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Abstract
Mitochondria produce energy through oxidative phosphorylation, carried out by five membrane-

bound complexes collectively known as the respiratory chain. These complexes work in concert to
transfer electrons and pump protons, leading to ATP regeneration. The precise organization of these
complexes in native cells is debated, notably their assembly into higher-order supercomplexes called
respirasomes. Here, we use in situ cryo-electron tomography to visualize the native structures and
organization of several major mitochondrial complexes inside Chlamydomonas reinhardtii cells. ATP
synthases and respiratory complexes are segregated into curved and flat crista membrane domains,
respectively. Respiratory complexes I, III, and IV assemble into a single type of respirasome, from which
we determined a native 5 Å-resolution structure showing the binding of electron carrier cytochrome c.
Combined with single-particle cryo-electron microscopy reconstruction at 2.4 Å resolution, we assemble
a detailed model of how the respiratory complexes interact with each other inside native mitochondria.

Introduction
Mitochondria are essential organelles found in nearly all eukaryotes (1). One of their main

functions is oxidative phosphorylation, where a set of five membrane-embeddedmolecular machines, the
respiratory complexes, work together to recycle ADP to ATP, the energy currency of the cell (2, 3). Even
though many high-resolution structures of isolated respiratory complexes have been solved (4–10), their
organization within mitochondria remains an ongoing matter of investigation. They localize to cristae,
specialized inner membrane (IM) folds that greatly increase the membrane surface area (11). The
complexes can form higher-order structures, including respirasome supercomplexes (containing
complexes I, III, IV, and sometimes II) (12–22) and oligomers of ATP synthases (11, 23), both of which
can influence crista membrane architecture (11). However, respirasomes have only been described from
biochemically purified complexes or membranes, using techniques such as blue-native PAGE (24–27) or
single particle analysis (SPA) of cryo-electron microscopy (cryo-EM) data (12–22). Purification of
membrane complexes typically involves detergents, which can extract structural lipids and cause
rearrangements. Moreover, the disruption of the membranes during isolation of mitochondria might have
a direct impact on respiratory chain function, e.g., releasing the electron carrier cytochrome c (cyt. c) that
shuttles within the intermembrane space (IMS) between complexes III and IV.

To better understand the molecular organization and function of respirasomes, these
supercomplexes should be studied in situ within their native cellular environment. We therefore sought
to visualize native mitochondria using cryo-electron tomography (cryo-ET) (28, 29), which recently has
experienced breakthroughs in resolution thanks to rapid development of both hardware and software (30–

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.03.610704doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.03.610704
http://creativecommons.org/licenses/by-nc/4.0/


32).With this approach, frozen cellular samples are thinned using cryo-focused ion beam milling (cryo-
FIB) to produce 100-200 nm-thick sections, which are then imaged in 3D using a transmission electron
microscope (33, 34). We chose to work withChlamydomonas reinhardtii, a unicellular green alga widely
used to study photosynthesis (35) and ciliary function (36, 37) which has also proven to be an excellent
model to investigate mitochondrial biology (38, 39). High-throughput milling with a cryo-plasma FIB
enabled us to acquire a large scale cryo-ET dataset ofC. reinhardtii cells (EMPIAR-11830). This enabled
us to visualize the native structures and molecular organization of several mitochondrial complexes,
including a 5 Å-resolution structure of a respirasome within the native cellular environment. Compared
to a structure of an isolated partial respirasome we generated using SPA, our in situ structure reveals key
conformational differences and interaction interfaces, as well as the binding sites of cyt. c, demonstrating
the power of in-cell structure determination.

Results&Discussion
Molecular landscape of mitochondria revealed by cryo-ET

In C. reinhardtii, mitochondria form an almost uninterrupted network that covers the entire cell
and can be reorganized upon different conditions (40). Cryo-ET of mitochondria inside C. reinhardtii
cells allowed direct visualization of their native membrane architecture and molecular organization. A
prominent architectural feature of mitochondria are the cristae. Like in animals, the cristae in
Chlamydomonas are shaped like flat lamellar sacs. The cristae lumen in C. reinhardtii has an average
width of ~15 nm, compared to ~12 nm measured in several animal studies (41–43). Visual inspection of
the tomograms revealed several mitochondrial complexes of known and unknown identity, which we then
structurally resolved by subtomogram averaging (STA) (Fig. 1 and fig. S1).

At the IM, we observed that mitochondrial ribosomes were often organized as circular
polysomes, a feature that was not previously described (fig. S1B) (38). Within the heavily crowded
mitochondrial matrix, we identified “bullet-shaped” complexes with 7-fold symmetry that could be
attributed to HSP60 after STA. In the IMS, between the IM and outer membrane (OM), we observed
multiple “volcano-shaped” complexes (Fig. 1B and fig. S1A). These complexes are excluded from cristae
and maintain a consistent orientation, with the wide edge touching the IM and the narrow tip connecting
to the OM. The identity of these complexes is uncertain, but their structure is similar to prohibitin
multimers, ubiquitous among eukaryotes including Chlamydomonas, and recently described in human
cells (44). A rarer observation (about 1 per tomogram) were “lightbulb-shaped” complexes bound to the
OM and protruding into the cytosol (fig. S1D). We were not able to clearly average these structures due
to the limited number of particles and probable structural heterogeneity of the complexes.

We then analyzed the organization of the complexes located on the crista membranes. At the tips
of the cristae, ATP synthases could be clearly identified (Fig. 1D), forming dimers that organize into rows
(fig. S1E). We observe that these ATP synthase dimer rows form higher-order structures, with multiple
rows aligned next to each other, thereby inducing the complete fold of the crista tip (fig. S1E). This
organization agrees with the arrangement of ATP synthase recently reported in the non-photosynthetic
green alga Polytomella (45). This is however a distinct cristae-shapingmechanism compared to yeast and
animals, where a single row of ATP synthase dimers is supposedly enough to induce the full fold of the
cristae membrane (46, 47), and Toxoplasma (5), where hexameric ATP synthases shape the tips of tubular
cristae.

