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Complex I-complex II ratio strongly differs in various organs
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Abstract In most studies, amounts of protein complexes
of the oxidative phosphorylation (OXPHOS) system in
different organs or tissues are quantified on the basis of
isolated mitochondrial fractions. However, yield of mito-
chondrial isolations might differ with respect to tissue type
due to varying efficiencies of cell disruption during orga-
nelle isolation procedures or due to tissue-specific proper-
ties of organelles. Here we report an immunological
investigation on the ratio of the OXPHOS complexes in
different tissues of Arabidopsis thaliana which is based on
total protein fractions isolated from five Arabidopsis organs
(leaves, stems, flowers, roots and seeds) and from callus.
Antibodies were generated against one surface exposed
subunit of each of the five OXPHOS complexes and used
for systematic immunoblotting experiments. Amounts of
all complexes are highest in flowers (likewise with respect
to organ fresh weight or total protein content of the flower
fraction). Relative amounts of protein complexes in all
other fractions were determined with respect to their
amounts in flowers. Our investigation reveals high relative
amounts of complex I in green organs (leaves and stems)
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but much lower amounts in non-green organs (roots, callus
tissue). In contrast, complex II only is represented by
low relative amounts in green organs but by significantly
higher amounts in non-green organs, especially in seeds.
In fact, the complex I-complex II ratio differs by factor 37
between callus and leaf, indicating drastic differences in
electron entry into the respiratory chain in these two frac-
tions. Variation in amounts concerning complexes III, IV
and V was less pronounced in different Arabidopsis tissues
(quantification of complex V in leaves was not meaningful
due to a cross-reaction of the antibody with the chloroplast
form of this enzyme). Analyses were complemented by in
gel activity measurements for the protein complexes of the
OXPHOS system and comparative 2D blue native/SDS
PAGE analyses using isolated mitochondria. We suggest
that complex I has an especially important role in the
context of photosynthesis which might be due to its indirect
involvement in photorespiration and its numerous enzy-
matic side activities in plants.
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Introduction

Mitochondria represent an important site for ATP pro-
duction in most eukaryotic cells. Generation of ATP is
carried out by the oxidative phosphorylation (OXPHOS)
system, which consists of five multi-protein complexes
(complex I-V) in the inner mitochondrial membrane as
well as cytochrome c and ubiquinone (Hatefi 1985).
Complexes I to IV form part of the electron transport chain
(ETC) also termed respiratory chain. This chain catalyzes
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NADH oxidation by reduction of oxygen to water. The
transport of electrons by complex I, III and IV is coupled to
the translocation of protons from the matrix to the inter-
membrane space. The resulting proton gradient is used
by the ATP-synthase (complex V) to produce ATP. The
OXPHOS system in plants differs from the one in most
mammals because some of its respiratory chain complexes
have several extra protein subunits which introduce addi-
tional functions into these complexes (Millar et al. 2011).
For example, complex I from plants includes more than 10
extra subunits (Klodmann and Braun 2011; Klodmann
et al. 2010). Some of these proteins resemble known
enzymes like gamma-type carbonic anhydrases (y-CA) or
L-galactone-1,4-lactone dehydrogenase (GLDH).

Furthermore, the plant OXPHOS system is especially
multifaceted because it involves additional ‘alternative’
oxidoreductases. As a consequence, respiratory electron
transport is highly branched in plants. Enzymes catalyzing
these alternative pathways are type Il NAD(P)H dehydro-
genases and the alternative oxidase (AOX). Former ones
can bypass complex I, whereas AOX bypasses complex III
and IV (Rasmusson et al. 2008). The transport of electrons
via these alternative pathways is not coupled with proton
translocation across the inner mitochondrial membrane and
therefore not directly involved in respiratory ATP pro-
duction. The activity of the alternative electron pathway
enzymes therefore results in a lower ATP production of the
respiratory system and thus leads to a decrease of respi-
ratory energy conservation (Rasmusson and Wallstrom
2010). This especially is important under high light con-
ditions due to excess formation of reduction equivalents
within chloroplasts (by photosynthesis) and mitochondria
(by glycine to serine conversion in the context of photo-
respiration) (Rasmusson et al. 2008). In fact, expression of
the genes encoding AOX and alternative NAD(P)H dehy-
drogenases is light regulated (Rasmusson and Escobar
2007). Thus, the alternative respiratory pathways are con-
sidered to be the basis for an overflow protection mecha-
nism for the OXPHOS system which prevents production
of reactive oxygen species (ROS) due to over-reduction of
the ETC in the light. Besides the alternative oxidoreduc-
tases also complex I is important with respect to ROS
defence because mutations within complex I subunits
affect the redox balance of the entire plant cell (Dutilleul
et al. 2003a, b).

