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ABSTRACT: The respiratory chain complexes can arrange into multienzyme assemblies, so-called
supercomplexes. We present the first 3D map of a respiratory chain supercomplex. It was determined by
random conical tilt electron microscopy analysis of a bovine supercomplex consisting of complex I, dimeric
complex III, and complex IV (I1III 2IV1). Within this 3D map the positions and orientations of all the
individual complexes in the supercomplex were determined unambiguously. Furthermore, the ubiquinone
and cytochromec binding sites of each complex in the supercomplex could be located. The mobile electron
carrier binding site of each complex was found to be in proximity to the binding site of the succeeding
complex in the respiratory chain. This provides structural evidence for direct substrate channeling in the
supercomplex assembly with short diffusion distances for the mobile electron carriers.

In mammals, most energy in the cell is produced by
processes which take place within the respiratory chain. The
respiratory chain comprises a number of membrane-bound
enzyme complexes which transfer electrons from NADH to
oxygen to ultimately produce water and generate a trans-
membrane proton gradient. Initially, the electrons from
NADH are transferred via complex I (NADH:ubiquinone
oxidoreductase) and ubiquinone to complex III (ubiquinol:
cytochromec oxidoreductase). Thereafter they pass through
the peripheral electron carrier cytochromec and complex
IV (cytochromec oxidase) to the terminal acceptor, molec-
ular oxygen. The electrochemical proton gradient generated
is used by complex V (FOF1-ATP synthase) to produce ATP.

In the past decade, structures of the individual respiratory
chain complexes from various organisms have been deter-
mined. In the case of bovine heart mitochondria there exist
atomic models of complex III (1-5) and complex IV (6-
8), and electron microscopy 3D maps have been calculated
for complex I (9).

In many organisms these complexes are assembled into
supercomplexes. Such an arrangement may increase the

electron-transfer rate by ensuring that the individual com-
plexes and mobile electron carriers (ubiquinone and cyto-
chrome c) are in close proximity (10). In addition, the
organization into a supercomplex leads to an improved
stabilization of the individual complexes (11-16). Respira-
tory supercomplexes of different compositions have been
found in bacteria, e.g.,Paracoccus denitrificans(15), in
mitochondria fromSaccharomyces cereVisiae(17, 18), other
fungi (12), higher plants (19-21), and mammals (14, 18,
22, 23) by means of colorless and blue native polyacrylamide
gel electrophoresis (BN-PAGE),1 gel filtration, and immu-
noprecipitation. However, little is known about the archi-
tecture of these multicomplex assemblies. 2D projection
maps of a supercomplex consisting of monomeric complex
I and dimeric complex III (I1III 2) from the plantArabidopsis
thaliana (24), a supercomplex consisting of a complex III
dimer and two copies of complex IV (III2IV2) from yeast
(25) and of the two supercomplexes I1III 2 and I1III 2IV1 from
bovine heart mitochondria (16) were obtained by electron
microscopy. However, it was not possible to determine the
arrangement of most of the individual complexes in the 2D
projections.

To determine the positions and interactions of the com-
plexes in such an assembly, we calculated a 3D map of
supercomplex I1III 2IV1 from bovine heart mitochondria. The
3D structure is the first to be determined for a respiratory
supercomplex. In the 3D map the positions and orientations
of all complexes in the supercomplex were determined
unambiguously. The putative mobile electron carrier (ubiquino-
ne or cytochromec) binding site of each complex is facing
the corresponding binding site of the succeeding complex
in the respiratory chain. In this assembly both electron
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carriers have short diffusion distances, supporting the notion
of a more efficient electron transfer along the respiratory
chain when the complexes are associated within a super-
complex.

MATERIALS AND METHODS

Sample Preparation. Supercomplex I1III 2IV1 was isolated
in its active state from bovine heart mitochondria according
to ref 16. The supercomplex sample with a concentration of
∼0.4 mg/mL was stored in 0.1% (w/v) digitonin, 25 mM
tricine, 7.5 mM bis-tris, 25 mMε-aminocaproic acid, 10%
(w/v) glycerol, pH 7.1, at-80 °C.