Subtomogram average of the native Chlamydomonas respirasome

Densities were also visible on flat regions of crista membranes, where respiratory complexes
involved in proton translocation are supposed to be located. Indeed, complex I could be clearly identified
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by eye (Fig. 1A). We used template matching to detect either complex I or complex III (see Methods).
After extraction and classification of the particles, both complex I and III template matching results
converged towards a similar class, a respirasome supercomplex harboring a C2 symmetry (fig. S2). This
low-resolution average of the supercomplex was then used as a reference to template match the entire set
of mitochondria-containing tomograms. Subtomogram classification and refinement rounds (fig. S3) with
and without symmetry imposition, allowed us to reach a global resolution of 5.4 Å from 14,494 particles.
The membrane-embedded part of complex I was best-resolved (local resolution reaching 4.1 Å),
indicating that the transmembrane domains of complex I make stable interactions within the
supercomplex. To further improve the map, we recentered the alignment on one asymmetric half of the
respirasome and used symmetry expansion. This yielded a 6.2 Å map, which while slightly lower
resolution than with C2 symmetry applied, was more homogeneously resolved throughout all the protein
complexes. Inspection of the respirasome structure allowed us to determine that it is composed of two
monomers of complex I, two dimers of complex III, and six monomers of complex IV. This I2 III4 IV6

respirasome (Fig. 2) has a distinct arrangement of respiratory complexes compared to supercomplexes
previously described from other organisms. The local resolution of the different complexes (Fig. 2B)
allowed us to observe bulky side chains in the transmembrane core of complex I, and even to determine
that the catalytic site of the carbonic anhydrase domain is active in Chlamydomonas. We could also
resolve bound heme groups in both complexes III and IV.

The I2 III4 IV6 respirasome is ∼260 Å in height, ∼335 Å in width, and ∼345 Å in length, and
contains 384 transmembrane helices (Fig. 2A and Movie 2). The 2-fold symmetry axis is positioned at
the interface between the two monomers of complex I, mediated by the tips of the distal membrane
domains. On both sides of complex I, each complex III dimer interacts with the matrix-exposed distal
membrane domain, locking the two complex I monomers together. We have designated the complex IV
monomers as proximal (P), middle (M), and distal (D) for their positions relative to complex I (Fig. 2A).
The two best resolved complex IV monomers (P and M) are anchored directly next to complex I. The
most proximal complex IV (P), closest to the carbonic anhydrase domain of complex I, is oriented with
its concave side facing complex I. Themiddle complex IV (M) is rotated by about 90°, and has its concave
side facing the proximal complex IV, while still interacting with complex I. The distal complex IV (D) is
oriented in a similar fashion as the middle complex IV; however, it is not directly interacting with
complex I but appears to form some contacts with complex III from its convex side. This complex IV
exhibited a fainter density in the STA map compared to the other two, which may suggest that
Chlamydomonas respirasomes are not always bound to the distal complex IV in vivo. An alternative
explanation for the fainter density could be structural flexibility, as the distal complex IV makes limited
contacts with the other complexes of the respirasome, which suggests a looser interaction and hence
conformational heterogeneity. The respirasome induces local membrane bending with an angle of ~160°
(Fig. 2A), similar to the bending angle formed by CI + CIII2 in Arabidopsis (18, 20). However, the
bending induced by a single respirasome does not appear to have an impact on overall curvature of the
surrounding crista membrane, which is flat.

Although the majority of respirasomes were localized to the flat crista membranes, a
subpopulation was also found at the IM, excluded from cristae (see Fig. 1B and fig. S2C). Subunits of
complexes I and IV are encoded in the mitochondrial genome and are first synthesized at the inner
membrane, where mitochondrial translation takes place (38, 48, 49). Thus, these supercomplexes might
be newly synthetized ones, on their way to relocate to the cristae. Alternatively, they might contribute to
a local electrical potential gradient, Δψ , necessary for ATP-independent protein import machinery at the
IM (50). This observation suggests that respiratory complexes may function not only in cristae but also
at the inner membrane.
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This is, to date, the only structure of respirasomes inside native cells. Previous in situ cryo-EM
and cryo-ET of respirasomes in mammals (51), Tetrahymena (17), yeast, and plants (52) were performed
on isolated membranes or mitochondria. Here, we resolve one main respiratory supercomplex, with
distinct stoichiometry from the multiple types of respirasomes recently observed in purified pig heart and
mouse mitochondria (12, 51). The Chlamydomonas cells we imaged were all grown asynchronously
under similar conditions, so we cannot exclude that different respirasomesmight form in other conditions
to meet changing metabolic needs. It might be that the supercomplex we observed has the optimal
stoichiometry or arrangement for a specific metabolic state. Individual complex I and complex III were
not detected by our template matching approach, and thus may not be abundant in situ. Even if the free
states do exist, we expect complexes I, III, and IV to directly assemble into supercomplexes, probably
during the biogenesis of each complex. However, our dataset is not well suited to study these events, as
we primarily imaged mature mitochondria where the synthesis of new complexes occurs infrequently.

Integration with single-particle cryo-EM

To better interpret the composition and inter-subunit interactions of our in-cell structure of the
Chlamydomonas respirasome, we also biochemically isolated a supercomplex from C. reinhardtii and
determined its structure at 2.8 Å resolution using single-particle cryo-EM. The isolated supercomplex is
composed of one complex I, one dimer of complex III, and two monomers of complex IV (I1 III2 IV2