Despite all information on components of the OXPHOS
system, little so far is known about the abundance and
stoichiometry of the five OXPHOS complexes in plants. In
contrast, several investigations on this subject were carried
out for the respiratory chain complexes in mammals. It was
shown that a number of genetic disorders result in defects
in mitochondrial electron transfer (e.g. Alzheimer’s and
Parkinson’s Diseases). Knowing the accurate stoichiometry
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of the OXPHOS complexes is necessary to develop struc-
tural models and to more extensively understand the
relation of structure and function with respect to the
mitochondrial OXPHOS system. Using various methods,
several insights were obtained into the stoichiometry of the
OXPHOS complexes in Bos taurus (Hatefi 1985; Capaldi
et al. 1988; Schigger and Pfeiffer 2001). Recently, dif-
ferent ratios for OXPHOS complexes were reported for
various human tissues related to mutations within a mito-
chondrial elongation factor (Antonicka et al. 2006).

Here we report an investigation on the ratio of OXPHOS
complexes in plants. To achieve reliable results, experi-
ments were not carried out on the basis of isolated mito-
chondria but on the level of total protein fractions which
were isolated from five different organs of Arabidopsis and
from callus. A new set of antibodies was generated for
immunological detection and quantification of the five
OXPHOS complexes in plants. This study reports drastic
differences in the ratio of OXPHOS complexes in different
organs, especially with respect to complex I, which seems
to be of special importance for photosynthesis.

Materials and Methods
Material

Organs were harvested from 7 weeks old Arabidopsis
thaliana plants, sub-variety Columbia (Col-0). Plants were
grown on soil under long day conditions (16 h light, 8 h
dark) at 22 °C during the day and 20 °C at night. Flowers
and seeds were collected from several plants cultivated
under identical conditions. For the analyses of the leaves
the whole rosette was harvested. Roots of the plants were
cut off and leftovers of soil were washed out. Callus cul-
tures of Arabidopsis thaliana (Col-0) were established as
described by May and Leaver (1993). Callus was main-
tained as suspension culture as outlined previously (Sun-
derhaus et al. 2006).

Phenolic extraction of proteins

Extraction of proteins from different organs of Arabidopsis
thaliana was performed following the protocol of Hurkman
and Tanaka (1986) modified by Colditz et al. (2004). Dried
protein pellets were resuspended in 1x ‘Sample buffer tri-
cine’ (10 % (w/v) SDS, 30 % (v/v) glycerol, 100 mM Tris,
4 % (v/v) p-mercaptoethanol, 0.006 % (w/v) bromophenol
blue, pH 6.8) for Tricine-SDS-PAGE (Schigger and von
Jagow 1987). Samples were either directly loaded onto a
SDS-gel or stored at —80 °C. Protein concentration of the
fractions was determined by the use of the Bradford protein
assay (Bradford 1976).
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Native extraction of membrane proteins

Fresh plant material (5 g) was ground with a mortar on ice
in 5 ml cold ‘grinding buffer’ (0.3 M mannitol, 50 mM
Tris—HCI, 1 mM EDTA, 0.2 mM PMSF, pH 7.4) plus sea
sand. Homogenate was filtered by the use of a gaze.
Afterwards, samples were centrifuged for 1 min at
70xg at 4 °C. Supernatants were transferred into new
2 ml-Eppendorf tubes and centrifuged again for 20 min at
18,300 g at 4 °C. Pellets were resuspended in 500 pl ‘BN-
solubilization buffer’ (30 mM HEPES, 150 mM potassium
acetate, 10 % (v/v) glycerol, pH 7.4) plus 5 % (w/v) dig-
itonin), followed by a 20 min incubation step on ice.
Samples were centrifuged for 10 min at 18,300x g at 4 °C.
Supernatants were transferred into new Eppendorf tubes
and stored at —80 °C or directly loaded onto a blue native
gel (see below).

