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A project to systematically investigate respiratory supercomplexes in plant mitochondria was initiated. Mitochondrial
fractions from Arabidopsis, potato (Solanum tuberosum), bean (Phaseolus vulgaris), and barley (Hordeum vulgare) were
carefully treated with various concentrations of the nonionic detergents dodecylmaltoside, Triton X-100, or digitonin, and
proteins were subsequently separated by (a) Blue-native polyacrylamide gel electrophoresis (PAGE), (b) two-dimensional
Blue-native/sodium dodecyl sulfate-PAGE, and (c) two-dimensional Blue-native/Blue-native PAGE. Three high molecular
mass complexes of 1,100, 1,500, and 3,000 kD are visible on one-dimensional Blue native gels, which were identified by
separations on second gel dimensions and protein analyses by mass spectrometry. The 1,100-kD complex represents dimeric
ATP synthase and is only stable under very low concentrations of detergents. In contrast, the 1,500-kD complex is stable at
medium and even high concentrations of detergents and includes the complexes I and IIL,. Depending on the investigated
organism, 50% to 90% of complex I forms part of this supercomplex if solubilized with digitonin. The 3,000-kD complex,
which also includes the complexes I and 111, is of low abundance and most likely has a IILI, structure. The complexes IV,
II, and the alternative oxidase were not part of supercomplexes under all conditions applied. Digitonin proved to be the ideal
detergent for supercomplex stabilization and also allows optimal visualization of the complexes II and IV on Blue-native
gels. Complex II unexpectedly was found to be composed of seven subunits, and complex IV is present in two different
forms on the Blue-native gels, the larger of which comprises additional subunits including a 32-kD protein resembling COX
VIb from other organisms. We speculate that supercomplex formation between the complexes I and III limits access of
alternative oxidase to its substrate ubiquinol and possibly regulates alternative respiration. The data of this investigation are

available at http://www.gartenbau.uni-hannover.de/genetik /braun/ AMPP.

Structural basis for oxidative phosphorylation in
mitochondria are five protein complexes termed
NADH dehydrogenase (complex I), succinat dehy-
drogenase (complex II), cytochrome c reductase
(complex III, which is a functional dimer), cyto-
chrome c oxidase (complex 1V), and ATP synthase
(complex V). They were first characterized about 40
years ago by solubilizations of mitochondrial mem-
brane proteins using detergents and differential pre-
cipitations or chromatographic separations. Accord-
ing to the popular “liquid state” model, the protein
complexes of the respiratory chain are randomly ar-
ranged in the membrane and freely diffuse in lateral
direction within the inner mitochondrial membrane
(for review, see Rich, 1984). However, other results
rather indicate an ordered association of these pro-
tein complexes forming larger structures. These so-
called “supercomplexes” were first described for bac-
teria (Berry and Trumpower, 1985; Sone et al., 1987;
Iwasaki et al., 1995; Niebisch and Bott, 2003). Later
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the existence of respiratory supercomplexes was also
reported for yeast and mammalian mitochondria
(Schéagger and Pfeiffer, 2000).

In Brewer’s yeast (Saccharomyces cerevisiae), which
does not comprise complex I, three large mitochon-
drial complexes were identified by Blue-native gel
electrophoresis after gentle protein solubilization us-
ing nonionic detergents: (a) dimeric ATP synthase,
(b) a supercomplex containing dimeric complex III +
one copy of complex IV, and (c) a supercomplex
containing dimeric complex III + two copies of com-
plex IV (Arnold et al., 1998; 1999; Cruciat et al., 2000;
Schiagger and Pfeiffer, 2000; Schagger, 2001a, 2002;
Zhang et al., 2002). Dimeric ATP synthase from yeast
includes three dimer-specific subunits, two of which
are directly involved in dimer formation. Supercom-
plexes containing complexes III and IV were not only
prepared by Blue-native gel electrophoresis but also
by gel filtrations and co-immunoprecipitations (Cru-
ciat et al.,, 2000). Their formation depends on the
cardiolipin content of the inner mitochondrial mem-
brane and also is influenced by growth conditions.
Functional implications of complex IlI-complex IV
associations were shown by ubiquinol-oxidase activ-
ity measurements in the presence of mild detergents
(Schégger and Pfeiffer, 2000).
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In mammalian mitochondria, five large complexes
were found: (a) dimeric ATP synthase, (b) a supercom-
plex containing dimeric complex III + one copy of
complex I, and (c-e) supercomplexes containing
dimeric complex III + one copy of complex I + one to
three copies of complex IV (Schigger and Pfeiffer,
2000, 2001; Schagger, 2001a, 2002). All of these super-
complexes can be visualized on Blue-native gels after
solubilization of mitochondrial proteins using digito-
nin. Solubilization using Triton X-100 additionally al-
low detection of a supercomplex consisting of dimeric
complex III + monomeric complex I + four copies of
complex IV. A high percentage of complex I forms
part of supercomplexes, whereas dimeric complex III
and monomeric complex IV also exist in singular
form, because abundance of these protein complexes
is significantly higher in comparison with complex I.
NADH-cytochrome ¢ activity measurements in de-
pendence of various mild detergents have revealed
functional importance of supercomplex formation be-
tween complexes III, + I. The term “respirasome” was
suggested for supercomplexes containing the com-
plexes I, 1II,, and IV, which autonomously can carry
out respiration in the presence of cytochrome c and
ubiquinone (Schéagger and Pfeiffer, 2000).

