. However, while the cytochrome ¢ oxi-
dase activity assays would suggest enrichment of about
four- to five-fold, this number might well be an underesti-
mate due to the mitochondrial protein quantification bias in
the crude extract (see Results). Interestingly, performing
IMTACT with the KPBS buffer (Chen et al., 2016) showed a
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nearly immaculate contamination profile, but it led to a
much lower mitochondrial yield in our hands (Figure 6e).
We also showed that a 1 min incubation (compared with
the 30 min recommended by the manufacturer) was
enough for biotin-streptavidin binding to reach bead satu-
ration (Figure 6b). The mitochondrial protein concentration
was also satisfactory, with 0.8-1.5 ug ul™' of proteins
obtained by means of IMTACT from about 2 g of leaves and
with 50 ul of magnetic beads (at 10 mg ml™") in a final vol-
ume of 100 pl of washing buffer A. For comparison, Keech
et al. (2005) reported that a total of 1.2 mg of mitochondrial
proteins was obtained from 50 g of Arabidopsis leaves with
Percoll gradient purification. However, the comparison
remains complicated as we here show that with subsequent
IMTACT (Figure 6¢) a similar amount of mitochondrial pro-
teins could be obtained from the same original crude
extract, suggesting that the beads quickly become saturated
with mitochondria, indicating that from that 2 g of leaves a
larger number of mitochondria could still be isolated.

The streptavidin-biotin interaction was selected for its
high binding affinity. However, the counterpart of such an
approach is that the bond is very strong. Even though tech-
niques using heat and excess biotin can be employed to
release the binding (Cheah and Yamada, 2017), those
factors would undoubtedly has a deleterious effect on mito-
chondrial integrity. As a result, IMTACT mitochondria are
not directly suitable for respiratory assays using a Clark-
type oxygen electrode since there is the need for homoge-
nization of the sample using magnetic stirring. Nonethe-
less, we measured a moderate coupling of the IMTACT
mitochondria using this electrode without stirring. An
RCR of 1.9 with malate + glutamate as a substrate was
recorded, while mitochondria from the crude extract had an
RCR of 2.6, even without magnetic stirring (Table S1). How-
ever, those results must be viewed with caution as a three-
fold drop in the respiratory rate of mitochondria from the
crude extract was observed between stirred and non-stirred
assays (Table S1). Based on the latency of the cytochrome ¢
oxidase activity, the intactness of IMTACT mitochondria
was estimated at about 75% while it was about 85% for
mitochondria from the crude extract. This decrease was not
surprising, as the IMTACT method does not particularly
select (i.e. enrich) for intact organelles as a conventional
density gradient-based method would. Taken together with
the electron microscopy data, those results clearly indicate
that most IMTACT mitochondria are intact and thus per-
fectly suitable for any ‘-omics’ analysis. However, due to
their binding to the magnetic beads, the functionality of
mitochondria appears to be moderately affected, which
thus does not prompt users to employ this method for func-
tional analyses, at least when using a Clark-type oxygen
electrode.

Finally, the major limitation of our method comes from
the fact that transgenic lines need to be produced, which for
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now may restrict its use to plant model species. In this
work, we separated our two constructs in order to run con-
trols on the potential cross-reaction from either promoter::
OM64-eGFP-BLRP or UBQ10::BirA. Yet, expressed sepa-
rately, none of those constructs provided non-specific bind-
ing of plastids or mitochondria with the streptavidin beads
(Figure 6d). However, as co-transformation represents a
tedious option, we have prepared a set of single constructs
via a Golden Gate-based approach. Here, we have produced
a set of vectors which combine both the UBQ10::BirA and
promoter::OM64-eGFP-BLRP expression cassettes on the
same vector, which means that users only have to trans-
form their plants of choice with one construct (Figure 7a).
The replacement of the ccdb cassette by a UBQ10 promoter
confirmed that this type of vector was functional and per-
fectly suitable for IMTACT (Figure 7b,c). Furthermore, as
mentioned earlier, no phenotypical alterations were
observed in response to the presence of the transgene,
which strongly supports the fact that the endogenous ver-
sion of OM64 is sufficient to maintain mitochondrial and
cellular functions. To facilitate the wide usage of the
IMTACT method, we have included the three main selection
markers used in Arabidopsis, Basta, hygromycin and kana-
mycin, thus allowing the use of IMTACT in combination
with other transgenic plants (e.g. T-DNA insertion lines,
RNA interference-mediated knockdowns or over-expression
lines). With the use of the ccdB negative selection cassette
flanked by Bsal restriction sites upstream of the OM64-
eGFP-BLRP expression cassette, we have made it very sim-
ple for users to select and clone any promoter of interest
into any of the provided vectors - the only limitation is that
any promoter must first be cleared of Bsal restriction sites.
The vectors provided here should allow the isolation of
pure intact mitochondria from any tissue with a known
specific promoter. The simple one-vector set-up should also
allow the transformation of any genotype, and already in
the T, generation the ability to isolate mitochondria, making
it fast and easy to take advantage of the IMTACT method.