Transmission Electron Microscopy. The undiluted super-
complex I1III 2IV1 sample was negatively stained with 2%
(w/v) ammonium molybdate according to the deep stain
method (26) to ensure that the whole supercomplex was
embedded in stain, which was not possible with uranyl
acetate stained samples. Electron micrographs were recorded
on Kodak SO-163 electron image film using a Philips
CM120 at 120 kV under low dose conditions, at a magni-
fication of 45000×. Tilt pairs were collected with the first
micrograph at a nominal tilt angle of 50° and the second, of
the same area, at 0°. A defocus of∼1500 nm on the tilt axis
for the tilted micrograph and∼700 nm for the untilted
micrograph was employed. Micrographs were digitized on
a PhotoScan scanner (Z/I Imaging, Aalen, Germany) at a
pixel size of 7µm, corresponding to 1.56 Å on the specimen.
Subsequently, adjacent pixels were averaged to yield a pixel
size of 4.67 Å.

Image Processing and 3D Reconstruction. Top-view
images were processed using SPIDER (System for Process-
ing Image Data in Electron microscopy and Related fields,
version 5, with modifications) (27). The 3D reconstruction
was preformed by the random conical tilt method (28), using
scripts written by M. Radermacher and D. Parcej (Max-
Planck-Institute of Biophysics, Germany). Equivalent par-
ticles from tilted- and untilted-view images were identified
and selected using the “tilted particles” option in WEB (27).
This enabled determination of the tilt geometry (tilt axis
direction and tilt angle) for each micrograph. Afterward, the
particles were windowed into 128× 128 pixel boxes. To
avoid reference bias, images from the zero-degree micro-
graph were centered against a circular mask, and a first
average was calculated using reference-free alignment (29).
This average was then used as the initial reference for three
rounds of direct translational and rotational alignment. The
top views were subjected to a neuronal network analysis
implemented in XMIPP (X-windows based Microscopy
Image Processing Package;30). Three nodes from the
resulting map were selected and used as references for
multireference alignment using Radon transforms (31). This
yielded three classes. The tilted-view images were filtered
to 3.0 nm. This value was chosen such that all tilted 2D
images were truncated to a resolution lower than the first
zero of the theoretical contrast transfer function for the
particle (calculated using the nominal defocus and tilt
parameters). This was done because we were unable to detect
Thon rings due to the thickness of the stain layer and thus
could not determine the defocus of the tilted micrographs.
Then the tilted-view images were centered against the
equivalent, aligned zero-degree images and grouped in

classes on the basis of the classification of the zero-degree
images. 3D maps were then calculated for each of the classes
from Radon transforms of the tilted-view images (32).

Visually similar 3D maps with values of the cross-
correlation coefficients with each other higher than 0.94 were
combined by aligning the tilted-view images from the
appropriate classes to the Fourier-transformed Radon trans-
form of one of the 3D maps to be combined (31). The
combined 3D map was refined twice by aligning in a similar
manner. After refinement, the resolution of the final 3D map
was determined by Fourier shell correlation (33, 34) with a
cutoff of 3 times the noise correlation or the 0.5 FSC
criterion. For further studies the map was filtered to 3.6 nm
with a Fermi low-pass filter. The molecular mass of the 3D
map was calculated with a coefficient of 1.37 g/cm3. An
elongation factor of 1.4 was calculated due to the missing
cone.

Fitting of the IndiVidual Complexes in the Supercomplex
3D Map. A negative stain 3D map of bovine complex I
filtered to 5.0 nm was supplied by N. Grigorieff (9). The
X-ray structures of bovine complex III (PDB ID 2A06,4)
and complex IV (PDB ID 1OCC,6) were used for fitting of
the complex III dimer and complex IV monomer. Fitting of
the individual complexes (I, III2, and IV) was performed by
hand in Chimera (35; UCSF Chimera package of the
Resource for Biocomputing, Visualization & Informatics,
University of California, San Francisco, supported by NIH
Grant P41 RR-01081).