The supramolecular structure of the respiratory
chain of plant mitochondria is unknown. The five
protein complexes of oxidative phosphorylation are
well characterized and structurally resemble their
counterparts in fungi and mammals (Jansch et al.,
1996; Vedel et al.,, 1999; Heazlewood et al., 2003b;
Sabar et al., 2003). Some plant-specific subunits of
respiratory chain complexes were described, e.g. the
subunits of the mitochondrial processing peptidase,
which form an integral part of complex Il in plant
mitochondria (Braun et al., 1992a; Eriksson et al., 1994).
Additionally, the electron transfer chain of plant mito-
chondria is very much branched due to the presence of
several alternative oxidoreductases like a cyanide-
insensitve terminal oxidase and rotenone-insensitive
NAD(P)H dehydrogenases (for review, see Siedow and
Umbach, 1995; Vanlerberghe and McIntosh, 1997;
Mackenzie and McIntosh, 1999; Rasmusson et al., 1999).

Here, we describe a systematic investigation of
supercomplexes in plant mitochondria. Using gentle
protein solubilizations with nonionic detergents and
Blue-native gel electrophoresis, three supercom-
plexes could be visualized: (a) dimeric ATP synthase,
(b) a supercomplex formed by dimeric complex III
and complex I, and (c) a supercomplex containing
two copies of dimeric complex III and two copies of
complex I. The complexes II and IV as well as the
alternative oxidase (AOX) do not form part of super-
complexes under all conditions applied. Further-
more, a larger and a smaller form of cytochrome c
oxidase were found, which differ by at least two
protein subunits, and a complex II is described,
which has a very unusual subunit composition.
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RESULTS

Identification of Respiratory Supercomplexes in
Mitochondria from Arabidopsis

Blue-native gel electrophoresis was previously em-
ployed for the characterization of the respiratory
chain of plant mitochondria (Jansch et al., 1995, 1996;
Brumme et al., 1998; Kiigler et al., 1998; Karpowa and
Newton, 1999; Ducos et al., 2001; Kruft et al., 2001;
Mihr et al., 2001; Rasmusson and Agius, 2001; Wer-
hahn and Braun, 2002; Bykova and Moller, 2003;
Heazlewood et al., 2003a, 2003b, 2003c; Sabar et al.,
2003). Nevertheless, respiratory supercomplexes
were not described, most likely because very similar
conditions for protein solubilization were chosen,
which seem to have destabilizing effects on labile
protein-protein interactions. In an attempt to system-
atically search for the occurrence of respiratory su-
percomplexes in plants, mitochondria from Arabi-
dopsis were solubilized using varying concentrations
of the nonionic detergents dodecylmaltoside, Triton
X-100, and digitonin and analyzed by Blue-native
PAGE (Fig. 1, A-C). Protein complexes were identi-
fied by their known subunit compositions upon anal-
yses on second gel dimensions and by partial se-
quence analysis of selected proteins using mass
spectrometry (Figs. 1, D and E, and 2; Table I).

Solubilization of Arabidopsis mitochondria with 1 g
dodecylmaltoside g ' protein allows resolution of
known singular complexes of the oxidative phosphor-
ylation system (Fig. 1, A and D): complex I (1,000 kD),
FoF, ATP synthase (580 kD), complex III (480 kD),
which always is dimeric for functional reasons, and
the F, part of ATP synthase (390 kD). Furthermore, the
soluble HSP60 (750 kD) and formate dehydrogenase
complexes (200 kD) are visible on the gel. Addition-
ally, some low amount of dimeric ATP synthase can
be seen at about 1,100 kD, which was overlooked on
the Blue-native gels shown before by Kruft et al.
(2001). In contrast to yeast and mammals, the amount
of dimeric ATP synthase does not increase if mito-
chondrial proteins are solubilized with lower dodecyl-
maltoside concentrations (Fig. 1A). Usage of dodecyl-
maltoside to protein ratios >1 g per g allows
visualization of a supercomplex of about 1,500 kD,
which is composed of the complexes I and III and
probably has the structure III,I. However, only a small
proportion of total complex I forms part of this super-
complex and an even smaller proportion of complex
III, which is more abundant than complex L.

Solubilization of Arabidopsis mitochondria with
Triton X-100 allows visualization of the same protein
complexes and supercomplexes on Blue-native gels
(Fig. 1, B and E). The amount of dimeric ATP syn-
thase is highest between 0.25 and 0.5 g Triton X-100
gf1 protein, which is in line with observations re-
ported for yeast (Arnold et al., 1998). The ratio of
dimeric to monomeric ATP synthase is about 1 upon
solubilization using 0.25 g Triton g~ ' protein but
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Figure 1. Resolution of mitochondrial protein complexes and supercomplexes by Blue-native PAGE. A through C, Solubi-
lization of mitochondrial protein complexes from Arabidopsis using different detergents. Isolated mitochondria were treated
with varying concentrations of dodecylmaltoside (A), Triton X-100 (B), or digitonin (C), and protein complexes were
subsequently resolved by one-dimensional Blue-native PAGE. Detergent to protein ratios are given above the gels (in grams
of detergent per gram protein), and the identity of protein complexes is given to the right of the gels. D and E,
Two-dimensional resolution of mitochondrial protein complexes from Arabidopsis by Blue-native/SDS PAGE after solubi-
lization with dodecylmaltoside (1.5 g per g protein) (D) and Triton X-100 (0.5 g per g protein) (E). Designations of the protein
complexes are given above the gels. FDH, Formate dehydrogenase; F,, F,-part of the ATP synthase complex; Ill,, dimeric
cytochrome c reductase; V, ATP synthase; H, HSP60 complex; I, NADH dehydrogenase; 1+111,, supercomplex formed by
complex | and dimeric complex IlI; IVa and VIb, large and small form of cytochrome ¢ oxidase; V,, dimeric ATP synthase.

decreases sharply upon solubilizations using higher
amounts of detergent (Fig. 1B). About 50% of com-
plex I forms part of the III,I supercomplex on Blue-
native gels after protein solubilizations using 0.5 to
1.0 g per g Triton X-100 per g protein (Fig. 1B).