stoichiometry). Except for one missing complex IV (from the D position), it is almost identical in
composition and conformation to half of a native respirasome, consistent with the pseudo-C2 symmetry
observed in situ. Local refinements reached an average of 2.3 Å on complex I, 2.4 Å on complex III, and
2.4 Å on complex IV (fig. S4). This allowed us to sequence the proteins directly from the SPA map and
a build a full model de novo (Fig. 3A). In total, Chlamydomonas complex I is composed of 51 proteins,
complex III of 20 proteins (10 unique, considering that complex III is a homodimer) and complex IV of
12 proteins (see figs. S5-S7 and Tables 2 and 3 for a complete description of the proteins). Based on their
protein composition, we determined the molecular weight of these complexes, with complex I at 1640
kDa, complex III at 461 kDa and 198 kDa for complex IV, which makes the isolated I1 III2 IV2 a total of
~2.5MDawith 95 protein subunits, and the native I2 III4 IV6 a total of ~5.4MDawith 214 protein subunits.
Briefly, complex I structure and composition is similar to what was previously described in flowering
plants and non-photosynthetic algae (10), but here we identify all the different protein subunits, including
protein P10 at the very tip of the distal membrane arm, which appears to be a frame-shifted version of the
predicted Chlre_08g368050v5 open reading frame. Interestingly, the carbonic anhydrase domain,
originally described in plants, and now established as an ancestral domain of mitochondrial complex I
(53), is active, as attested by the presence of a zinc ion at the interface of the CAG1 and CAG3 subunits
(Fig 2B and fig. S5D). This reinforces the importance of its activity in photosynthetic organisms (54).
Complex III is nearly identical to the one from angiosperms, and we observe partial ubiquinone
occupancy at the Qo (QH2 oxidation) and Qi (Q reduction) sites (fig. S6). Complex IV, on the other hand,
is quite different from what was previously described in angiosperms (18–20), yeast (22), and animals
(51, 55). Protein subunits are conserved, but structurally, extensions of Cox2a, Cox2b, Cox5c and Cox6b
come together and protrude in the IMS to form what we term an “IMS tail” (fig. S7). Structurally, the
IMS tail is similar to what was recently described in Euglena, although the proteins involved are entirely
different (16).

Combining the model obtained from SPA with the STA map of the native respirasome, we were
able to build a complete model of the respirasome structure inside the cell (Fig. 3B and Movie 3), which
then allowed us to analyze how the different complexes within I1 III2 IV2 (yellow in Fig. 3C) and I2 III4
IV6 (orange in Fig. 3C) interact with each other. Complexes I and III interact via four contacts that are
nearly identical to Arabidopsis (18). When comparing the ubiquinone binding site, the ubiquinone head
in complex I is located about 105 Å from the most proximal Qo and Qi sites in the closest complex III
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(fig. S8A), which is similar to what was described in the isolated structures of plants (18), mammals (51),
tetrahymena (17), and euglena (16). This supports the conclusion that the I1III2 supercomplex is probably
the most conserved minimal supercomplex found in mitochondria across eukaryotes. Within I2 III4 IV6,
additional contacts are observed that mediate the dimerization of the native supercomplex (shown in
orange in Fig. 3C). Notably, the complex III from one asymmetric unit contacts the complex I from the
other asymmetric unit. This interaction leads to the complex I monomers being sandwiched on both sides
of their distal membrane arm by the two complex III dimers. Additionally, the two complex I monomers
contact each other at the distal tips of their membrane arms.

The complex IV monomers in positions P and M interact with each other and complex I, while
the monomer in position D interacts with complex III (Fig. 3C). Interestingly, the CoxIn and Cox5c
proteins in each complex IV are capable of mediating different types of interfaces either with complex I,
IV, or III. This suggests that complex IV may be a more labile component of supercomplexes,
contributing to their diversity. This conclusion is in line with recent studies on isolated mouse
respirasomes (12) and isolated pig mitochondria (51), where complex IV binds at different positions
around the more structurally conserved I1III2 core modules.

However, protein-protein interactions alone are likely insufficient to fully stabilize the
Chlamydomonas respirasome. We observe only a few inter-complex contacts, compared to the
interactions observed in some isolated respirasomes such as the supercomplex from Tetrahymena (17,
21). In our structure, we resolvemany lipids (figs. S5-S7) stably interacting with proteins that are integral
structural components of the complex. From the STA map, we also see that the gaps between the protein
complexes of the respirasome are fully filled with lipids. This emphasizes the role of lipids as important
structural elements of these supercomplexes (51) and might explain why isolating complexes using
detergents, which disrupt lipid composition, can result in dissociated and less physiologically relevant
complexes. In our case, the distal complex IV was probably lost during biochemical purification because
it makes only a few protein-protein interactions that were not sufficient to maintain attachment once the
stabilizing lipids were extracted.

Comparison between isolated and in situ structures

Overall, the relative positions of the individual complexes in the SPA map of isolated I1 III2 IV4

and the STAmap of native I2 III4 IV6 are very similar. However, there is a notable difference in the activity
state of complex I, which suggests that the native complex is active whereas the isolated complex is
inactive (see Supplementary text and fig. S9). Moreover, by analyzing the STA map of the native
respirasome at a lower threshold, we visualized additional densities attached to the luminal side of the
supercomplex, with two densities bound to every complex III dimer and one density bound to every
complex IV monomer (Fig. 4A). We could identify these densities as the soluble electron carrier cyt. c,
with binding sites in agreement with previous in vitro data (56, 57). The comparably weaker density for
cyt. c relative the rest of the map likely indicates partial occupancy. This is a good indication that this
respirasome is indeed active, as no occupancy or full occupancymight indicate inactive or inhibited states.
In total, the I2 III4 IV6 respirasome has four cyt. c binding sites on complex III and six binding sites on
complex IV, with distances from complex III to complex IV binding sites ranging from ~90 Å to ~250 Å
(average distance of ~175 Å). Considering only one respirasome, it would be most favorable for cyt. c to
travel from complex III to the closest complex IV. However, considering a native crista, we see that
respirasomes are located on both membranes, which are separated by an IMS with an average width of
~150 Å. This means that cyt. c could diffuse easily between respirasomes located on both sides of the
cristae, and that this would even in some case bemore efficient than shuttling within a single respirasome
(Fig. 4B).
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Two models have been put forward to explain the path of electron transfer along the respiratory
chain. The substrate channeling model proposes that the electron carriers, ubiquinone and cyt. c, are
channeled between the different complex I, III, and IV sites of a single respirasome (58–60). In contrast,
the free diffusion model proposes that the carriers diffuse freely in the IM and IMS, passing between
different respirasomes (58–60). Considering the overall arrangement and stoichiometry of the
Chlamydomonas respirasome, it is possible that reduced ubiquinol from each complex I could be
favorably transferred to one of the Qo sites (the proximal site relative to complex I) in a neighboring
complex III within the same supercomplex (fig. S8B). However, the position of the other complex III Qo