In conclusion, we propose a new method for ‘trans-
formable’ plant species that allows the user to rapidly iso-
late highly pure mitochondria from any tissues in any
given genotype provided that a tissue-specific promoter is
used. This provides a very valuable tool for investigating
biological regulation at tissue-specific levels, not only with
regard to mitochondrial metabolism — as such a method
could theoretically be applied to any subcellular compart-
ment — but also notably plastids and peroxisomes.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Arabidopsis thaliana Columbia-0 (Col-0) WT and transgenic line
plants were grown under a short-day photoperiod (SD; light 8 h
at 22°C, dark 16 h at 17°C) at 65% relative humidity and

180 umol m~2 sec ! photosynthetically active radiation (PAR) or a
long-day photoperiod (LD; light 16 h at 22°C, dark 8 h at 17°C) at
65% relative humidity and 150 pmol m™2 sec™' PAR on a soil:ver-
miculite (3:1) mixture.

The LD growth condition was used for propagation of new gen-
erations and in vitro plantlet selection on selective media and the
SD growth condition was used for single- or two-plant IMTACT
assays.

Seeds were systematically sterilized by 70% ethanol for 10 min,
followed by 10 min in 56% ethanol. Once the ethanol was dis-
carded, seeds were air-dried for 1 h and stratified at 4°C in 0.1%
agarose for 3 days.

Plasmid construction and Agrobacterium-mediated
transformation

The OM64.pna (AT5G09420)-eGFP-BLRP synthetic gene flanked
by the attb1 and attb2 Gateway cloning sites was generated in a
pEX-K248 vector (Eurofins Genomics, https://www.eurofinsge
nomics.eu/). The synthetic gene was cloned in the pDONR207
donor vector by BP cloning (ThermoFisher, 11789020; https://
www.thermofisher.com/), incorporated into E. coli DH50 and colo-
nies were selected on Luria-Bertani (LB) medium supplemented
with gentamycin (25 ng ml~"). The insert was transferred in the
pGWB2 vector, pGWB2::SUC2 or pGWBZ2::CAB3 destination vec-
tors by LR cloning (ThermoFisher, 11791100). In SUC2 and CAB3
pGWB2 vectors, the pGWB2 35S promoter was substituted by
SUC2 (AT1G22710, 1465 bp) or CAB3 (AT1G29910, 1537 bp) pro-
moters, respectively, by restriction enzyme cloning (Hindlll/Xbal)
and multiplied in E. coli strain DB3.1 (for primers see Table S2).
Destination vectors were inserted in DH50 and colonies were
selected on LB medium supplemented with kanamycin
(50 ug ml™").

Plasmids were used for Agrobacterium tumefaciens (GV3101,
pMP90, pSOUP) transformation of Col-0 using the floral dip
method (Clough and Bent, 1998). In vitro selections of T4 plantlets
were made on 2MS + 0.1% sucrose media containing kanamycin
(50 ug ml~", T-DNA from pGWB2) or Basta (10 pug ml™", for the
UBQ10::BirA transgene).

Golden Gate constructs were constructed according to the pro-
tocols outlined in PMID:31300661 and PMID:24551083 (Binder
et al., 2014; Chiasson et al., 2019). Firstly, new parts were cloned
into LI vectors by Bpil cut ligation after PCR amplification using
the primers in Table S2, making sure all parts were cleared of
Bbpl, Bsal and Esp3l restriction sites. Subsequently LIl vectors
were assembled with existing parts from PMID:31300661 and
PMID:24551083 and the previously cloned new LI parts using Bsal
cut ligation reactions. To create the final LIl vectors, the two LII
expression cassettes containing the promoter::0M64-eGFP-BLRP
and UBQT10::BirA expression cassettes were combined in a Bpil
cut ligation reaction. In order to create the ccdB negative selection
promoter cassettes the protocol for constructing pre-assembled
vector backbones for targeted insertion of single modules from
PMID:24551083 was utilized.

All plasmids and lines produced for this method are freely avail-
able to the scientific community and will be provided upon
request.