In general, higher detergent to protein ratios are
necessary for protein solubilizations using digitonin,
which is in accordance with results found for yeast
and mammals. However, starting with a digitonin to
protein ratio of 2.5 g per g, this detergent proved to
be very suitable for supercomplex stabilization (Figs.
1C and 2). Under these conditions, about 80% of
complex I forms part of the IIL,I supercomplex. Fur-
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thermore, a supercomplex of about 3,000 kD can be
seen on Blue-native gels (Fig. 1C), which also is com-
posed of subunits of the complexes III and I as found
by two-dimensional Blue-native/SDS gel electro-
phoresis and silver staining (data not shown). This
supercomplex most likely has a IIII, structure, be-
cause the ratio of single complex I and complex III
subunits is unchanged if compared with their ratio in
the 1,500-kD IIL,I complex. Dimeric ATP synthase
only is visible at very low digitonin to protein ratios
(data not shown). The F, part of the ATP synthase
complex is not detectable on the Blue-native gels,
indicating a stabilizing effect of the detergent on
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Figure 2. Two-dimensional resolution of digitonin-solubilized mito-
chondrial protein complexes and supercomplexes by Blue-native/
SDS-PAGE. Identities of protein complexes are given above the gel
(for designations, see Fig. 1). Arrows indicate proteins identified by
mass spectrometry (Table I).

complex V (Fig. 1C). Furthermore, in contrast to do-
decylmaltoside and Triton X-100, digitonin allows
solubilization of three novel protein complexes of
about 150, 220, and 300 kD. These protein complexes
do not form visible bands on one-dimensional Blue-
native gels, probably because the background on the
gels is too high in this molecular mass range. How-
ever, these multisubunit complexes nicely are re-
solved on corresponding two-dimensional gels (Fig.
2). The subunit compositions of the 220- and 300-kD
complexes very much resemble the one of cytochrome
¢ oxidase from potato (Solanum tuberosum; Jansch et
al., 1996). In contrast, identity of the 150-kD complex
was unclear on the basis of subunit composition.

Protein identifications by mass spectrometry al-
lowed unambiguous identification of subunits of
complexes I, III, and IV (Fig. 2; Table I). Furthermore
the 1,000-kD prohibitin complex was identified, as
was the preprotein translocase of the outer mitochon-
drial membrane, the so-called TOM complex, at 390
kD (Werhahn et al., 2003).

Dissection of Supercomplexes into Protein
Complexes by Two-Dimensional Blue-Native/
Blue-Native Gel Electrophoresis

A novel two-dimensional Blue-native/Blue native
gel electrophoresis method (Schdagger and Pfeiffer,
2000) was employed to investigate whether the com-
plexes I and III are the only components of the 1,500-

Plant Physiol. Vol. 133, 2003

Respiratory Supercomplexes in Plants

and 3,000-kD supercomplexes. For this procedure,
protein complexes and supercomplexes are separated
by a first-dimension Blue-native-PAGE in the pres-
ence of digitonin. Afterward, protein supercom-
plexes are destabilized by incubation with dodecyl-
maltoside, which is followed by a second-dimension
Blue-native-PAGE. On the resulting two-dimensional
gels, supercomplexes are separated vertically into
protein complexes, whereas singular protein com-
plexes are located on a diagonal line. Two-
dimensional Blue-native/Blue-native PAGE clearly
revealed that the complexes I and III are the only
constituents of the 1,500- and 3,000-kD supercom-
plexes in Arabidopsis (Fig. 3).

Characterization of Mitochondrial Supercomplexes in
Potato, Bean (Phaseolus vulgaris), and Barley
(Hordeum vulgare)

To investigate whether occurrence of the IIL,I and
111, supercomplexes and dimeric ATP synthase is a
special characteristic of Arabidopsis or a general fea-
ture of plant mitochondria, the above described ex-
periments were repeated with isolated organelles
from potato, bean, and barley. All protein solubiliza-
tions were done with digitonin (5 g per g protein),
which proved to be optimal for visualizations of
mitochondrial protein complexes and supercom-
plexes in Arabidopsis on Blue-native gels. The III,I
supercomplex is also present in potato, bean, and
barley (Fig. 4). About 50% of complex I forms part of
this supercomplex in bean and potato, whereas even
90% of complex I from barley is associated with
dimeric complex III. Under the conditions applied,
dimeric ATP synthase of all three plants only repre-
sents a very minor fraction of total ATP synthase
complex. Furthermore, the large and the small form
of cytochrome c oxidase are present in all plants
investigated. However, the ratio of large to small
forms varies considerably: In Arabidopsis and bar-
ley, the smaller form is very abundant, whereas in
potato, the larger form is present in higher quantities,
and in bean, both forms of complex IV are of equal
abundance. The newly discovered 150-kD complex is
also present in potato and bean but could not be
clearly detected in barley under the conditions
applied.

The Larger Form of Cytochrome ¢ Oxidase Contains
Additional Protein Subunits

Although Blue-native gel electrophoresis is not a
suitable procedure for precise molecular mass deter-
minations, the larger 300-kD form of the cytochrome
c oxidase complex (IVa) probably cannot be consid-
ered to be a dimer of the 220-kD complex (IVDb).
Careful evaluation of the Blue-native gels in the re-
gion of the two forms of cytochrome c oxidase from
Arabidopsis and bean revealed the presence of addi-
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Table 1. Identified subunits of mitochondrial protein complexes of Arabidopsis and bean

The numbers of the spots correspond to those given in Figures 2 and 5. Proteins were identified by electrospray tandem mass spectrometry
(ESI), matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI), or Edman degradation (ED). Amino acid sequences
given in italics represent N-terminal protein sequences determined by Edman degradation. Calculated molecular masses are given for all proteins
with known N-terminal sequence, otherwise molecular masses are estimated on the basis of migration during SDS gel electrophoresis (see Figs.
2 and 5). Protein accessions correspond to the code of the Arabidopsis Genome Initiative.

