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The protein complexes of the mitochondrial oxidative phos-
phorylation system were recently reported to form supramo-
lecular assemblies termed respiratory supercomplexes or respi-
rasomes. These supercomplexes are considered to be of great
functional importance. Here we review new insights into super-
complex structure and physiology.

The oxidative phosphorylation (OXPHOS)? system forms
the basis for mitochondrial ATP production. In most organ-
isms it is composed of the ATP synthase complex (complex V)
and four oxidoreductase complexes: the NADH dehydrogenase
(complex I), the succinate dehydrogenase (complex II), the
cytochrome ¢ reductase (complex III), and the cytochrome c
oxidase (complex IV). All these complexes reside within the
inner mitochondrial membrane. Complexes I and II transfer
electrons from NADH or FADH, onto ubiquinone, which is
believed to freely diffuse within the inner mitochondrial mem-
brane. Complex III transfers electrons from ubiquinol to cyto-
chrome c. This small protein is localized in the space between
the outer and inner mitochondrial membrane. Finally, complex
IV transfers electrons from cytochrome c onto molecular oxy-
gen. Three of the four oxidoreductase complexes couple elec-
tron transport with translocation of protons from the mito-
chondrial matrix to the intermembrane space. The generated
proton gradient can be used by complex V to catalyze the for-
mation of ATP by the phosphorylation of ADP. In plants and
many fungi and protozoans, additional so-called “alternative”
oxidoreductases occur (1, 2). Some of them can substitute com-
plex I (alternative NADH dehydrogenases), others the com-
plexes IIT and IV (alternative oxidases). In general, the alterna-
tive oxidoreductases do not couple electron transport with
proton translocation across the inner mitochondrial mem-
brane. These enzymes are considered to form the basis of an
overflow protection mechanism for the respiratory chain under
certain physiological conditions, e.g. high light conditions in
plants.
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The structures of complexes II, III, and IV are known in great
detail because of x-ray crystallography analyses (reviewed in
Rich (3)). Also, parts of complexes I and V were resolved by this
experimental strategy (4, 5). Complex II is the smallest oxi-
doreductase comprising only 4 — 8 different protein subunits (6,
7). The complexes III, IV, and V include 10-20 subunits, and
complex I includes 40 —50 different polypeptides (8 —10). Elec-
tron transfer is mediated by a number of prosthetic groups and
co-factors attached to defined subunits of the four oxidoreduc-
tase complexes: 2Fe-2S clusters, 4Fe-4S clusters, heme groups
of the a, b, and ¢ type, a flavine mononucleotide, and copper
atoms. Many other subunits of the oxidoreductases are not
directly involved in electron transfer but partially integrate side
activities into the OXPHOS complexes. For instance, mito-
chondrial fatty acid biosynthesis takes place at an acyl carrier
protein integrated into complex I (11, 12). Furthermore, a mito-
chondrial processing peptidase is integrated into complex III
and carbonic anhydrases into complex [ in plants (13, 14).