RESULTS AND DISCUSSION

Recently, we showed that it was possible to isolate active
bovine heart supercomplex I1III 2IV1 from mitochondrial
membranes solubilized in digitonin using BN-PAGE and
electroelution (16). 2D projection class averages obtained
by single-particle electron microscopic analysis showed that
the protein favored distinct orientations on the carbon support
film of specimens stained with uranyl acetate (16): “top”
views as looking perpendicular to the membrane surface and
“side” views as looking along the membrane plane.

In our previous study (16) a 3D map of the supercomplex
was not generated. Subsequent attempts to obtain higher
resolution data by embedding the supercomplex in ice were
unsuccessful due to the low concentration of protein that
could be achieved. Approaches to reach a higher concentra-
tion during or after purification failed because the super-
complex aggregated irreversibly at concentrations higher than
∼0.5 mg/mL. We therefore decided to calculate a three-
dimensional map of the supercomplex embedded in a deep
ammonium molybdate stain.

The distinct orientations described in our previous study
(16) were also observed here for the ammonium molybdate
stained protein (Figure 1A,B), showing that the type of stain
used had no major effect on the shape of the protein. The
side views are roughly L-shaped, while the top views are
triangular with the three sides all of different lengths.

Because of the distinct orientations of the particles on the
carbon support, we decided to use a tilt-pair data collection
strategy (random conical tilt) (28). In this scheme, a
micrograph of the specimen is taken in a highly tilted
orientation (e.g.,∼50°), followed by an image of the same
specimen area with zero tilt. From the untilted micrograph
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the particle images are aligned and classified to identify
particles with the same orientation on the carbon. Since the
particles are randomly oriented in the plane of the carbon
film, the images in the tilted micrograph exhibit a random
conical geometry (28). From the tilt angle and the relative
rotation in the plane, two of the Euler angles required for
the reconstruction are known. The third is assumed to be
the same for all particles which display the same view in
the zero-tilt images. The three derived Euler angles are
applied to the tilted-view images, and 3D maps are calculated
by weighted back-projection. 3D maps are calculated for each
individual class, and similar maps are then combined.

From 20 tilt pairs 2183 particles were selected. The
majority (80%) of the particles displayed top views, whereas
only the minority (20%) had side-view orientations. Hence,
the distribution between top and side views is the same as
in uranyl acetate stained bovine supercomplex samples (16).

The top-view particles were separated into three main
classes. All of the top views (Figure 1C-E) showed a bright,
stain-excluding density (marked with a white arrow in Figure
1C), which was identified as the matrix arm of complex I
(16). Two of the top-view class averages showed the
characteristic triangular shape (Figure 1C,E), whereas the
third top view displayed a more oval shape (Figure 1D). The

different appearance of this top view is probably due to an
orientation on the carbon support film slightly different from
those of the other two classes. Side-view particles were
separated into two main classes (Figure 1G,H). The matrix
arm of complex I (marked with a white arrow in Figure 1G)
and the matrix domains of complex III2 (marked with an
asterisk in Figure 1G), which have been identified in our
earlier study (16), are clearly visible. Because of their low
occurrence side views were not subjected to any further
analysis.

3D maps of the top views were calculated corresponding
to the three class averages (Figure 1C-E). The 3D maps of
two classes (Figure 1C,D) were visually identical and so were
combined. The 3D map from Figure 1E showed a different
orientation in its distal domains and was not included. After
refinement, the resulting map (Figure 2, left column) was
found to have a resolution of 3.2 and 3.9 nm as determined
by Fourier shell correlation according to the 3σ criterion or
the 0.5 cutoff criterion (33, 34), respectively. Importantly,
when the final 3D map was reprojected along thez-axis
representing a top-view orientation (Figure 1F) and also
reprojected to present a side-view orientation (Figure 1I),
the resulting images were consistent with the untilted class
averages (Figure 1C-E,G), showing that the 3D map is a
valid representation of the data.