Isolation of mitochondria

Mitochondria from callus cultures were isolated as
described by Werhahn et al. (2001). Isolation of mito-
chondria from green leaves was performed according to the
protocol of Keech et al. (2005).

Gel electrophoresis procedures

One-dimensional blue native PAGE (1D BN-PAGE) and
two-dimensional blue native/SDS PAGE (2D BN/SDS-
PAGE) were performed according to Wittig et al. (2006).
One-dimensional Tricine-SDS-PAGE was carried out as
described by Schigger and von Jagow (1987). Solubiliza-
tion of mitochondrial protein was performed using digito-
nin at a concentration of 5 g/g mitochondrial protein
(Eubel et al. 2003).

Western blotting

Proteins separated on polyacrylamide gels were blotted
onto nitrocellulose membranes for antibody staining using
the Trans Blot Cell from BioRad (Munich, Germany).
Blotting was carried out as described by Kruft et al. (2001).
Immuno-histochemical stains were performed by using the
VectaStain ABC Kit (Vector Laboratories, Burlingame,
CA, USA) according to manufacturer’s instructions.

For quantitative Western blotting experiments proteins
were separated by SDS-PAGE using precast gels (Mini-
Protean TGX'™ 10 % Tris-HCI, Bio-Rad, Munich,
Germany). After separation, proteins were transferred on a
nitrocellulose membrane using a liquid electroblotting
apparatus (Mini-Protean Tetra Cell, Bio-Rad, Munich,
Germany). The membrane was afterwards blocked in
TTBS buffer (20 mM Tris—HCI pH 7.5, 50 mM NaCl,

0.05 % Tween 20) with 1 % BSA, and then incubated
overnight in TTBS with an antibody directed against the
51-kDa subunit (complex I), the SDH 1-1 subunit (complex
I), the alpha subunit of the mitochondrial processing
peptidase (alpha MPP; complex III), the COX2 subunit
(complex IV) or the beta subunit of complex V. After
washing with TTBS, the membrane was incubated with a
secondary monoclonal antibody directed against rabbit
immunoglobulins. This secondary antibody is coupled to
horseradish peroxidase (HRP) (Goat anti-Rabbit IgG HRP
conjugate, Millipore, Billerica, MA, USA). HRP finally
converts the ‘Lumi-Light™Y% Western Blotting Substrate’
(Roche, Mannheim, Germany) into a fluorescence-emitting
form. Light signals were recorded with the Lumi-Imager
(Roche, Mannheim, Germany). Quantification of proteins
was carried out using the AIDA Image Analyser Software
(Raytest Isotopenmessgerite GmbH, Straubenhardt,
Germany).

Production of antibodies

Antibodies directed against the 51-kDa subunit (complex
I), the SDH 1-1 subunit (complex II), the alpha subunit
MPP subunit (complex III), the COX2 subunit (complex
IV) and the beta subunit of complex V were produced as
polyclonal peptide specific antibodies by Eurogentec
(Seraing, Belgium) (for details see online resource 1). The
antibody against the 51-kDa subunit (complex I) was
additionally produced as polyclonal anti-protein antibody
by Eurogentec (Seraing, Belgium). For this approach, the
51-kDa subunit was over-expressed in E. coli, purified
from inclusion bodies and separated by 1D Tricine-SDS-
PAGE.

Gel staining procedures

Polyacrylamide gels were stained with Coomassie Brilliant
Blue G250 (Neuhoff et al. 1988, 1990). In gel enzyme
activity stains for mitochondrial respiratory chain com-
plexes I, IT and IV were carried out as described in Zerbetto
et al. (1997) and Jung et al. (2000).

Results

Specificity of the IgGs directed against the OXPHOS
complexes from Arabidopsis

This work aims to determine the ratio of the five
OXPHOS complexes in different organs of Arabidopsis
thaliana. An immunological approach was chosen for this
purpose. In a first step, a new set of antibodies was
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generated. In order to produce antibodies with broad
application spectra, surface exposed subunits were selec-
ted as targets for each complex (online resource 2). This
ensures their use under native and non-native (denaturing)
conditions. For the immunization of rabbits, two surface
exposed peptides of one subunit of each OXPHOS com-
plex were selected. In the case of complex I, the over-
expressed S51-kDa subunit was additionally used for
immunization because the anti-peptide IgGs proved to
have low quality (data not shown).