site (distal relative to complex I) appears to be less accessible to ubiquinol. Indeed, it is further away from
the complex I Q cavity and faces an enclosed lipid raft, possibly limiting the diffusion of ubiquinol in
that area of the supercomplex, even if no sign of symmetry breaking (e.g., locked Rieske subunit (55))
could be observed in the structure (fig. S8B). Moreover, densities attributed to cyt. c are visible on all
complex IV monomers, suggesting they are all active, but only one of these monomers (D) is located
adjacent to a complex III. It seems more plausible that electrons are transferred by free diffusion of
ubiquinol and cyt. c both within a supercomplex and between different respirasomes in the cristae.

Insights and questions into respirasome function

It remains an open question why respiratory complexes join together into respirasomes (58).
While roles in respiratory complex activity and assembly have been attributed to supercomplexes (55,
61–63), their functional significance remains debated,with substrate channeling in particular being called
into question (58, 63–66). Recent studies in mice and Drosophila, which biochemical assays show harbor
decreased levels of supercomplexes, indicate that respirasomes may not be required for normal respiration
and physiology (67, 68). Nevertheless, evolution appears to have repeatedly selected for respirasomes, as
many of the additional proteins acquired by respiratory complexes in different eukaryotic lineages serve
to mediate the formation of these supercomplexes (20, 58, 60).

Our study of native respirasomes inside Chlamydomonas cells provides new clues into the
functional significance of respirasomes. As described above, we find only minor support for the
hypothesis of substrate channeling (perhaps of ubiquinol from complex I to III) and conclude that
respirasomes likely do not accelerate the free diffusion of cyt. c from complex III to IV. A second
hypothesis for respirasome function is that they may serve to control respiratory complex stoichiometry,
but this is challenged by the many different supercomplex stoichiometries observed to date, sometimes
even within the same species (16, 20, 51, 58, 60). Here in Chlamydomonas, we describe the new
stoichiometry of a I2 III4 IV6 respirasome. It is not obvious why this particular stoichiometry is favored,
but perhaps the relative excess of complex IV might help ensure efficient capture of cyt. c and minimize
the ROS production by consuming the O2 in the vicinity of complex III. A third hypothesis for
respirasome function is that the supercomplex interactions may help stabilize assembly intermediates of
respiratory complexes, aiding in their biogenesis (55, 61–63). Our data is consistent with this idea, as we
do not see free complex I or complex III, and we observe a minor fraction of respirasomes at the IM,
where complex biogenesis occurs. A final hypothesis is that respirasomes function to shape crista
membranes, with ATP synthase oligomerization directing high-curvature folding of the crista tips and
respirasomes shaping the surface of the cristae (which is flat, with the exception of tubular Tetrahymena
cristae shaped by curved respirasomes (17)). As visualized by in situ cryo-ET (Fig. 1D), this membrane
architecture creates a narrow luminal space and lateral heterogeneity with the cristae, thereby generating
a gradient of proton flux from respirasome source to ATP synthase sink (Fig. 4B) (69). In such a manner,
respirasomes would enable efficient respiration through the indirect mechanism of establishing crista
architecture andmolecular organization. The native respirasome structure presented in our study provides
a blueprint to specifically disrupt supercomplex formation in vivo and mechanistically dissect the
physiological relevance of these enigmatic molecular machines.
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MainFigures

Figure 1:Molecular landscape of Chlamydomonas mitochondria

A) Slice through a tomogram depicting a mitochondrion within a native C. reinhardtii cell. B) Corresponding
segmentation of the tomogram with STA structures of the molecular complexes mapped back into the respective
particle positions. Grey: mitochondrial membranes, red: mitoribosomes, blue: ATP synthase dimers, orange:
respirasomes, green: HSP60, pink: putative prohibitins. Enlarged views of the STA maps are displayed below the
segmentation. C and D) Close-up views of the mapped in complexes, showing the organization of mitoribosomes
and putative prohibitins at the inner membrane (C) and the organization of ATP synthases and respirasomes on
cristae (D).
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Figure 2: Subtomogram average of the native Chlamydomonas respirasome

A) STA maps of the C. reinhardtii mitochondrial respirasome. From left to right: view from the matrix side (white
dashed line: 2-fold symmetry axis) and two different side views. Bending of the IM (transparent grey) is shown in
the rightmost side view. Blue: complex I, green: complex III, brick/yellow/cream: complex IV. P,M, andD indicate
proximal, middle, and distal complex IVmonomers. B)Close-up views of the different features resolved in the STA
map of each complex. Left: active site of the carbonic anhydrase and bulky side chains in the membrane arm of
complex I; Middle and right: heme groups in complexes III and IV.
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Figure 3:Models of the isolated and native respirasomes

A) Single-particle cryo-EM density and resulting molecular model of the isolated I1 III2 IV2 supercomplex. Details
of each complex are shown in figs. S5 to S7. B)Model of the in situ I2 III4 IV6 respirasome, built by combining the
STA density (Fig. 2) with the SPA model in panel A. Colored as in Fig. 2. P, M, and D indicate proximal, middle,
and distal complex IV monomers. Darker colors: core subunits, lighter colors: supernumerary subunits. C) View of
the contact sites mediating inter-complex interactions. Yellow: contacts observed both in the isolated and in situ
structures. Orange: additional contacts observed only in the native I2 III4 IV6 respirasome, mainly mediating
dimerization. The names of proteins involved in the contacts are indicated. For B22 and B12, as well as B18 and
NUOP7, at the tip of complex I membrane arm, these subunits interact with themselves in the second complex I.
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Figure 4: Cytochrome c binding sites on the native respirasome