Identification

Arabidopsis Genome

Spot Identified Peptides Strategy Protein Molecular Mass Inifiative Accession No.
kD
Arabidopsis
1 WDPQISQVAGR ESI Subunit of complex | ~10 At1g67350
RDPYDDLLEDNYTPPSSSSSSSD
2 SPNVAYLPGGQSMLFALNR ESI Prohibitin 30.4 At5g40770
3 YEDISVLGQRPVEE ESI 8.0-kD subunit, complex IlI 8.0 At3g52730
4 AVVYALSPFQQK ESI 8.2-kD subunit, complex IlI 8.2 At3g10860
At5805370
5 TFIDPPPTEEK ESI 6.7-kD subunit, complex IlI 6.7 At2g40765
6 IPTAHYEFGANYYDPK ESI TOM40 34.1 At3g20000
IDSNGVASALLEER
7 RLDDIDFPEGPFGTK ESI COX subunit Vb ~16 At3g15640
8 - MALDI Flavoprotein subunit, complex II ~65
9 DLVVDMTNFYNQYK ESI Iron sulphur subunit, complex II ~29 At5g40650
WNPDNPGKPELQDYKIDLK
10 DLVVDMTNFYNQYK ESI Iron sulphur subunit, complex II ~29 At5g40650
At3g27380
11 AAEAVEEFGGILTSIK ESI Hyp. prot. (complex Il) 18.4 At1g47420
YAEYLDSFEPEEVYLK MALDI
SEDVSHMPEMDSXVLNAFK... ED
12a FMEWWER MALDI Hyp. prot. (complex Il) ~15 At1g08480
LDTMAAQVK ESI
12b QGPNLNGLFGR ESI Cytochrome ¢ 12.4 At4g10040
At1g22840
13 STISGDIKTTQEEP ED Subunit 3 of complex Il 12 At5g09600
14  LVVDTTANQDPLVTK_ ESI Superoxide dismutase 22.5 At3g10920
YASEVYEKESN_
15  QYIQEPATVEK ESI g subunit, complex V ~12 At4g29480
LASIPGRYETFWK
16 LNQISILVQR ESI COX subunit 1l 29.4 y08501
Bean
17 YLEYHR ESI Subunit VIb of cytochrome ¢ oxidase ~32 Highly similar to
GDDAPE At1g22450
TPATPEE
LETAPVDFR
EATSEEAVVEK

tional subunits in the larger form, which might ex-
plain the size difference between the two forms of
this complex (Fig. 5). Data are especially clear for
bean, because both forms of complex IV are equally
abundant. A 32-kD protein and at least one very
small subunit of <6 kD are unique to complex IVa.
Proteins of comparable size are also present in Ara-
bidopsis (Fig. 5) but are difficult to detect in potato
and barley under the conditions applied. According
to our interpretation of the Blue-native gels, the sub-
unit composition of cytochrome c oxidase is as fol-
lows (see scheme in Fig. 5): Complex IVa includes 12
separable proteins, and complex IVb is composed of
10 proteins. Furthermore, complex IVb of Arabidop-
sis can be further subdivided into two complexes of
very similar molecular masses that differ with re-
spect to the presence of a 10-kD subunit.
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The 32-kD subunit of complex IVa is homologous
to the 10-kD COX VIb protein of heterotrophic eu-
karyotes (see Table I, protein 17), which is known to
be easily detached from cytochrome c oxidase in
yeast and mammals and which was shown to have
regulatory functions on cytochrome ¢ oxidase activ-
ity (LaMarche et al.,, 1992; Weishaupt and Kaden-
bach, 1992).

Complex II from Plant Mitochondria Contains
Seven Subunits

The newly discovered 150-kD complex of Arabi-
dopsis comprises seven subunits of 65, 28, 18, 15, 12,
8, and 6 kD. In bean and potato, this complex has a
very comparable subunit composition, except that
the molecular masses of the three smallest subunits

Plant Physiol. Vol. 133, 2003
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slightly vary (Fig. 4). To identify the 150-kD complex,
subunits were subjected to analysis by mass spec-
trometry. Peptide sequences of five of the seven sub-
units allowed identification of corresponding genes
of the Arabidopsis genome (Fig. 6; Table I). Surpris-
ingly the 65-, 28-, and 12-kD proteins could be iden-
tified as being subunits of the succinate dehydroge-
nase complex (complex II) of the respiratory chain:
the flavoprotein subunit (SDH1), the iron-sulfur sub-
unit (SDH2), and the so-called subunit III (SDH3).
Succinate dehydrogenase is well characterized for
several bacteria, fungi, and mammals and is known
to be a four-subunit complex comprising the above
mentioned subunits and one additional subunit in
the size range of 10 to 15 kD termed subunit IV or
SDH4 (Lemire and Oyedotun, 2002; Yankovskaya et
al., 2003). Although the subunits of this protein com-
plex from plants were never biochemically character-
ized, counterparts of the SDH1-SDH4 proteins could
be identified on the basis of sequence similarities of
predicted proteins with known complex II subunits
from mammals, fungi, algae, and protozoans
(Daignan-Fornier et al., 1994; Burger et al., 1996;
Figueroa et al., 2001; Figueroa et al., 2002). However,
sequence identities for the SDH3 and SDH4 proteins,
which constitute a hydrophobic membrane anchor of
this protein complex, are very low (Burger et al.,
1996). Most interestingly, complex II from plants
seems to contain additional subunits of unknown
function. The 18-kD protein corresponds to the pu-
tative Atlgd7420 protein of Arabidopsis, which was
identified previously in the course of a proteomic
approach to characterize novel mitochondrial pro-
teins of this organisms (Kruft et al., 2001; protein No
4). Furthermore, the 15-kD protein represents the
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putative Atlg08480 protein. However, presence of
this protein within complex II is slightly uncertain,
because one of the three identified peptides perfectly
matches to Arabidopsis cytochrome c. Hence the cor-
responding protein spot contains more than one pro-
tein. The 8- and 6-kD subunits could not be identified
by mass spectrometry; one of these subunits might
represent the SDH4 protein.