The IMTACT procedure

All steps were performed in a cold room (at 4°C) and on ice with
pre-cooled materials. One or two rosettes (i.e. 1-5 g of leaves)
from SD-grown plants were harvested and transferred to a mortar.
Leaves were cut in 5 ml of grinding buffer (10 mm EDTA, 60 mm
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TES, 10 mm KH,PO,, 0.3 m sucrose, 1 mm glycine, 1%
polyvinylpyrrolidone, 25 mm NayP,0;, 1% BSA, pH adjusted with
KOH to 8.0 and 50 mm sodium ascorbate, plus 20 mm cysteine
added prior to grinding, pH readjusted to 8.0 with KOH); 0.5 g of
quartz sand and 5 ml of grinding buffer were added. Leaves were
then ground with a pestle, taking extra care not to disrupt mito-
chondria in the center of the mortar. The sample was then trans-
ferred onto a 20 um nylon mesh, pre-wetted with 5 ml of grinding
buffer. The mortar was rinsed with 5 ml of grinding buffer and the
nylon mesh was gently squeezed to collect the full volume (20 ml
of grinding buffer used). The homogenate was centrifuged at 4°C
and 2500g for 5 min (Beckman Coulter, Avantis J-20 XP; https://
www.beckmancoulter.com/) to remove most of the intact chloro-
plasts and thylakoid membranes. The supernatant was transferred
in a new tube and centrifuged at 4°C and 15 000g for 15 min. The
pellet was resuspended with 1 ml of wash buffer (2 mm EDTA,
10 mm TES, 10 mm KH,PO,4, 0.3 m sucrose and pH adjusted with
KOH to 7.5) to obtain a crude mitochondrial homogenate, called
crude extract.

While the second centrifugation operated, magnetic beads
(ThermoFisher, Dynabeads MyOne Streptavidin T1, 65601) were
prepared according to the manufacturer’s instructions. Briefly,
beads were vortexed for 30 sec and 50 ul of beads was transferred
in a 2 ml Eppendorf tube. One volume of wash buffer was added,
and beads were separated using a magnet (Miltenyi Biotec, Mini-
MACS Separator; https://www.miltenyibiotec.com/). The super-
natant was discarded and beads were washed three times with
wash buffer. Finally, beads were resuspended in buffer (1:1).

Crude extract was mixed with the magnetic beads and incu-
bated on a rotating wheel for 1-30 min (10 rpm). Then, the beads
were separated using a magnet for 2 min and the supernatant
was discarded. The beads were washed five times using 800, 500,
300, 200 and 100 pl of wash buffer, respectively, and were finally
resuspended in 100 pl of wash buffer for further testing. The same
procedure was performed using the KPBS buffer (136 mm KClI,
10 mm KH,PO,, pH adjusted with KOH to 7.25) described in Chen
et al. (2016). This buffer was used for both grinding and washing
steps.

Microscopy

Confocal imaging. Fluorescence of the OM64-eGFP-BLRP pro-
tein was observed on a confocal microscope (Zeiss, LSM780;
https://www.zeiss.com/microscopy/) and Zeiss Zen software.
Three-week-old roots grown on a 2MS (0.8% agarose) medium or
2- to 4-week-old leaves were vacuum infiltrated with 100 nm of
MitoTracker Orange CMTMRos (ThermoFisher, M7510), diluted in
%AMS, for 5 min and incubated for 15 min in the dark. Signals were
detected according to the following excitation/emission wave-
lengths: eGFP (488 nm/495-535 nm), MitoTracker (561 nm/575—
630 nm) and chloroplast autofluorescence (633 nm/660-720 nm).
Pictures were analyzed using ImageJ software (https://imagej.nih.
gov/ij/); brightness and contrast were adjusted.

Transmission electron microscopy. For TEM, mitochondria
were prepared as described in Baker et al. (1968), with the follow-
ing modifications. Mitochondria were fixed in 2.5% glutaraldehyde
in suspending medium for 2 h. They were then washed three
times for 5 min each with suspending media and post-fixed for
2 hin 1% 0s0Q, in water. Dehydration steps were done in a graded
series of ethanol. Thin sections (70 nm) embedded in Spurr resin
(TAAB Laboratories, https://taab.co.uk/) material were prepared
with a Leica EM FC7 ultramicrotome (Leica Microsystems Inc.,
https://www.leica-microsystems.com/). Sections were stained with
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5% aqueous uranyl acetate for 45 min and then with lead citrate
for 6 min before being examined under the electron microscope
(Talos L120C, ThermoFisher Scientific).