Immunoblotting experiments were carried out to test the
specificity of the generated antibodies. For this approach,
total protein of an Arabidopsis callus culture was isolated
by phenol extraction and resolved by 1D SDS-PAGE.
Immunoblotting experiments revealed signals at the
expected molecular mass (Fig. 1). Furthermore, all IgGs
also specifically reacted with the target OXPHOS com-
plexes resolved by native gel electrophoresis (online
resource 3).
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Fig. 1 Antibody specificity. Total protein (extracted from 5 mg FW)
of an Arabidopsis thaliana Col-0 callus culture was separated by
SDS-PAGE and blotted onto nitrocellulose. Each Blot was incubated
with an IgG (dil. 1:1000) directed against one subunit of one of the
five OXPHOS complexes. Detection of immune signals was carried
out by immuno-histochemical staining. The molecular masses of
standard proteins (High-range Molecular Weight Rainbow Marker,
GE Healthcare, Munich, Germany) are given on the left (in kDa), the
target proteins of the antibodies and their molecular masses (without
presequences) are given at the bottom of the blots (I, complex I; II,
complex II; III, complex III, IV, complex IV; V, complex V). Red
arrows indicate the expected immune signals
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Quantification of OXPHOS complexes in different
tissues of Arabidopsis

After specificity had been verified for all IgGs, quantifi-
cation of OXPHOS complexes was carried out by immu-
noblotting analyses. For this investigation, total protein
fractions were isolated by phenol extraction from five
Arabidopsis organs (leaves, stems, roots, flowers and
seeds) and from callus. Gels were loaded with protein
equivalent corresponding to an identical amount of fresh
weight (FW). In a pre-experiment, isolated protein frac-
tions were evaluated by 1D SDS-PAGE and Coomassie-
staining (Fig. 2). As expected, the protein concentration
varies depending on the analysed fraction. Protein con-
centration is highest in seeds and flowers. The seed storage
proteins are visible in the seed fraction (2040 kDa range)
and the large subunit of RubisCO in the above 50 kDa
range in the photosynthetically active fractions (leaves,
stems and flowers).

Next, protein fractions from all organs were resolved by
1D SDS-PAGE and evaluated by immunoblotting. Again,
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Fig. 2 Separation of total protein of different Arabidopsis organs.
Total protein (extracted from 5 mg FW) of different tissues of
Arabidopsis thaliana Col-0 was separated by SDS-PAGE and stained
with Coomassie colloidal. The molecular masses of standard proteins
(High-range Molecular Weight Rainbow Marker, GE Healthcare,
Munich, Germany) are given on the left (in kDa), the different tissues
are indicated above the gel
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defined protein amounts were loaded with respect to fresh
weight of the plant material. Furthermore, defined dilutions
were resolved for all fractions. Starting point of dilutions
depended on the protein concentration of the tissue. Nor-
mally, dilution series started with a total protein extract
equivalent to 0.6 mg fresh weight. At least three technical
replicates were performed for each sample and each com-
plex. One representative set of Western blots for each
complex and each organ is shown in Fig. 3. The antibody
directed against the COX2 subunit of complex IV cross
reacts with storage proteins in the seed fraction. In this
case, quantification was difficult but not impossible (online
resource 5).

Results of all sets of Western blots were integrated to
calculate relative quantities of the OXPHOS complexes in
the different protein fractions. Quantification was based on
chemiluminescence detection with subsequent evaluation
by a software tool. Since signals for all OXPHOS com-
plexes were highest in flowers, their amounts in this frac-
tion were defined to be 100 %. Note: No statements on
absolute quantities of OXPHOS complexes in Arabidopsis
were obtained during this study because the intensity of the
immune signals of the different antibodies most likely
differs (the antibodies probably have differing specificities
with respect to their target proteins).

A quantitative evaluation of the immune signals is
shown in Fig. 4. Results either refer to fresh weight of the
analysed tissue (Fig. 4a, b) or to total protein amount
(online resource 6, part ¢ and d). All complexes are present
in highest amounts in flowers. However, decrease in
amount with respect to flowers varies substantially for the

individual complexes. Besides in flowers, abundance of
complex I is especially high in leaves and very low in
callus as well as root fractions. The opposite is true for
complex II: It is relatively abundant in callus and seeds but
of very low abundance in leaves. Complex V also is highly
abundant in leaves. However, this result turned out not to
be meaningful because the IgG directed against the beta
subunit of the mitochondrial ATP-synthase complex cross-
reacts with the beta subunit of the chloroplast ATP-syn-
thase (online resource 4). Although plastidic ATP-synthase
also is present in none green tissue (Green and Hollings-
worth 1994), previous investigations indicate that expres-
sion of ATP synthase genes is regulated by light (Bolle
et al. 1996). Our data for tissue other than leaves therefore
are assumed to mainly reflect ATP-synthase of mitochon-
dria. However, results for ATP synthase have to be taken
with caution. Variation in abundance for complexes III and
IV is less severe within the investigated fractions.