Most likely all seven proteins of plant succinate
dehydrogenase are single-copy subunits of the
150-kD complex, because the sum of their apparent
molecular masses (153 kD) is very close to the appar-
ent molecular mass of this protein complex on Blue-
native gels (150 kD). Furthermore, probably no addi-
tional subunits form part of this complex.

The AOX Does Not Form Part of
Respiratory Supercomplexes

AOX represents a characteristic oxidoreductase of
the respiratory chain of plant mitochondria. Its pos-
sible association with the complexes I to V after
digitonin-solubilization of mitochondrial protein
fractions was investigated by two-dimensional Blue-
native/SDS gel electrophoresis and immunoblotting
using a monoclonal antibody directed against AOX
from Sauromatum guttatum (Elthon et al. 1989). On the
two-dimensional gels, the antibody reacts with a pro-
tein of 32 kD in bean and Arabidopsis, which forms
a smear on the first gel dimension between 30 and
300 kD (Fig. 7). Therefore, AOX seems not to form
part of any supercomplexes but rather aggregates
under the conditions applied. Also the rotenone-
insensitive NAD(P)H dehydrogenases are not at-
tached to respiratory protein complexes or super-
complexes as investigated by similar experiments
using antibodies directed against these proteins (data
not shown).

DISCUSSION
Supercomplexes in Plant Mitochondria

Respiratory protein complexes form supercom-
plexes in plant mitochondria. In the course of our
investigations, V,, IILI, and IIII, supercomplexes
could be identified. Possibly further supercomplexes
exist in vivo that are instable in the presence of
detergents and Coomassie Blue. Digitonin proved to
be the optimal compound for supercomplex solubi-
lization, which is surprising because it specifically
binds sterols, which are believed to be absent in inner
mitochondrial membranes. Furthermore, digitonin
also allows stable extraction of singular protein com-
plexes that cannot be solubilized by dodecylmalto-
side or Triton X-100. It therefore is a very suitable
tool for plant mitochondrial research.

Between 50% and 90% of complex I from plants
forms part of the III,I supercomplex on Blue-native
gels upon digitonin solubilizations. In contrast, the

279



Eubel et al.

[, 1

V I,

'
: s > d
A Arabidopsis potato
I+, T VIO, IValVbIl I+, 1

bean

-
-

R
o

|
-
-

Y

barley

Figure 4. Mitochondrial supercomplexes and protein complexes in Arabidopsis, potato, bean, and barley. Proteins were
solubilized by 5 g per g digitonin and separated by two-dimensional Blue-native/SDS PAGE. Identities of protein complexes

are given above the gels (for designations, see Fig. 1).

same supercomplex from beef only contains 17% of
complex I under identical conditions (Schégger,
2002). However, more than 50% of complex I from
beef is part of even larger supercomplexes that in-
clude dimeric complex III and additionally one to
four copies of complex IV. In Brewer’s yeast, complex
I-containing supercomplexes are absent due to the
general absence of this protein complex, but also in
this organism, the complexes IV and III are associ-
ated forming III,IV or IIL,IV, supercomplexes (Schég-
ger and Pfeiffer, 2000; Cruciat et al., 2000). In con-
trast, associations of complexes III and IV of plant
mitochondria are not detectable on Blue-native gels
under all conditions applied. Also the AOX and the
rotenone-insensitive  NAD(P)H dehydrogenases
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seem not to be present in supercomplexes. Further-
more, plant complex II only is present in singular
form, which is in line with findings for yeast and
mammals. Dimeric complex V from plants is present
on Blue-native gels after solubilizations using low
concentrations of detergents, but its abundance is
lower than in other organisms (Arnold et al., 1998,
1999). Recently, a very stable dimeric ATP synthase
complex was reported for mitochondria from
Chlamydomonas reinhardtii (van Lis et al., 2003).
What is the functional role of supercomplexes in
plant cells? In yeast, supercomplexes were reported
to enhance activity rates of respiratory electron trans-
port (Schédgger and Pfeiffer, 2000). Furthermore, it is
speculated that supercomplex formation increases

Plant Physiol. Vol. 133, 2003
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Arabidopsis after two-dimensional resolution by Blue-native/SDS
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complex are indicated by arrows. Protein number 17 was identified
by mass spectrometry (Table I). A scheme of the two-dimensional
Blue-native/SDS gel of cytochrome c oxidase from Arabidopsis is
given to the right.

the capacity of the inner mitochondrial membrane for
protein insertion (Arnold et al., 1998). The protein
content of this mitochondrial membrane, which is
estimated to lie at about 70%, can only be realized if
proteins are very efficiently packed. In plant mito-
chondria, the IIL,I supercomplex possibly has impor-
tant consequences for the regulation of alternative
respiration, because it might reduce access of AOX to
its substrate ubiquinol. Because alternative respira-
tion is known to increase under various stress con-
ditions (Vanlerberghe and McIntosh, 1997), the
occurrence of respiratory supercomplexes in Arabi-
dopsis was investigated in mitochondria isolated
from suspension cell cultures that were treated with
antimycin A, a known inhibitor of complex III. How-
ever, our initial data reveal only small differences
concerning respiratory supercomplexes in antimycin-
treated and untreated cells, which are at the border-
line of significance (data not shown). Therefore the
role of supercomplexes in plant mitochondria has to
be further investigated.