A) Views of cyt. c densities bound to the respirasome in the STA map, shown from a side view and an IMS view.
Salmon: cyt. c bound to complex III, magenta: cyt. c bound to complex IV. Complex III dimers bind two cyt. c, and
complex IVmonomers bind one cyt. c, for a total of ten binding sites in the respirasome.Distances between complex
III and complex IV binding sites are indicated, showing the closest (90 Å) and farthest (250 Å) distances for cyt. c
to travel within the respirasome. B) Schematic side view of a crista in Chlamydomonas reinhardtii. Proton pumping
respiratory complexes are associated together in respirasomes on the flat sides of the crista, while ATP synthases
induce high curvature at the crista tip and use the chemical proton gradient to regenerate ATP. The average IMS
space (~150 Å) is shorter than the average distance between cyt. c binding sites within a respirasome (~175 Å),
suggesting that cyt. c freely diffuses between respirasomes in the crista.
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Supplementary Figures

Supplementary Fig. 1: Snapshots, STA, and organization of complexes resolved in native mitochondria

A) Zoomed-in views of denoised tomograms containing putative prohibitins that were used for STA. The resulting
STA map and FSC plot are shown alongside a view of a slice through the volume from IMOD. B)Zoomed-in views
of denoised tomograms containing membrane-bound mitoribosomes organized as circular polysomes. The STA
map and FSC plot are shownwith segmentation andmap-back of a mitochondrion containing circular mitoribosomal
polysomes. C) Zoomed-in views of denoised tomograms containing HSP60; side and top views are shown. The
STA map at high and low threshold and FSC plot are shown. D) Zoomed-in views of denoised tomograms
containing the lightbulb-shaped unknown complex, located on the mitochondrial OM. E) View of ATP synthases
organization. On the left, the basic organization of dimers in row are shown, with each ATP synthase dimer colored
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in a different shade of blue. On the right, the higher-order organization of the ATP synthase rows is shown. Several
rows are stacked on the cristae tip to induce the full fold of the membrane.
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Supplementary Fig. 2: STA processing: template matching and initial identification of respirasomes

Graphical summary of the processing workflow described in Methods. A and B) initial identification of the
respirasomes using either a complex I reference (A) or a complex III reference (B). After classification, all good
particles for both complex I and complex III converged to respirasomes (magnified view of the classes shown). C)
Template matching using the respirasome template derived fromA andB. Raw template matching cross-correlation
peaks (yellow) are overlayed on 3 tomograms for illustration. Membranograms (70) of a crista and an inner
membrane are shown. Center picked positions obtained by template matching after initial cleaning are shown in
orange (middle), and a view with the template overlayed is also shown (bottom). A red eye with an arrow indicates
which membranes were used for the membranograms above.
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Supplementary Fig. 3: STA processing: high-resolution refinement

Graphical summary of the processing workflowdescribed inMethods. A) import to RELION-4 and further cleaning
of the particles. B) Refinement without symmetry (C1 symmetry). C) Refinement with C2 symmetry. D)
Refinement for C2 symmetry-expanded particles. For the final reconstruction, “gold standard” FSC (GSFSC) curves
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are plotted, with resolution calculated at the 0.143 threshold. The estimated local resolution plotted on the maps
were generated in RELION-4, with maps also shown in cut view.
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Supplementary Fig. 4: Single-particle data processing workflow

Graphical summary of the processing workflow described in Methods. A) Post-processing, 2D and 3D
classification. B) Focused refinements. For the final reconstruction, GSFSC curves are plotted, with resolution
calculated at the 0.143 threshold. Local resolution plotted on themaps were generated using the built-in cryoSPARC
tool with default parameters (FSC=0.5 threshold), all using the same resolution scale, with maps also shown in cut
view.
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Supplementary Fig. 5: Details of C. reinhardtii complex I
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A) Composite single-particle cryo-EMmap of Chlamydomonas complex I. Each of the 51 proteins is depicted with
a different color. B and C) The resulting model, depicting the 37 annotated supernumerary subunits (B) and the 14
core subunits (C). IM: inner membrane. D) View of the different resolved ligands, with lipids in the membrane arm
shown in yellow and iron sulfur clusters in the matrix arm highlighted with a yellow halo. FMN: flavin
mononucleotide in the 51kDa subunit, PP: S-acyl-4ʼ-phosphopantetheine in the SDAP subunits. Contrary to
Arabidopsis and like Polytomella, the bridge subunit C1-FDX is inactive and does not bind an iron atom. Similarly,
no zinc is bound to the 13kDa subunit. Partial density was observed for the ubiquinone (head group not fully
resolved), as well as partial density for CoA in the carbonic anhydrase. Close-up views with density overlayed are
shown for the active site in the carbonic anhydrase domain, NADPH in the 39kDa subunit, and of
phosphatidylethanolamine (PTY) and cardiolipins (CDL) next to the B14.7 subunit.
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Supplementary Fig. 6: Details of C. reinhardtii complex III

A) Single-particle cryo-EMmap of Chlamydomonas complex III. Eachof the 10 proteins is depicted with a different
color. The Rieske protein was only partially resolved due to high flexibility. B) The resulting model, with lipids
(yellow) shown in the rightmost picture. C) The annotated 10 proteins within a monomer. D) Heme groups (green)
and ubiquinol sites (blue) are shown, along a magnified view of the fully resolved ubiquinol next to one of the
hemes bH in their density (partial density of the head group is observed for the 3 other sites). Abbreviations: QiQ
reduction; QoQ oxidation; bH high-potential heme b; bL low potential heme b.
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Supplementary Fig. 7: Details of C. reinhardtii complex IV

A) Single-particle cryo-EMmap of Chlamydomonas complex IV. Each of the 14 proteins is depicted with a different
color. B) The resulting model with the annotated protein subunits. Extensions of Cox2a, Cox2b, Cox5c and Cox6b
come together to form the IMS tail and protrudes in the IMS. C) View of the lipids (yellow), the heme groups, and
the copper co-factors.
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Supplementary Fig. 8: Complex I and complex III Q sites