Scanning electron microscopy. For SEM, samples were
fixed, dispersed and sedimented onto glass coverslips, then dehy-
drated in a graded ethanol series, critical point dried and coated
with 2 nm of iridium. The sample morphology was analyzed by
field-emission scanning electron microscopy (FESEM; Carl Zeiss
Merlin) using a secondary electron detector at accelerating voltage
of 2-4 kV and probe current of 100 pA. Elemental distribution was
performed using an energy dispersive X-ray spectrometer (EDS;
Oxford Instruments, X-Max 80 mm? https://www.oxinst.com/) at
an accelerating voltage of 10 kV and probe current of 300 pA.

Mitochondrial respiration measurements

Oxygen consumption was measured with a Clark-type oxygen
electrode (Hansatech, https://www.hansatech-instruments.com/) at
25°C and recorded with a Sekonic SS-250F recorder. Measure-
ments were performed in a final volume of 0.5 ml of mitochondria
containing assay buffer as described in Keech et al. (2005). Briefly,
a mixture of malate (10 mwm) + glutamate (1 mm) was used as a
substrate to stimulate respiration, and 50 nmol ADP was added
when appropriate. Respiration was terminated upon the addition
of potassium cyanine (1 mwm) + propyl gallate 200 um, which also
subsequently allowed us to quantify the oxygen drift of the elec-
trode, The O, concentration in air-saturated water was assumed to
be 250 pm.

Cytochrome ¢ oxidase assays

The integrity of mitochondria was assayed by the latency of the
cytochrome ¢ oxidase activity (Wigge and Gardestrom, 1987). The
assay buffer was made of 0.3 m sucrose, 10 mm K,HPO, (pH 7.0)
and 200 mM KCI. Assay buffer (955 ul) was mixed with 25 pl of
1 mm-reduced cytochrome ¢ and 10 pl of sample (crude extract or
IMTACT samples). Absorbance was measured at 550 nm. Finally,
Triton X-100 was added to a final concentration of 0.02% in order
to disrupt the mitochondria.

The cytochrome ¢ oxidase activity was estimated with an extinc-
tion coefficient of 28 mm min"' mg™' as provided by Sigma-
Aldrich for the cytochrome ¢ from bovine heart (C3131, Sigma-
Aldrich; https://www.sigmaaldrich.com/ ).

The SDS-PAGE immunoblot assay

For immunoblot analysis, Arabidopsis total protein extracts were
prepared using a protein extraction buffer (100 mm TRIS-HCI pH
7.5,50 mm EDTA, 250 mm NaCl, 0.05% SDS). Protein quantification
was done with a Bradford protein assay (Bio-Rad, https:/www.b
io-rad.com/). Crude extracts and bead-bound isolated mitochon-
dria were mixed with Laemmli sampling buffer (Bio-Rad) supple-
mented with 10% B-mercaptoethanol and incubated at 95°C for
10 min before separating the protein mixtures on reducing 10% or
12% polyacrylamide gel.

After migration at 100 V, proteins were transferred for 1 h at
270 mA onto a 0.45 um nitrocellulose membrane. Membranes
were blocked with 5% milk in TBS-T (note: PBS for anti-CAT) for
1 h followed by overnight incubation at 4°C with specific poly-
clonal primary antibodies anti-GDC-H subunits (1/1000; Agrisera
AS05 074; https://www.agrisera.com/), anti-IDH (1/1000; Agrisera
AS06 203A), anti-LHCB1 (1/1000; Agrisera AS01 004), anti-UGPase
(1/1000; Agrisera AS05 086), anti-HIS3 (1/5000; Agrisera AS10 710),
anti-CAT (1/1000; Agrisera AS09 501), anti-SEC12 (1/3000; Zheng
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et al., 2002) or anti-yTIP (1/3000; Rojo et al., 2003) diluted in 2%
milk in TBS-T (or PBS). After 1 h incubation at room temperature
(20-22°C) with goat anti-rabbit or rabbit anti-chicken (for yTIP) sec-
ondary antibodies conjugated to horseradish peroxidase (1/10 000
in 2% milk in TBS-T; Agrisera AS09 602), visualization was carried
out using a chemiluminescence kit (Agrisera ECL Kit Bright, AS16
ECL-N-100) and signals were detected using an Azure c¢600 Wes-
tern Blot Imaging System (Azure Biosystems, https://www.azureb
iosystems.com/). Exposure time ranged between 1 and 5 min.
Ponceau S staining (0.2% Ponceau S, 3% trichloroacetic acid) or
Coomassie blue staining of total proteins were systematically per-
formed.
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