Activity of OXPHOS complexes from different
Arabidopsis organs

In order to investigate the activity of the OXPHOS com-
plexes in various organs of Arabidopsis, total protein
fractions were isolated under native conditions and
resolved by one-dimensional blue native PAGE (Fig. 5).
Dimensions of the fractions were defined based on identi-
cal amounts of fresh weight for each tissue. Activity of
OXPHOS complexes subsequently was visualized by in gel
activity stains. As a control, isolated mitochondria from
Arabidopsis thaliana callus were resolved on the same gels
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Fig. 3 Western blot analysis for quantification of OXPHOS com-
plexes. Total protein from six different tissues of Arabidopsis
thaliana Col-0 (extracted from 0.6 mg FW, respectively) was
separated by 1D SDS-PAGE and subsequently transferred onto
nitrocellulose membrane. Blots were incubated with specific IgGs
directed against one subunit of each OXPHOS complex. The
following dilutions of the extracted protein fractions were loaded
onto the gel: leaf: 1/1, 1/2, 1/4, 1/8; flower: 1/2, 1/4, 1/8, 1/16, 1/32;
root: 1/1, 1/2, 1/4, 1/8, 1/16; stem: 1/1, 1/2, 1/4, 1/8; callus: 1/2, 1/4,
1/8, 1/16, 1/32; seed: 1/2, 1/4, 1/8, 1/16, 1/32. Immune signals were

detected by chemiluminescence with subsequent quantification. The
identities of the OXPHOS complexes recognized by the five IgGs are
given on the /eft, the identities of the analyzed protein fractions at the
bottom of the blots. In case more than one immune signal is visible on
the blots, the signal representing the targeted subunit is indicated by a
red arrowhead. The very strong signal close to complex IV in seeds in
some cases was visible on our blots and is due to a cross reaction of
the COX2 antibody with one of the seed storage proteins (see also
online resources 5)
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Fig. 4 Quantification of OXPHOS complexes in different tissues of
Arabidopsis thaliana. Data are based on immune signals obtained by
Western blotting (Fig. 3) with subsequent quantification of signals.
Results refer to three replicates for each tissue and each complex.
Since all five OXPHOS complexes were most abundant in flowers,
this tissue was set as a standard (100 %). a Relative amounts of
OXPHOS complex per FW (y-axis), analyzed tissue (x-axis).

(Fig. 5, left lane on each gel). As expected, signals in the
mitochondrial fractions were extremely strong due to
enrichment of the OXPHOS complexes. In contrast, signals
for the OXPHOS complexes were much weaker in the total
protein fractions of tissues due their relative low abun-
dance. Furthermore, extraction of total proteins from seeds
proved to be difficult. Besides these limitations the fol-
lowing results were obtained:

Three bands are detectable by the activity stain for
complex I (Fig. 5b). The two bands in the upper part of the
gel represent complex I and the I + III, supercomplex.
Complex I activity is detectable in all Arabidopsis organs
but highest in flowers. Activity in leaves is detectable
but seems not to be higher than in the other fractions.
This indicates that increased amount of complex I in leaves
not necessarily causes an increase in complex I activity.
Interestingly, the I + III, supercomplex is of low abun-
dance in flowers. Recently, dissociation of complex I from
the supercomplex was shown to occur under hypoxic
conditions as well under low pH and was interpreted to
represent a regulatory mechanism which leads to increased
alternative respiration (Ramirez-Aguilar et al. 2011). Since
flowers normally do not suffer from hypoxic conditions
low amounts of I 4 III, supercomplex rather reflect a
different regulatory mechanism which might be related to
protecting the respiratory chain from over reduction during
phases of high OXPHOS activity typically occurring dur-
ing flower development.
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Identities of the complexes are given above the graph and by colors
(complex I: dark-blue, complex II: middle-blue, complex III: light-
blue, complex IV: very-light-blue, complex V: turquoise). b Same as
a, but data sorted according to tissues. The color code for the five
complexes is the same as in part a. ¢ and d (see online resource 6):
Same as a and b but quantification of OXPHOS complexes is related
to total protein amount of the fractions

The signal in the low molecular mass range of the gel
reveals activity either of an alternative NADH-dehydro-
genase or other enzymes with NADH acceptor activity, e.g.
dihydrolipoamide dehydrogenase. It is also possible that
this activity derives from extra-mitochondrial enzymes
since activity assays are based on total protein fractions of
the individual organs.