A) Distances from the complex I Q site to the two Qi and Qo sites in complex III. B) Top view of the native
respirasome and zoomed-in cut view of complexes III and I. The complex I Q cavity is open to the membrane (blue)
and closest to one of the CIII cavities (proximal). The other CIII cavity (distal) is facing an almost closedmembrane
lipid raft delimited by CI, CIII, and two CIV.
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Supplementary Fig. 9: Conformational differences in complex I between native and isolated structures

A) Different conformations of the C-ter of the 39kDa subunit observed for complex I between the isolated and in
situ (in-cell) structures. The red asterisk marks the location of the disordered Nad1m and Nad7m. B) Magnified
view of the rearrangement of the B14, Nad7m, and 39kDa subunits of complex I between the in situ and isolated
structures. Positions of the rearranged proteins are showed, with lighter colors corresponding to the isolated
conformation and darker colors to the in situ conformation. In the isolated conformation, the N-ter of Nad7m (pink)
extends away fromB14 and does not contact other proteins, while the C-ter of 39kDa (light green) is bound to B14.
In the in situ conformation, the C-ter of 39kDa (dark green) releases B14, while the N-ter of Nad7m (red) contacts
B14. Additionally, the helix formed by residues 102-109 (termed h102-109) of B14 switches from an upward
position in the isolated structure to a downward position in the in situ conformation. C) View of the disordered
loops of Nad1m and Nad7m.
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SupplementaryTables

Supplementary Table 1: Cryo-EM validation
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Supplementary Table 2: List of complex I proteins

List of the protein subunits constituting C. reinhardtii respiratory complex I. The table is divided between matrix
arm proteins (yellow) and membrane arm proteins (blue). The names of the 14 core subunits are colored in red.
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Supplementary Table 3: List of complex III and IV proteins

List of the protein subunits constituting C. reinhardtii respiratory complexes III and IV. The names of the core
subunits (3 in complex III, 4 in complex IV) are colored in red.
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Supplementary MovieLegends
Movie 1: Tomogram and map-backs

Sequential sections back and forth through a tomographic volume, followedby a reveal and tour of a mitochondrion,
showcasing its architecture and the different molecular complexes identified.

Movie 2: In cell subtomogram average of the respirasome

The movie tilts from top side to top view, and shows the different components of the Chlamydomonas respirasome
in native cells. The respirasome rotates to show the bended membrane. Finally, individual complexes I, III and IV
are shown along with zoom-in detailed views of the densities.

Movie 3: Single-particle structure and resulting models

The movie shows the single-particle cryo-EM map of the I1III2IV2 purified supercomplex. It rotates, and shows the
resulting atomic model. Then the atomic model of I2III4IV6, built from the native density and the model obtained
from single-particle, is shown.

Movie 4:Morph between the isolated and in cell conformations of complex I

The movie shows the rearrangements of the complex I subunits Nad7m, B14 and 39kDa between the isolated and
native complexes
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Supplementary Text
Protein-protein interactions within the supercomplexes

Complexes I and III interact via four contacts: the tip of P9 with QCR9, B14.7 with QCR8, 39kDa with
QCR7 and B22 with MPP-β (shown in yellow in Fig. 3C). These contacts are nearly identical to those
observed in Arabidopsis (18), apart from the additional 39kDa - QCR7 contact point.

On the other side of complex I, two complex IV monomers are found. The interactions are mediated by
the CA2 and CA3 subunits of the carbonic anhydrase module in the complex I with Cox5b, Cox2a and
CoxIn of the proximal complex IV. In the distal complex IV, its subunit Cox5c interacts with the P1
protein of complex I. Finally, the proximal andmiddle complex IV interact with each other via the Cox5c
and CoxIn subunits. Although no direct contacts are observed between the IMS tails of the proximal and
middle complex IV, considering the short distance separating them, it cannot be excluded that they might
interact via the IMS tails. Also to be noted, in the I1 III2 IV2 supercomplex, no direct contact is formed
between complexes III and IV.

Within I2 III4 IV6, additional contacts are observed that mediate the dimerization of the supercomplex
(shown in orange in Fig. 3C). Notably, complex III from one asymmetric unit forms contacts with the
complex I of the other asymmetric unit. This interaction is mediated by subunits SDAP, AGGG and B12
in complex I with MPP-β and MPP-α in complex III. The distal membrane arms of complex I from each
asymmetric unit contact each other the via subunits B22 and B12 on the matrix side, as well as B18 and
NUOP7 on the IMS side. Finally, the distal complex IV, which is only present in the native structure,
forms direct contacts via Cox5c and Cox4 with protein QCR6 of complex III from the other asymmetric
unit. This is the only interaction that this complex IV makes with other complexes within the
supercomplex, likely explaining its high structural heterogeneity.

Conformational differences in complex I between native and isolated structures

Complex I adopts a different conformation between the purified and native complexes (fig. S9 and Movie
4). At the junction between the matrix arm and proximal membrane region, at the base of the bridge
domain, the C-ter part of the 39kDa subunit is largely shifted between the SPA and the STA structures.
Further inspection allowed us to observe rearrangements also in subunits B14 and Nad7m (fig. S9).
Indeed, one helix (h102 – 109) of B14 adopts a shifted position, and the C-ter part of the 39kDa subunit
is also positioned differently between the SPA and the STA structures. In the SPA structure, the C-ter
part of the 39kDa protein extends and binds B14. However, in the STA map, C-ter part of the 39kDa
subunit is completely shifted toward Nad6m, and the position initially occupied by 39kDa is instead
occupied by the N-ter of Nad7m.