Fluid State Versus Solid State Model

Despite the detailed knowledge on the structure of the indi-
vidual OXPHOS complexes of the respiratory chain, their
supramolecular organization is still largely unknown. Two
extreme models were proposed, the “fluid state” and the “solid
state” model (reviewed in Rich (15) and Lenaz (16)). According
to the fluid state model, complexes I to IV diffuse freely in the
inner mitochondrial membrane, and electron transfer is based
on random collisions of the involved components. This model
is supported by the fact that all five complexes can be purified in
a physiologically active form and by lipid dilution experiments
using isolated mitochondrial membranes (reviewed in Hacken-
brock et al. (17)). In contrast, several other lines of evidence
rather support the solid state model: (i) many isolation proce-
dures for OXPHOS complexes result in the co-purification of
more than one oxidoreductase (18), (ii) reconstitution experi-
ments reveal highest electron transfer activities if different
OXPHOS complexes are present at defined stoichiometries
(19), (iii) point mutations within genes encoding subunits of
one OXPHOS complex affect the stability of other OXPHOS
complexes (20), (iv) flux control experiments indicate functional
units larger than the single OXPHOS complexes (21, 22), (v)
supercomplexes including more than one type of OXPHOS com-
plex are displayed by native gel electrophoresis procedures or
sucrose gradient centrifugation (23, 24), and (vi) analyses by single
particle electron microscopy prove very defined associations of
different OXPHOS complexes within respiratory supercomplexes
(25, 26).% Using similar experimental approaches, respiratory
supercomplexes also were reported for several bacteria (28, 29).
Although there is still some debate on the membrane state of
the OXPHOS system (for a recent discussion see Heinemeyer et
al. (30)), it meanwhile is clear that the fluid state model cannot
explain many experimental observations. However, interac-
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FIGURE 1. Characterization of the I+I1ll, supercomplex of Arabidopsis by
native gel electrophoresis. Mitochondrial membranes were solubilized by
5% digitonin, and proteins were resolved by two-dimensional Blue-native
SDS-PAGE. Proteins were visualized by Coomassie staining. Molecular masses
of standard proteins are given to the right, designations of resolved protein
complexes are given above the two-dimensional gel (in kDa). H, HSP60
complex.

tions of OXPHOS complexes also are not simply “solid” but
rather should be considered to be of a dynamic nature. In the
following sections we review new insights into mitochondrial
OXPHOS supercomplex structure and function.

Structure of OXPHOS Supercomplexes

Starting point for structural characterization of respiratory
supercomplexes is their solubilization using non-ionic deter-
gents. This step appears to be very critical. The classical deter-
gents Triton X-100 and digitonin were found to be the most
suitable ones to obtain a variety of stable supercomplexes (23).
Solubilization can be nicely monitored by Blue-native PAGE, a
procedure that employs Coomassie dyes to introduce negative
charge into proteins and protein complexes before electro-
phoretic separation (31). If combined with SDS-PAGE, super-
complexes are resolved into their subunits (Fig. 1). Many
OXPHOS supercomplexes were first identified and character-
ized using this experimental strategy: (i) dimeric ATP synthase,
(ii) a “I+IIL, supercomplex” including complex I and dimeric
complex III, (iii) “IlI,+IV;_, supercomplexes” consisting of
dimeric complex III and one or two copies of monomeric com-
plex IV, and (iv) very large “I+III,+IV,_, supercomplexes”
comprising complexes I, dimeric complex III, and one to four
copies of complex IV (23, 24, 32-34). These supercomplexes
were described for a broad range of organisms including fungi,
mammals, plants, and algae. However, abundance and stability
of the OXPHOS supercomplexes vary among different orga-
nisms. Dimeric ATP synthase proved to be especially stable in
the algae Chlamydomonas and Polytomella, the I+11L, super-
complex in Arabidopsis, the IIL,+1V, _, complexes in yeast, and
the I+III,+IV,_, supercomplexes in beef. These compara-
tively stable supercomplexes were selected for further investi-
gation using single particle electron microscopy (EM). For the
preparation of supercomplexes prior to EM analyses, Blue-na-
tive PAGE wusually is substituted by sucrose gradient
ultracentrifugation.
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FIGURE 2. Structure of mitochondrial OXPHOS supercomplexes as
revealed by single particle electron microscopy. A, top view projection
map of the I+lIl, supercomplex of Arabidopsis (25); B, side view map of the
I1,+1V, supercomplex of yeast?; C, side view map of dimeric ATP synthase of
Polytomella (39). In the schemes protein complexes or large protein domains
are indicated by colors. A: complex lll,, blue; complex |, green (light green,
peripheral arm; medium green, membrane arm; dark green, carbonic anhy-
drase domain). B: complex ll,, blue; complex IV, purple. C: F parts, red; F, parts
and central stalks, yellow; peripheral stalks, orange.