Respiratory Protein Complexes in Plant Mitochondria

Recently, the subunit compositions of protein com-
plexes of the oxidative phosphorylation system of
Arabidopsis were studied intensively. Complex I from
plants can be resolved into 27 to 30 different subunits
on two-dimensional Blue-native/SDS gels (Fig. 8) but
possibly comprises more than 40 proteins (Rasmusson
et al., 1998). Heazlewood et al. (2003a) identified 30
subunits of Arabidopsis complex I after separation on
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two-dimensional gels by mass spectrometry. Several
of the identified proteins have counterparts in fungi
and mammals, but others seem to be unique to plants.
Using a similar approach, Heazlewood et al. (2003c)
identified 10 subunits of Arabidopsis complex V.
Some further subunits remain to be characterized, be-
cause up to 13 proteins can be resolved on two-
dimensional gels (Fig. 8). All 10 subunits of potato
complex III were biochemically characterized (for re-
view, see Braun and Schmitz, 1995) and counterparts
for all 10 subunits are present in Arabidopsis protein
databases at The Institute for Genomic Research or the
Munich Information Center for Protein Sequences (-
MPP subunit, At3g02090; a-MPP subunit, At1g51980
and At3g16480; cytochrome b, Y08501; cytochrome c;,
At5g40810 and At3g27240; ‘Rieske FeS’ protein,
At5g13440 and At5g13430; counterpart to 14-kD sub-
unit from potato, At4g32470 and At5g25450; counter-
part to 7.8-kD subunit from potato, At2g01090 and
Atlg15120; counterpart to potato 8.0-kD subunit,
At5g05370 and At3g10860; counterpart to potato
8.2-kD subunit, At3g52730; counterpart to potato
6.7-kD subunit, At2g40765).

The least characterized respiratory protein com-
plexes of plants are the complexes IV and II. Arabi-
dopsis complex IV can be resolved in two different
forms on Blue-native gels, which comprise 10 to 12
subunits (Figs. 5 and 8). The identity of the five
largest subunits is known, whereas the identity of
most smaller subunits remains to be established. The
larger form of cytochrome c oxidase includes an ad-
ditional 32-kD protein, which resembles the 10-kD
subunit COX VIb of yeast and beef. This subunit is
very hydrophilic, lacks membrane spanning helices,
and is localized on the intermembrane-space side of
cytochrome c oxidase (Tomizaki et al.,, 1999). Re-
moval of this protein from complex IV was shown to
activate cytochrome c¢ oxidase of beef (Weishaupt
and Kadenbach, 1992). Furthermore, COX VIb from
beef was shown to be important for dimerization of

- | — 65 At5gh6760 flavoprotein subunit of complex 11
1l _ At5gd0650 . 5
- (=] 29 ABZ27380 iron-sulphur subunit of complex IT
——i— | — 18 Atlgd7420 unknown protein
——it—c | — 15 At1g08480  unknown protein
H- o [—12 At5g09600  “subunit 3* of complex II (SDH3)
T |—s 2
Ml = | — 6 7

Figure 6. Subunit composition of complex Il in Arabidopsis. Appar-
ent molecular masses of the subunits and the accession numbers of
the corresponding genes are given to the right of the gel.
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A 5

Arabidopsis

C bean

Figure 7. The AOX does not form part of mitochondrial supercomplexes. Mitochondrial proteins from Arabidopsis (A and
B) and bean (C and D) were solubilized by 5% (w/v) digitonin and separated by two-dimensional Blue-native/SDS PAGE.
Afterward, gels were either directly stained with Coomassie Blue (A and C) or electroblotted onto nitrocellulose membranes
and immunostained with an antibody directed against AOX (B and D). The boxes on the Coomassie Blue gels indicate the

position of the main immunosignals.

cytochrome ¢ oxidase (Tomizaki et al., 1999; Lee et
al., 2001). Genes encoding COX VIb from plants were
characterized previously in Arabidopsis and rice
(Oryza sativa; Ohtsu et al., 1999, 2001). Interestingly,
two forms of COX VIb proteins are encoded by these
genes, which have molecular masses of 10 or 20 kD.
Both forms of this protein very much resemble the
10-kD COX VIb from yeast and beef, but the 20-kD
form has a long N-terminal extension. Curiously,
both predicted forms of the plant COX VIb protein
are much smaller than the 32-kD COX VIb found for
Arabidopsis and bean on Blue-native gels. Also in
rice, a 32-kD COX VIb protein was recently identified
in the course of a mitochondrial proteome project
(Heazlewood et al., 2003b). Consequently, the 32-kD
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COX VIb protein either is made by posttranslational
modifications of smaller COX VIb proteins or is en-
coded by additional cox VIb genes, which so far were
not discovered. Also, the functional role of this pro-
tein in plant mitochondria remains to be established.
Possibly, it is important for dimerization of complex
IV like in heterotrophic eukaryotes. However,
dimeric cytochrome ¢ oxidase was not detectable on
our Blue-native gels under all conditions applied.
Further investigations on cytochrome c oxidase of
plant mitochondria are under way in our laboratory.