Complex I activity is performed through the so-called coupling mechanism, which involves coordination
between electron transfer from NADH to ubiquinone in the matrix arm, and proton translocation in the
membrane arm (71, 72). This is facilitated by conformational changes, notably hinging of the matrix arm
relative to the membrane arm (73, 74). The changes observed here might be a way to regulate complex I
activity, with C-ter part of the 39kDa subunit preventing the hinging of the matrix arm relative to the
membrane arm, locking the complex in a specific conformation. Further inspection of Nad1mand Nad7m
in the SPA maps revealed faint densities for two flexible loops, which are indicators of complex I state.
Here, the Nad1m loop (198 – 205aa) and Nad7m loop (91 – 98aa) are disordered (fig. S9), which is a
hallmark of a deactivated complex I in mammals (51, 71). Thus, it appears that the SPA structure
represents a mix of several states where complex I is mostly deactivated, whereas in the native STA map,
complex I is mostly in an active conformation. Considering that the rearrangements of the 39kDa, B14,
and Nad7m subunits between the in-cell and isolated complexes involve helices and extensions only
found in chlorophytes, this hints at a specific way of regulating the complex I coupling mechanism.
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Material andMethods

Cryo-ET data acquisition and preprocessing

All data analysis was performed on the cryo-ET dataset deposited under EMPIAR-11830. Briefly, tilt-
series data were collected using a Titan Krios G4 transmission electron microscope operating at 300 kV
equipped with a Selectris X energy filter with a slit set to 10 eV and a Falcon 4i direct electron detector
(Thermo Fisher Scientific) recording dose-fractionated movies in EER format. A dose-symmetric tilt
scheme using TEM Tomography 5 software (Thermo Fisher Scientific) was employed in the acquisition
with a tilt span of ± 60°, covered by 2° or 3° steps starting at either ± 10º to compensate for the lamella
milling angle. Target focus was set for each tilt-series in a range of -1.5 µm to -3.5 µm in steps of 0.25
µm. Themicroscope was set to a magnification corresponding to a pixel size of 1.96 Å at the sample level
and a nominal dose of 3.5 e-/Å2 per tilt image.

The tilt series data were then preprocessed using TOMOMAN (75) for streamlining all the following
operations. Raw EER data were motion-corrected using RELION’s implementation of MotionCor2 (76).
Defocus estimation was carried out using the TiltCTF (75) procedure in TOMOMAN based on
CTFFIND4 (77). Dose weighting was performed internally by TOMOMAN. Fiducial-less tilt series
alignment was carried out using AreTomo (78), and tomograms were reconstructed using IMOD (79) and
novaCTF (80). Denoising was performed with cryo-CARE on tomogram pairs reconstructed from odd or
even raw frames respectively (81).

Subtomogram averaging

Processing workflow is shown in figs. S2 and S3. To start, 131 mitochondria tomograms from the
Chlamydomonas dataset, EMPIAR-11830, were selected.

Initial detection of respirasomes were done using complex I and complex III models lowpass filtered to
16 Å and used for template matching in STOPGAP (82) on a subset of 15 CTF corrected tomograms.
After extraction and classification of the picks in STOGAP, the totality (at this step) of the complex I and
complex III good particles converged to I2 III4 IV6 respirasomes (fig. S2A-B). The recentered low-
resolution average of the respirasome was then used for template matching. To pick the particles, 3D
template matching was performed on bin4 tomograms (7.84 Å /pixel) with a 7° angular sampling using
pyTOM (83, 84) and STOPGAP (82) (fig. S2C). Picks were extracted using a mask covering only
mitochondria volumes to exclude template-matching hits outside of mitochondria, hence limiting obvious
false positives. For each tomogram, the number of picked particles were thresholded so that each
tomogram would be largely over-picked, to maximize the number of true positives, yielding an initial set
of 26,591 candidate particle picks. These picks were then imported into STOPGAP (82) and the particles
were cleaned by several rounds of 3D classification without alignment using bin4 subtomograms of box
size 64, to clean out obvious false positives (membranes and high-signal contaminants). At this step,
17,681 particles were left. The remaining particles were then exported to RELION-4 (85) for high
resolution refinement (see fig. S3). Bin4 subtomograms were generated with a box of 72 pixels and further
cleaned in 3D classification, 15,079 particles were left. Particles were first 3D refined in C1 at bin4 and
reached Nyquist, 16.12 Å. A first cycle of CtfRefine and FrameAlign allowed reaching 8.42 Å. From
there particles were further 3D classified and 14,488 particles were kept. These particles were used for
further processing in C1 or with C2 symmetry. In C1, a second round of CtfRefine and FrameAlign jobs,
followed by 3D refine at bin1, reached 7.05 Å. In parallel, particles were 3D refined in C2 at bin4 and
reached Nyquist as well. These particles were used for further processing in C2 symmetry or using
symmetry expansion (86). Particles treated with C2 symmetry were submitted to three iterative rounds of
CtfRefine, FrameAlign and 3D refine which led to resolution going from 9.73 Å before, to 6.72 Å, 5.88
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Å and finally 5.44 Å after each round. Particles C2 expanded were recentered on one of the units and 3D
classified, resulting in 27,465 particles remaining. Like C2 processing, 3 iterative rounds of CtfRefine,
FrameAlign and 3D refine were performed, which led to resolution going from 10.45 Å before, to 6.88
Å, 6.56 Å and finally 6.18 Å after each round. Finally, focused refinement on complex I reached 5.6 Å,
and complex III reached 6.2 Å. Note that the entire processing was performed with a pixel size of 1.94 Å
/pixel, but post-processing was performed with a re-estimated pixel size of 1.91 Å /pixel.

For mitochondrial ribosomes, a template was generated using the PDB models 7PKQ and 7PKT and low
pass filtered to 20 Å and then used for 3D template matching using pyTOM exactly as described for the
respirasomes. Only 39 tomograms contained mitoribosomes. Given the low abundance ofmitoribosomes,
picks weremanually curated resulting in 234 final particles whichwere first quickly aligned in STOGAP,
and then imported in RELION-4 for 3D refinement, CTF refinement and FrameAlign, where a similar
procedure to respirasome was applied. The final average reached 21.8 Å.

For the putative prohibitin complexes, template matching approaches failed. Hence, 279 particles were
manually picked from 33 tomograms. Particles were then imported and aligned in STOPGAP. Final
average reached 28.5 Å in resolution. A similar approach was used for HSP60. 138 particles were
manually picked from 16 tomograms. Particles were then imported and aligned in STOPGAP, initially
without symmetry, and then with D7 symmetry. Final average reached 28 Å in resolution.