Complex II activity assay reveals two bands in the
mitochondrial control fraction (Fig. 5¢). The upper band
represents the known 8-subunit version of complex II
described before for higher plants (Eubel et al. 2003;
Millar et al. 2004). The band in the lower part of the gel
is a smaller form of complex II which only contains 4
subunits (Huang et al. 2010). Highest complex II activity
was found in callus followed by the flower fraction.
Activity in all other fractions was at the limit of
detection.

Complex IV activity, apart from the control, is highest in
the callus and flower fractions (Fig. 5d). Some high
molecular mass complexes also are visible on the gels
which represent complex IV containing respiratory super-
complexes described before (Eubel et al. 2004; Welchen
et al. 2011).

We conclude that in gel activity of the three investigated
OXPHOS complexes correlates with their relative amounts
determined by immunoblotting. However, there are exceptions
which most likely indicate the presence of unknown post-
translational regulation mechanisms.
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Fig. 5 In-gel activity of the OXPHOS complexes I, II and IV. Total
membrane protein from different tissues of Arabidopsis thaliana Col-
0 was extracted under native conditions (starting material: 285 mg
FW, respectively) and separated by 1D BN-PAGE. Isolated mito-
chondria from an Arabidopsis thaliana Col-0 callus culture were
taken as control (0.5 mg). Identities of resolved OXPHOS complexes
are given on the left of the gels: I, complex I; V, complex V; IIl,,

Abundance of OXPHOS complexes from mitochondria
isolated from different Arabidopsis organs

Quantification of OXPHOS complexes was performed on
the basis of total protein fractions and not on isolated mito-
chondria in order to avoid misinterpretations due to varying
properties of mitochondria in the analysed tissues (e.g.
variable densities which might result in differential isolation
efficiencies). However, in a final experiment, quantity of
OXPHOS complexes was compared by 2D BN/SDS-PAGE
in two mitochondrial fractions isolated from (1) callus cul-
tures and (2) green leaves of Arabidopsis plants (Fig. 6).
Although quantity of the resolved protein complexes were
not evaluated by software tools, higher complex I abundance
in the mitochondria from leaves is very obvious. In contrast,
complex II abundance in callus seems not to be increased
with respect to leaves as found by analyses using total pro-
tein fractions. This result possibly indicates differential loss
of mitochondrial sub-fractions, which may vary with respect
to content of individual OXPHOS complexes, during the
mitochondrial isolation procedures.

Correlation between protein abundance and gene
expression

Does protein amount in different Arabidopsis tissues cor-
relate with expression of the corresponding genes? To
answer this question, the protein abundance data shown in

dimeric complex III; Fy, F; part of complex V; IV, complex IV; II,
complex II; I+ III,, supercomplex composed of complex I and
dimeric complex III. Tissues are indicated above the gels.
a Coomassie colloidal stain, b complex I activity stain, ¢ complex
II activity stain, d complex IV activity stain. Red arrows indicate
activity signals

Fig. 4 were compared to expression data downloaded from
the Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgi). In case isogenes are present for a
subunit, mean values for expression were calculated for the
analysis. The COX2 subunit was not included into the
investigation because its transcription is not precisely
known (COX2 is encoded by the mitochondrial genome).
Expression data for the beta-subunit of the mitochondrial
ATP-synthase are also not shown because comparability of
the two datasets is complicated due to the cross reaction of
the IgG (online resource 4). Since protein abundance in
flowers was set as a standard, no conclusions can be drawn
for this organ. The protein-transcript comparison reveals a
striking correlation for the complex II subunit SDHI
(Fig. 7). In contrast, correlation for the other subunits is
low. We conclude that gene expression data not necessarily
reflect abundance of proteins, which again indicates further
levels of regulation during protein biosynthesis besides
regulation of transcription. Similar results recently were
found by a study comparing the proteomes of isolated
mitochondria from different Arabidopsis organs with cor-
responding transcriptomic data (Lee et al. 2008, 2011).