Surprisingly, complex II from Arabidopsis turned
out to comprise seven subunits, which is three sub-
units more than the well-characterized succinat de-
hydrogenases from fungi, mammals, algae, protozoa,
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Figure 8. Subunit composition of respiratory protein complexes from Arabidopsis on two-dimensional Blue-native/SDS gels.
Proteins were solubilized with digitonin. Sixty-seven different subunits of complexes | through V are separated: 27 subunits
of complex I, seven of complex I, 10 of complex Ill, 10 of complex 1V, and 13 subunits of complex V.

and several bacteria. Theoretically, these additional
subunits could form a different protein complex,
which accidentally runs at an identical position on
Blue-native gels as a four-subunit complex II. How-
ever, this possibility is highly unlikely, because all
seven proteins form an ideal line on Blue-native gels
in three different plants: potato, bean, and Arabidop-
sis. Furthermore, the intensities of the protein spots
on the two-dimensional gels is very much in the same
range. Finally, the sum of the apparent molecular
masses of the seven subunits corresponds to the ap-
parent molecular mass of the protein complex on our
native gels. As a general rule, respiratory protein
complexes in mitochondria include several addi-
tional subunits if compared with their counterparts
in prokaryotes. So far, complex II was the only ex-
ception, which seems not to be valid for plant
mitochondria.

One of the newly described subunits of complex II
from plants represents the hydrophilic Atlg47420
protein, which was identified previously in the
course of an Arabidopsis mitochondrial proteome
project and which was reported to be one of the most
abundant proteins on two-dimensional isoelectric fo-
cusing/SDS gels of mitochondrial fractions (Kruft et
al., 2001). On the basis of sequence comparisons, the
role of this protein is unclear. Highly similar proteins
exist in barley (gi 18652408) and rice (CAD40922).
Interestingly, the N-terminal presequence of 89
amino acids has some sequence identity with the
N-terminal domain of the putative transcription fac-
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tor APF1 of Arabidopsis (gil3507025). Also, the
newly identified 15-kD subunit of complex II from
Arabidopsis (At1g08480) does not exhibit significant
sequence identity to previously characterized pro-
teins. For the first time, to our knowledge, the plant
SDH3 subunit was biochemically characterized. It
comprises an exceptionally long mitochondrial tar-
geting sequence of 105 amino acids as revealed by
comparison of its N-terminal sequence and the amino
acid sequence deduced from the corresponding gene.
In summary, complex II from plants has unique fea-
tures, which should be characterized by further bio-
chemical and physiological investigations.

Further Protein Complexes in Plant Mitochondria

Besides the V,, IIL,], and IIII, supercomplexes and
the respiratory complexes I to V, several additional
protein complexes are visible on our Blue-native gels:
the prohibitin complex at 1,000 kD, the HSP60 com-
plex at 750 kD, the TOM complex at 390 kD, and a
complex containing formate dehydrogenase at 200
kD (Fig. 2). Further plant mitochondrial protein com-
plexes resolvable on Blue-native gels were not iden-
tified in the course of our study but were reported in
earlier investigations, e.g. a Glu dehydrogenase com-
plex (Heazlewood et al. 2003b). In contrast, some
other protein complexes are known to be present in
plant mitochondria but never were detected on Blue-
native gels possibly due to their instability in the
presence of detergents or Coomassie Blue, e.g. pyru-
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vate dehydrogenase or the so-called AAA complexes.
Recently, the occurrence of protein complexes com-
prising mitochondrial dehydrogenases of the citric
acid cycle was reported on the basis of diffusion rate
measurements of individual enzymes of this meta-
bolic pathway (Haggie and Verkman, 2002). Most
likely, these protein complexes are too unstable for
biochemical preparations. Protein complexes and su-
percomplexes offer several physiological advantages
in comparison with singular proteins, including sub-
strate channeling, metabolic pathway regulation, and
the realization of complicated biochemical reactions
with reactive intermediates. Therefore the majority of
mitochondprial proteins probably form part of protein
complexes, and possibly most protein complexes are
involved in the formation of even larger supermolec-
ular structures, which remain to be discovered.

MATERIALS AND METHODS

Isolation of Mitochondria from Arabidopsis, Bean
(Phaseolus vulgaris), Potato (Solanum tuberosum), and
Barley (Hordeum vulgare)

Starting material for plant mitochondrial preparations were non-green
Arabidopsis suspension cell cultures, potato tubers, 6-d-old etiolated barley
seedlings, and 18-d-old etiolated bean seedlings. Arabidopsis cell lines were
cultivated in the dark at 24°C to 26°C, 30% humidity, and gentle shaking (90
rpm) as described previously (Werhahn et al., 2001), and etiolated seedlings
were grown at 24°C. All organelle preparations were carried out on the basis
of filtration, differential centrifugation, and Percoll density centrifugation as
outlined by Werhahn et al. (2001) for Arabidopsis; Focke et al. (2003) for
barley; and Braun et al. (1992b) for potato and bean. Purified organelles
were finally resuspended in a buffer containing 0.4 M mannitol, 1 mm EGTA,
0.2 mMm phenylmethylsulfonyl fluoride (PMSF), and 10 mm Tricine/KOH,
pH 7.2, at a protein concentration of 10 mg mL ™!, divided into aliquots of
100 nL, and directly used for investigations (the amount of some supercom-
plexes was significantly reduced if mitochondrial fractions were frozen and
stored before analyses).