The higher protrusion seen in a side view of the 3D map
(Figure 2, left column) has a total height of 17 nm and the
smaller one a height of 14 nm. The membrane integral part
of the supercomplex has dimensions of 20× 15 nm. The
final 3D map was displayed at a threshold of 2σ and has a
calculated molecular mass of 1700 kDa, which corresponds
very well to the experimentally determined mass (16) of the
whole supercomplex including residual bound detergent,
lipid, and Coomassie. Hence, it can be concluded that the
supercomplex particles are completely embedded in the
ammonium molybdate stain.

Positions of the IndiVidual Complexes in Supercomplex
I1III 2IV1. The X-ray structures of complexes III2 (4) and IV
(6) as well as a negative stain 3D map of complex I (9) were
fitted in the 3D map. In this way it was possible to locate
all three individual complexes unambiguously (Figure 2).
The highest protrusion in the map represents the matrix arm
of complex I. The position of complex IV was determined
in our previous study (16) at the opposite end of the
supercomplex and confirmed by our 3D map. The smaller
protrusion embodies the matrix domains of complex III2. The
remaining density was assigned to the membrane arm of
complex I, fixing the orientation of complex I.

The higher protrusion in the side view (Figure 2) represents
the matrix arm of complex I (Figure 2, middle and right
columns). The individual complex I (marked yellow in Figure
2, middle and right columns) displays the same angle
between the matrix and the membrane arm as complex I in
the supercomplex (Figure 2). The distal matrix domains in
the supercomplex are bent toward the membrane domains
and have a slightly different shape compared to the isolated
complex I. This results in the matrix arm protruding from
the supercomplex 3D map when complex I is fitted.

The functionality of complex I in the supercomplex was
shown by the in-gel NADH dehydrogenase activity of the
matrix arm as well as spectrometric NADH:ubiquinone
oxidoreductase activity of the whole complex (16). Further-

FIGURE 1: Transmission electron microscopy of supercomplex
I1III 2IV1 particles and resulting class averages. Tilt pair of a grid
area in the(A) untilted (0°) position and in the(B) 50° tilted
position. In each micrograph the same three particles are marked
with circles. Particles 1 and 3 are side views, and particle 2 is a
top view. The long particle in the upper left of the electron
micrographs is tobacco mosaic virus (TMV), and the black spot
above particle 1 is a colloidal gold particle (L ) 20 nm). Both
were used for orientation and locating the same grid area in the
untilted and tilted micrographs. Class averages of top views obtained
from multireference alignment: (C) average of 593 particles, (D)
average of 430 particles, and (E) average of 482 particles. (F)
Reprojection of the final 3D map along thez-axis to represent a
top-view orientation. Class averages of side views obtained from
multireference alignment: (G) average of 236 particles and (H)
average of 201 particles. (I) Reprojection of the final 3D map to
represent a side-view orientation. The matrix arm of complex I,
which is the stain-excluding density in the top views, is labeled
with a white arrow in (C) and (G). The matrix domains of complex
III 2 are labeled with an asterisk in (G). The scale bars represent
(A) 100 nm and (C-I) 10 nm.
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more, the matrix arm subunits 24, 49, 51, and 75 kDa were
identified by MALDI peptide mass fingerprinting (16). All
iron-sulfur clusters required for electron transfer are located
in the matrix arm, and the NADH binding site is located in
the matrix arm subunit 51 kDa (36). Taking these data
together, it can be ruled out that the difference in appearance
of the matrix arm in the individual complex I and complex
I in the supercomplex is caused by a loss of complex I
subunits in the supercomplex.

On the carbon support film the individual complex I
particles favor side-view orientations (9), whereas the
supercomplex particles favor top-view orientations. Hence,
the different shapes of the matrix arm and the protrusion of
individual complex I may be caused by the negative stain
and by different interactions with the carbon support film
of the individual complex I and the supercomplex I1III 2IV1.
The matrix domains of complex I could be distorted in
another way than in the 3D map of the individual complex
I, or the different shape could be due to a slight twist of the
matrix domains in the supercomplex. The matrix arm of
complex I shows a variability in the conformation of its
domains (37); thus, the structural differences of the matrix
arm of the individual complex I and complex I in the
supercomplex could also be due to different conformations.