Discussion

This study aims to investigate the ratio of OXPHOS
complexes in various organs of Arabidopsis thaliana.
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Fig. 6 Quantitative comparison of OXPHOS complexes in isolated
mitochondria from callus culture and green leaves. Total mitochon-
drial membrane protein (0.5 mg) from an Arabidopsis thaliana Col-0
callus culture (a) and Arabidopsis thaliana Col-0 green leaves
(b) was separated by 2D BN/SDS-PAGE and stained with Coomassie
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Fig. 7 Correlation of protein amount and expression of correspond-
ing genes in different tissues of Arabidopsis thaliana. Relative
amounts of four subunits of three different OXPHOS complexes per
fresh weight were taken from Fig. 4a. Corresponding gene expression
data were downloaded from the Arabidopsis eFP Browser (http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi). Expression data are given on the
left (black bars), protein quantification data on the right (gray bars).
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colloidal. Identities of resolved protein complexes and supercom-
plexes are given above the gel (for nomenclature see Fig. 5). The
molecular masses of standard proteins (in kDa) are given on the left of
the gel
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For better comparability, expression data also are given as relative
amounts of transcripts with respect to amounts in flowers. Identities of
tissues are given below the bars, identities of the analyzed OXPHOS
subunits on the left. Data for complex IV are not shown because
expression of the gene encoding the COX2 subunit is not available
from the database (COX2 is encoded on the mitochondrial genome)
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Fig. 8 Complex I-complex II a
ratios in different tissues of 100
Arabidopsis thaliana Col-0.
Data represent a subset of
results presented in Fig. 4.

a Relative amounts of complex I
and II (reference: amounts in
flowers) per total protein of the
fraction. The analyzed tissues
are given below the graphs.

b Same as a, but data sorted by
tissues. ¢ Complex I-complex II
ratio in numbers

complex |

complex Il b

W Complex |

m Complex Il

o Q@\ég&}e&‘ 06:) ‘b\\ozaeb o .;?’1 ??“\c‘,\"“((: oé'::g\": e.“b flower leaf stem oot callus seed
Cc
complex | (51 kDa-subunit) | complex Il (SDH 1-1) | ratiocomplex| /Il
flower 100,00 100,00 1,0
leaf 67,64 18,16 3.7
stem 37,07 16,89 22
root 15,93 51,19 0,3
callus 5,66 40,10 0,1
seed 12,24 19,56 0,6

Three different lines of evidence indicate drastic changes in
complex I-complex II ratio: (1) quantitative immunoblot-
ting using total protein fractions (2) in gel activity stains
using total protein fractions and (3) analyses by 2D BN/
SDS-PAGE using isolated mitochondria. Since highest
amounts for all OXPHOS complexes were detected in
flowers, their quantity within this fraction was set to be
100 %. Complex I is especially abundant in green organs
(leaves and stems) and shows a decrease in abundance in
non-green fractions (roots and callus). In contrast, complex
II is relatively abundant in callus and seeds but displays
low amounts in leaves and stems. Figure 8§ summarizes
the differences in abundances of complexes I and II as
obtained by quantitative immunoblotting. Also, abun-
dances of complexes III and IV vary in different organs but
variation is less extreme (Fig. 4). The complex [-complex
II ratio is of special interest because these two complexes
represent the main entrance points of electrons into the
mitochondrial electron transport chain. However, electrons
also enter the respiratory chain via the alternative oxido-
reductases in plants. Dynamic changes in abundances of
these enzymes were not part of the current investigation but
are known to occur, e.g. due to light-regulated expression
of their genes (Rasmusson et al. 2008).