Solubilization of Mitochondrial Proteins

Mitochondrial aliquots were centrifuged for 10 min at 14,300g, and
sedimented organelles were resuspended in one of the following buffers
(conditions adopted from Arnold et al., 1998; Schéagger, 2001): (a) 100 uL of
digitonin solubilization buffer (30 mm HEPES pH 7.4, 150 mM potassium
acetate, 10% [v/v] glycerol, 2 mm PMSF, and [1-10 g per g protein] digitonin
[Fluka, Buchs, Switzerland]); (b) 100 uL of dodecylmaltosid solubilization
buffer (750 mm aminocaproic acid, 50 mm BisTris, pH 7.0, 0.5 mm EDTA, 1
mm PMSF, and docedylmaltoside [0.1-2 g per g protein; Roche, Mannheim,
Germany]; and (c) 100 nL of Triton solubilization buffer (50 mm NaCl, 2 mm
aminocaproic acid, 1 mm EDTA, 50 mm imidazole-HCI, pH 7.4, 10% glyc-
erol, 5 mm PMSF, and Triton X-100 [0.1-2 g per g protein; Amersham-
Pharmacia-Biotech Uppsala].

After incubation for 20 min on ice, samples were centrifuged at 18,000g
for 30 min to remove insoluble material and were subsequently supple-
mented with 5 uL. of Coomassie Blue solution (5% [w/v] Coomassie Blue in
750 mmM aminocaproic acid). Dodecylmaltoside-solubilized samples were
centrifuged immediately after resuspension of organelles in solubilization
buffer and afterward were supplemented with 20 uL of Coomassie Blue
solution. Coomassie Blue-treated protein samples were directly loaded onto
Blue-native gels.

Two-Dimensional Blue-Native/SDS PAGE

One-dimensional Blue-native PAGE and two-dimensional Blue-native/
SDS PAGE were carried out as described by Schigger (2001b). Gradient gels
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(4.5%-16% [w/v] acrylamide) were used for the Blue-native gel dimensions
and two-step Tricine-SDS gels (10% and 16% [w/v] acrylamide) for second
gel dimensions. The cathode buffer of Blue-native gel dimensions did not
include detergent; only for electrophoresis of dodecylmaltoside-solubilized
samples 0.03% of the detergent was added. Gels were either stained with
Coomassie-colloidal (Neuhoff et al., 1985, 1990) or with silver (Heukeshoven
and Dernick, 1986)

Two-Dimensional Blue-Native/Blue Native
Gel Electrophoresis

Two-dimensional Blue-native/Blue-native PAGE was carried out as pub-
lished by Schédgger and Pfeiffer (2000). It proved to be important to stop
first-dimension electrophoresis runs after 50% completion to avoid protein
complexes and supercomplexes getting stuck in the gels. In contrast, it was
important to extend the electrophoresis runs of second gel dimensions by
factor two, because protein complexes stuck in gels were best resolved.

Protein Preparations for Mass Spectrometry

For mass spectrometry, gels were colloidal stained with Coomassie Blue
(Neuhoff et al., 1990) and single proteins were cut out, transferred into an
Eppendorf tube, and incubated with Milli-Q water for 10 min. Rebuffering
was carried out by incubating the gel pieces for 15 min in acetonitrile and 0.1
M NH,HCO;, respectively. Subsequently, the proteins were dehydrated by
acetonitrile and incubated with 20 uL of digestion solution (0.5 ug of trypsin
[Promega, Madison, WI] in 20 uL of 50 mm NH,HCO;) overnight at 37°C.
Peptide extraction was performed at 37°C as follows: Samples were supple-
mented with 20 uL of 50 mm NH,HCO; and shaken for 15 min, and
afterward, supernatants were taken and stored. Gel pieces were then shaken
for 15 min in the presence of 20 uL of 5% (v/v) formic acid. Subsequently,
the same volume of acetonitrile was added, and samples were shaken for
another 15 min. Afterward, all supernatants were pooled and dried down to
a volume of about 10 pL. Purification of the generated peptides was
achieved using ZipTips (Millipore, Bedford, MA) according to the manu-
facturer’s instructions.

Matrix-Assisted Laser Desorption Ionization/Time of
Flight Mass Spectrometry

Determination of the molecular masses of Zip-Tip purified peptides was
carried out by positive-ion matrix assisted laser desorption ionization/time
of flight mass spectrometry using an Ultraflex instrument (Bruker, Newark,
DE) equipped with delayed-extraction and a N, laser (337 nm). For each
sample, 1 pL of matrix solution (10 mg of a-cyano-4-hydroxycinnamic acid
in 1 mL of 60% [v/v] acetonitrile/0.1% [v/v] formic acid) was placed on the
Scout ion source and crystallized as a thin layer. One microliter of sample
was given directly on the top of the thin matrix layer, and cocrystallization
was carried out at room temperature. Spectra were recorded in reflection
mode with an acceleration voltage of 25 kV and a reflection voltage of 26.3
kV. Monoisotopic masses from spectra were selected automatically and
were used for protein identification with the help of MASCOT (Matrix
Science, London).

Electrospray Ionization Tandem Mass Spectrometry

For peptide sequencing, 3 uL of Zip-Tip purified sample was filled into
Au/Pd-coated nanospray glass capillaries (Protana, Odense, Denmark). The
tip of the capillary was placed orthogonally in front of the entrance hole of
a quadropole time-of-flight mass spectrometry instrument (Q-TOF II, Mi-
cromass, Watres, Milford, MA) equipped with a nanospray ion source. A
capillary voltage between 750 and 1,000 V and a cone voltage of 30 V was
applied. Two-fold charged peptides were chosen for collision-induced dis-
sociation experiments, and the corresponding parent ions were selectively
transmitted from the quadropole mass analyzer into the collision cell. Argon
was used as collision gas, and the kinetic energy was set between 20 and 40
eV. The resulting daughter ions were separated by an orthogonal time-of-
flight mass analyzer. Peptide sequencing and protein identification were
carried out with the programs PeptideSequencing of the BioLynx software
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package (v3.5, Mircomass), Sonar of the Knexus software package (Proteo-
metrics, Manitoba, Canada), and MASCOT (Matrix Science).
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