The I+1I1, Supercomplex—This supercomplex was the first
OXPHOS supercomplex to be structurally analyzed (25). It so
far is only characterized for Arabidopsis (Fig. 2A). Single parti-
cle EM projections turned out to mainly represent “top views”
of the I+III, supercomplex (perspective from the mitochon-
drial matrix). Two-dimensional maps revealed a lateral associ-
ation of dimeric complex III (blue on Fig. 2A) to the membrane
arm of complex I (medium green) within the inner mitochon-
drial membrane. The peripheral arm of complex I (light green)
protrudes out of the plane of the image. The membrane arm of
complex I is bent around dimeric complex III at the site of
interaction. Compared with mammalian mitochondria, this
arm is slightly longer in Arabidopsis. This possibly explains the
special stability of the I+1II, supercomplex in this organism. It
currently is not precisely known which subunits are localized at
the complex I-complex III interface.

The II1,+1V,_, Supercomplexes—A first structural model of
this supercomplex was recently resolved for yeast.> In the
obtained projection maps the supercomplex is seen in different
side view positions (Fig. 2B). A view along the longest axis
through the supercomplex reveals that two complex IV mono-
mers (purple on Fig. 2B) are associated to the central complex
III dimer (blue). The Cox I, II, IV, and VIlc subunits on the
complex IV side and the cytochrome ¢, hinge, VII, and VIII
subunits on the complex I1I side are predicted to be localized at
the complex IV-IIL, interface. Some other projection maps
indicate that the III, +1V; supercomplex has the same structure
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but just lacks one complex IV monomer. Other complexes
include one or two copies of cytochrome ¢ attached to the
supercomplex at a location predicted from earlier x-ray crystal-
lography studies (35).

The I+111,+1V,_, Supercomplexes—These supercomplexes
represent the largest forms of OXPHOS complex assemblies
and also are termed “respirasomes” (23). First insights into the
architecture of respirasomes were recently reported for beef
(26). Projection maps showing the I+III,+IV; supercomplex
within the membrane plane revealed the position of complexes
I and III,. As within the I+III, supercomplex of Arabidopsis,
dimeric complex III is laterally bound to the membrane arm of
complex I. According to a presented model, complex IV is
attached to the tip of the membrane arm of complex I but at the
same time laterally interacts with the complex III dimer. However,
due to limited resolution, other interpretations currently cannot
be fully excluded. Also, the subunits localized at the interfaces
between the complexes I, III,, and IV are so far unknown.

Dimeric ATP Synthase—Dimeric ATP synthase was first
described for yeast (32). The supercomplex includes three
dimer-specific proteins termed subunits e, g, and k. Interest-
ingly, deletion of the gene encoding subunit g not only disturbs
dimerization of ATP synthase but also drastically changes
mitochondrial ultrastructure. In the mutants, mitochondria are
much enlarged, and the inner mitochondrial membrane is
devoid of its characteristic folding pattern termed cristae (36,
37). It therefore was speculated that dimerization of ATP syn-
thase is important for cristae formation. A similar ultrastruc-
tural phenotype was obtained upon ix vivo cross-linking of the
F, domains of ATP synthase in yeast (38). The EM structure of
dimeric ATP synthase from beef, yeast, and Polytomella indeed
supports a role of ATP synthase dimerization in cristae forma-
tion because interaction of the ATP synthase monomers was
found to cause a local bend of the inner mitochondrial mem-
brane (39 —41). Highest resolution was obtained for the struc-
ture of dimeric ATP synthase of Polytomella (Fig. 2C). Projec-
tion maps of dimers in the side view position reveal that the
monomers exclusively interact in the region of the membrane-
bound F, domains (red on Fig. 2C) and that the angle between
the long axes of the two monomers is about 70°. In contrast, this
angle was found to be 40° in beef and approximately either 40°
or 90° in yeast. Investigations by Blue-native PAGE indicate
occurrence of even larger ATP synthase assemblies (36, 42, 43),
which so far could not be analyzed by single particle EM. How-
ever, long double rows of particles were described by rapid
freeze-deep etch EM and interpreted as large numbers of later-
ally attached ATP synthase dimers (44, 45). These structures
are speculated to be important for the formation of tubular
invaginations of the inner mitochondrial membrane. The two
classes of angles between ATP synthase monomers obtained by
single particle EM, wide range (70-90°) and narrow range
(~40°), possibly represent different forms of monomer interac-
tions (transverse or longitudinal) within the ATP synthase oli-
gomers (41).