Recently, the structure of the soluble arm of complex I
from Thermus thermophilushas been determined by X-ray
crystallography (36). We attempted to fit the structure of
the soluble arm in our supercomplex, but as complex I from
bovine heart mitochondria contains a number of “accessory”
subunits in comparison to that fromT. thermophilus, it is
not possible to compare the two structures directly with each

other, and an unambiguous fit was not feasible. The
ubiquinone binding site of complex I is believed to be in
the peripheral matrix arm close to the connection of the
matrix arm and the membrane arm (36, 38-40). The subunits
49 kDa and PSST seem to play a major role in this binding
pocket (38, 39).

The smaller protrusion (14 nm) in the side view of the
3D map of supercomplex I1III 2IV1 (Figure 2) corresponds
to the matrix domains of the complex III dimer (4). The
width of the membrane integral part of the supercomplex
(15 nm) consists of the membrane parts of complexes I and
III 2. One of the complex III monomers of the dimer is facing
the lipid. The other one is attached to the membrane arm of
complex I. As mentioned above, the quinone binding site in
complex I is believed to be in the matrix arm (36, 38, 39,
40) near the junction of the matrix and membrane arms. The
ubiquinone binding site in complex III is located at the
Rieske iron-sulfur protein and cytochromeb (4, 41, 42).
On the basis of the structures of the individual complexes
fitted into the supercomplex, these subunits seem to be
attached to the complex I membrane arm close to its matrix-
membrane arm connection and face the putative ubiquinone
binding site in complex I. The ubiquinone coming from
complex I reaches its binding site in the complex III dimer
via a cavity which in our model is facing the proposed
ubiquinone binding site in complex I (Figure 3).

In the supercomplex 3D map, the distal domains of core
proteins I and II of complex III2 appear to have a shape
different from that in the X-ray structure. As a consequence,
complex III2 in the supercomplex has a height of 14 nm and
not the 15 nm expected from the X-ray structure (4). For

FIGURE 2: Comparison of the 3D map of supercomplex I1III 2IV1 with those of the individual complexes. The left column shows a surface
representation in blue of the supercomplex I1III 2IV1 3D map. The middle column displays the 3D map with a semitransparent surface and
the fitted structures of the individual complexes. The right column shows only the three individual complexes as they would assemble to
form the supercomplex. The two upper rows display side views along the membrane plane. The third row shows the particles as seen from
the matrix space and the lower row as seen from the intermembrane space. The electron microscopic 3D map of complex I filtered to 5.0
nm (9) is shown in yellow, the X-ray structure of complex III2 (PDB ID 2A06,4) is displayed in red, and the X-ray structure of complex
IV (PDB ID 1OCC,6) is shown in green. The location of the membrane in a side view is displayed in purple. IMS) intermembrane space.
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this reason, parts of the distal complex III2 subunits from
the X-ray data extend out of the 3D map. This can be due to
conformational changes or rather likely a slight distortion
of the supercomplex by the stain or masking effects of the
polar distal domains by the ammonium molybdate.

Furthermore, some small membrane peripheral parts of
the 2.8 Å resolution X-ray structures of complexes III2 (4)
and IV (6) are not seen in the negative stain 3D map of the
supercomplex. The 3D map was filtered to 3.6 nm; it is
possible that these small domains may not be visible at this
resolution.

Previously, we determined the location and orientation of
complex IV in the supercomplex by a difference map
between supercomplexes I1III 2IV1 and I1III 2 (16). Its position
at the end of the complex I membrane arm is clearly
confirmed by the 3D map. Together complexes I and IV form
the 20 nm long membrane integral part (Figure 2). The
complex IV monomer interacts with complex I (Figure 2)
through a site which is the dimer interface in the X-ray
structure (6). The cytochromec binding site in complex III
is at the cytochromec1 subunit (43). In complex IV
cytochromec is known to interact with the globular domains