The ratio of mitochondrial OXPHOS complexes
extensively was analysed for other groups of organisms,

especially in mammals (Hatefi 1985; Capaldi et al. 1988;
Schégger and Pfeiffer 2001; Antonicka et al. 2006; Benard
et al. 2006). Initial investigations based on spectrophoto-
metric quantification of prosthetic groups of the OXPHOS
complexes revealed ratios for the complexes I, II, III, IV
and V in the range of 1:2:3:6-7:3-5 in beef (Hatefi 1985).
In a careful investigation, which employed spectrophoto-
metric and electrophoretic-densitometric methods, Schig-
ger and Pfeiffer (2001) basically confirmed these data and
presented even more precise values on the ratios of the
OXPHOS complexes in beef, which are 1.1:2.1:3:6.7:3.5.
Benard et al. (2006) investigated the ratio of OXPHOS
complexes in different rat tissues using various biochemi-
cal methods like immunological techniques as well as
spectrophotometry. Ratios for complexes II, IIl and IV
were found to be 1-1.5:3:6.5-7.5, which are consistent
with the previous values published for beef. Using quan-
titative immunoblotting, strong differences with respect to
the ratio of OXPHOS complexes were reported for human
mitochondria from various tissues (Antonicka et al. 2006).
All complexes are highly abundant in muscle and heart,
whereas complexes I, III, IV and V only show low abun-
dance in liver and fibroblasts. The amount of complex II is
almost the same for all tissues.

In contrast, little is known about the ratio of OXPHOS
complexes in plants. Using analyses by 1D or 2D PAGE,
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mitochondrial proteins of different organs were studied in
spinach, sugar beet, maize, pea, potato, wheat and Ara-
bidopsis (Sahlstrom and Ericson 1984, Newton and Walbot
1985, Remy et al. 1987, Lind et al. 1991, Rios et al. 1991,
Colas des Francs-Small et al. 1992, Jinsch et al. 1996,
Bardel et al. 2002, Lee et al. 2008, 2011). Results are based
on investigations using isolated organelles. In potato,
abundances of complexes I, III, IV and V were estimated to
be in a similar range (Jinsch et al. 1996). However, in the
latter study only mitochondria from potato tubers were
analysed.

Our current investigation, which is based on total pro-
tein fractions, reveals strong differences in the ratio of the
protein complexes of the OXPHOS system in different
organs of the model plant Arabidopsis. Although no data
on the absolute ratios of the complexes were obtained (the
antibodies used for this study most likely differ in speci-
ficity), relative differences are very clear, especially with
respect to complexes I and II. Most strikingly, complex I is
of high relative abundance in photosynthetically active
organs (leaves, stems, flowers). It so far only was known
that the alternative NAD(P)H dehydrogenases are up-reg-
ulated in the light. In contrast to complex I, complex II
amounts are especially high in callus, indicating an
important function of this complex in this tissue type. Very
recently, Gleason et al. (2011) reported that complex II
contributes to localized ROS production in mitochondria
and thereby regulates the plant stress and defence response
(which should be of special relevance in callus).

Why complex I is especially important in the context of
photosynthesis? There possibly are several reasons. The
main function of complex I, re-oxidation of NADH in the
mitochondrial matrix, is particularly essential in the light
because additional NADH is formed by glycine to serine
conversion during photorespiration. Indeed, NADH formed
by photorespiration is the main substrate of the respiratory
chain under high light, and not the NADH formed by the
citric acid cycle like in mammalian systems (Tcherkez
et al. 2008). Previous investigations on complex I mutants
already revealed the importance of mitochondrial complex
I for maintenance of the redox balance in leaves (Dutilleul
et al. 2003a, b).

In addition, complex I of plant mitochondria is known to
include side functions. Most notably, it includes five sub-
units very much resembling bacterial gamma-type carbonic
anhydrases (reviewed in Braun and Zabaleta 2007; Klod-
mann and Braun 2011). It was suggested that these
enzymes form part of a pathway to recycle photorespira-
tory CO, for photosynthesis (Braun and Zabaleta 2007,
Zabaleta et al. 2012). This side function of complex I,
although not experimentally proven, could well explain the
special importance of complex I during photosynthesis.
Finally, r-galactone-1,4-lactone dehydrogense (GLDH),

@ Springer

which catalyses the terminal step of ascorbate biosynthesis
in plants, is associated with mitochondrial complex I.
Ascorbate especially is needed in the chloroplast during
photosynthesis for photoprotection (Apel and Hirt 2004).
However, it so far was not shown that GLDH forms part of
the fully assembled complex I in plants, but rather of its
assembly intermediates (Millar et al. 2003; Pineau et al.
2008; Schertl et al. 2012). Therefore, the importance of
complex I for ascorbate biosynthesis so far remains elusive.
Further investigations will be necessary to fully understand
the special importance of complex I in the context of
photosynthesis.
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