Function of OXPHOS Supercomplexes

The supramolecular organization of the OXPHOS system is
considered to be of great functional importance. Respiratory
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FIGURE 3. Model of the supramolecular structure of the OXPHOS system:
single complexes co-exist with supramolecular assemblies. Complex |
(red) can associate with complex|ll, (blue). Complex I, can associate with one
or two copies of complex IV (purple). The largest assemblies include complex
I, dimeric complex I, and one or several copies of complex IV. Yellow circles,
ubiquinol, which either freely diffuses within the inner mitochondrial mem-
brane or might form part of the I+11l, supercomplex. For simplicity, complex
Il was omitted from the figure because it is not known to form part of OXPHOS
supercomplexes. Furthermore, cytochrome ¢, alternative oxidoreductases,
and the ATP synthase complex are omitted from the figure. Modified from
Bianchi et al. (27).

supercomplexes may (i) allow enhanced electron transfer rates
(electron channeling), (ii) represent regulatory units of respira-
tion, (iii) determine the ultrastructure of the inner mitochon-
drial membrane, (iv) increase the stability of OXPHOS com-
plexes, and (v) increase the protein insertion capacity of the
inner mitochondrial membrane. Several experimental observa-
tions confirm one or the other roles of the OXPHOS supercom-
plexes. Determination of cristae structure might not only be a
function of ATP synthase dimers but possibly also of other
OXPHOS supercomplexes. However, based on the single par-
ticle EM structures obtained, membrane bending by supercom-
plexes comprising complexes -1V is less obvious. Enhanced
electron transfer rates of the I+III, supercomplex compared
with a mixture of singular complex I and III, were measured
under in vitro conditions (23). Nevertheless, direct electron
channeling possibly does not occur because the predicted
ubiquinol reduction site at complex I and the ubiquinol oxida-
tion site at complex III, are not in close proximity within the
single particle structure obtained for this supercomplex. In
contrast, electron channeling is likely to occur in the III, +1V,_;
supercomplexes. The cytochrome ¢ binding sites of the com-
plexes III and IV are in close proximity.®> Also, EM projection
maps partially include bound cytochrome ¢ at the predicted
position (35). Alternate stabilization of OXPHOS complexes
within supercomplexes is supported by the characterization of
OXPHOS mutants (20).

There are many indications that OXPHOS complexes do not
always form part of OXPHOS supercomplexes. This can be
deduced simply by the differing concentrations of the individ-
ual OXPHOS complexes within the inner mitochondrial mem-
brane. Most likely, single and associated OXPHOS complexes
co-exist within the inner mitochondrial membrane (Fig. 3).
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Their ratio is speculated to be regulated by so far unknown
factors. One of these factors might be the lipid cardiolipin
(46 -48).

Perspectives

The functional roles of OXPHOS supercomplexes have to be
further investigated. Obviously, high resolution structures
based on single particle cryo-EM or x-ray crystallography will
represent a basis to better understand supercomplex function.
Furthermore, non-invasive methods to analyze the supramo-
lecular structure of the OXPHOS system are very important to
finally exclude that artificial aggregations are generated during
disruption of mitochondrial membranes. However, there are
currently no indications that the detergents used for OXPHOS
supercomplex characterizations produce any artifacts. Also,
evidence for the occurrence of OXPHOS supercomplexes is
based very heavily on detergent-free experimental strategies
like rapid freeze-deep etch EM, flux control measurements, and
the characterization of mutants. Future research on the
supramolecular structure of the OXPHOS system should be
based on a broad scale of different procedures, including
cryo-EM tomography, atomic force microscopy in aqueous
solution, and other newly developed experimental systems.
This will be especially important for the investigation of even
larger “string”-like hyperstructures of the OXPHOS system,
which are proposed to exist under in vivo conditions (49).
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