FIGURE 3: Electron carrier binding sites in the supercomplex. (A) Magnified side view along the membrane plane. (B) Top view from the
matrix side. (C-G) Side views along the membrane plane. (H) Bottom view from the intermembrane space. The individual complexes
in the supercomplex are shown in yellow (complex I), red (complex III2), and green (complex IV). (A, F) The ubiquinone interaction site
in complex I is marked in dark gray, and the interaction site in the complex III dimer is marked in gray. In all other representations only
the ubiquinone interaction site in the complex III dimer is marked in gray. The two cytochromebL hemes of the complex III dimer, which
are the ubiquinone interaction site, are shown in light gray. The ubiquinone diffuses from its interaction site in complex I to its interaction
site in the complex III dimer, shown as a dark gray arrow in (A) and (F). The cytochromec interaction site in complexes III and IV is
marked in light blue in (A)-(H). Cytochromec bound to complex III is colored in black (from 1KYO (PDB ID);43), and subunit II, which
is the cytochromec binding site, from complex IV is displayed in blue. The rotations to obtain the different views are shown next to the
arrows.
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of subunit II (6), although various other subunits have also
been reported to play a role in binding. InS. cereVisiae the
interaction of the individual complexes in a supercomplex
consisting of complexes III and IV is proposed to be at the
subunits cytochromeb andc1 from complex III with IV (44).
The lipid cardiolipin is thought to glue the two complexes
together (44, 45). On the basis of the fitted structure, in our
3D map the cytochromesb andc1 from complex III2 seem
to face subunit II. Hence, the cytochromec binding sites of
both complexes are facing each other (Figure 3).

The stoichiometry of the supercomplex of I1III 2IV1 was
confirmed by structural and biochemical studies (16, 18, 22).
The presence of a complex III dimer might be essential for
the assembly or stability of complex I (11-16). In addition,
functional as well as structural data suggest that complex
III is only active as a dimer (41-43, 46). Our previous
study (16) showed that complex IV exists as an active
monomer in the supercomplex. This was also shown in a
recent study (25) for a yeast supercomplex consisting of
dimeric complex III and two complex IV monomers bound
to opposite ends. In contrast to the situation in yeast (25),
complex IV in our supercomplex interacts with the rest of
the supercomplex with the interface, which is the dimer
interface in the X-ray structure (6). Our supercomplex 3D
map clearly confirms the presence of just one copy of
complex IV as well as its orientation. Thus, in mammals
the dimerization of complex IV might play a structural role,
competing with supercomplex formation using the same
contact interface (16).

Detailed studies have shown the reliability of 3D maps
derived from negatively stained samples (26, 47, 48). Our
3D map represents the right molecular mass of∼1700 kDa
for the supercomplex I1III 2IV1. Complex I, III, nor IV has a
large domain in the intermembrane space (4, 6, 9), which is
consistent with the appearance of the supercomplex 3D map
(Figure 2). All complexes could be assigned to the super-
complex I1III 2IV1 3D map unambiguously (Figure 2), and
all membrane domains of the individual complexes in our
model are at the same height, like they are expected in a
lipid layer embedded arrangement. Together these observa-
tions support the overall reliability of our supercomplex 3D
map.

Our 3D map of I1III 2IV1 gives the first insight into the
positions and interactions of the individual respiratory chain
complexes when assembled into a supercomplex. One
function of the assembly into a supercomplex is the stabiliza-
tion of the individual complexes. As proposed earlier (11,
12, 14, 16) complexes III and IV are needed for the
stability of complex I. The 3D map of I1III 2IV1 indeed
shows extensive interaction sites of both complexes III2

and IV with complex I, which will keep it in a stable
conformation.

In the 3D map of supercomplex I1III 2IV1, the mobile
electron carrier (ubiquinone or cytochromec) binding site
of one complex is facing and is in proximity to the mobile
electron carrier binding site of the succeeding complex of
the respiratory chain. This arrangement is significant as it
results in short diffusion distances for ubiquinone and
cytochromec, thus facilitating a more efficient electron
transfer from complex I via complex III to complex IV as
proposed in the solid-state model (10).

The positions and orientations of the individual complexes
in the multienzyme assembly give further evidence for a
direct substrate channeling in the supercomplex.
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