Single particle cryo-EM sample preparation

Mitochondria were purified fromChlamydomonas reinhardtii cell wall-less strainCC-4351 as previously
(38). Cells were grown in Tris-Acetate Phosphate (TAP) medium, under continuous white light (50 µE.m-

2.s-1). Cells were harvested by centrifugation 10 minutes 1000 g, and resuspended in ice-cold Lysis Buffer
(25 mM phosphate buffer pH 6.5, 6 % PEG 6,000, 0.5 % (w/v) bovine serum albumin (BSA), and 0.016
% (w/v) digitonin) to a final concentration of 3x108 cells/ml. The suspension was warmed rapidly to
30°C, shaken for 30 seconds, and immediately cooled to 4°C. The broken cells were pelleted at 2,500 g
and washed with ice-cold Wash Buffer (20 mM Hepes-KOH pH 7.2 containing 0.15 M mannitol, 2 mM
EDTA, 0.1% (w/v) BSA, and 1 mM MgCl2). After a 2 minutes 1000 g centrifugation, the pellet was
resuspended in 2 ml of the same solution, stirred vigorously for 45 seconds, and then 6 ml of 20 mM
Hepes-KOH buffer pH 7.2 containing 0.15 M mannitol, 0.8 mM EDTA, and 4 mM MgCl2 were added.
Mitochondria were pelleted at 12,000 g for 10 minutes, resuspended in the same last buffer and then
loaded on a discontinuous Percoll gradient (13 %/21%/45 %) in MET buffer (280 mMMannitol, 10 mM
Tris-HCl pH 6.8, 0.5 mM EDTA, and 0.1 % BSA) and centrifuged for 60 minutes at 40,000 g. Purified
mitochondria were recovered at the 45/21 interface, washed two times in MET buffer and flash frozen in
liquid nitrogen and stored at -80°C.

Respiratory complexes were then purified as follows: purified mitochondria were re-suspended in
Mitochondria Lysis Buffer (20 mM HEPES-KOH, pH 7.5, 75 mM KCl, 1 mM DTT, 5% Digitonin,
supplemented with proteases inhibitors (C0mplete EDTA-free)) to a 5 mg/ml concentration, resuspended
by pipetting and incubated for 30 min in 4°C. The lysate was then homogenized using a Dounce
homogenizer. Lysate was clarified by centrifugation at 14,000 g, 10 min at 4°C. 1 mL of the lysed
mitochondria was then loaded on a 10-40 % sucrose gradient in the same buffer (with 0.1% Digitonin)
and run for 15 h at 31k rpm in a SW41 rotor. Fractions corresponding to respiratory complexes were
automatically collected using a BioComp gradient fractionator, pelleted and re-suspended in buffer and
analyzed by cryo-EM.

Cryo-EM grid preparation

4 µl of full respiratory complexes at a concentration of 1 µg/µl of proteins (BSA equivalent measurement
on Nanodrop) were applied onto a Quantifoil R2/1 300-mesh holey carbon grid coated with 2nm
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continuous carbon film. Grids were glow-discharged at 5W for 20 sec in a Gatan glow discharger. The
sample was plunge frozen in liquid ethane with a VitrobotMark IV system (temperature = 4 °C, humidity
100%, blot force 5) with a wait time of 25 sec before blotting for 2.5 sec.

Cryo-EM data collection

Data collection was performed using a 300kV Krios G4 electron microscope (Thermo Fisher Scientific)
equipped with a cold field-emission gun, a Selectrix X energy filter and a prototype Falcon 4i detector
with improved DQE. The energy filter was operated with a slit width of 10eV. Data were collected using
aberration-free image shift (AFIS) as incorporated within the Thermo Fisher EPU software at a nominal
defocus of 0.5 to 2 µm and at a magnification of 165,000x, yielding a calibrated pixel size of 0.737 Å/pixel
at the specimen level. A total of 9,757 and 6,997 micrographs were recorded as EER files over the same
session but on two different grids respectively, as a movie stack, with a total electron dose of 40 e−/Å².

Single particle cryo-EM data processing

The entire processing pipeline was carried out in cryoSPARC (87) and the processing workflow is shown
in fig. S4.

Pre-processing and particle picking were performed independently on the two sets of micrographs
collected, and the resulting good particles were then merged. For dataset 1, after motion correction and
CTF estimation 9,457 micrographs were kept, and 6,198 micrographs were kept for dataset 2. Particles
were then picked using both a combination of blob picker, a template picker and Topaz, notably finding
rare side views. Particles positions were extracted with a box size of 800 pixels, down sampled to 256
pixels (pixel size of 2.3031 Å) for faster processing and submitted to several rounds of 2D classifications,
after which 141,939 particles remained. Particles were then further classified in 3D using the 3D
Variability job and the best class, 83,443 particles, were selected and retracted with box size of 800 pixels,
down sampled to 540 pixels (pixel size of 1.0919 Å). A global refinement reached 2.93 Å resolution.
After Global and Local CTF refinement, resolution improved to 2.66 Å. Reference Based Motion
Correction was then performed and further improved the resolution to 2.55 Å. Particles were then down
sampled 588 pixels (pixel size of 1.0027) and another round of Global and Local CTF refinement at full
resolution reached to 2.82 Å with a mask covering the entire supercomplex. Focused refinements were
performed using a mask for the entire complex I (2.51 Å resolution), which was then further local refined
on the matrix arm (2.34 Å resolution), the proximal membrane arm (2.30 Å resolution) and the distal
membrane arm (2.21 Å resolution). The same was performed for complex III (2.46 Å resolution) and
after recentering reached 2.39 Å. Initial focused refinement with a mask covering both complex IVs
reached 3.01 Å resolution, and then 2.73 Å for the proximal complex IV (closest to the carbonic anhydrase
domain of complex I) and 2.67 Å for the distal one. After recentering, they respectively reached 2.39 Å
and 2.55 Å resolution.

Model building and refinement

Focused refined cryo-EM maps (all at resolution better than 3 Å) for complex I, III and IV were used as
inputs for ModelAngelo (88) de novo sequencing from the experimental data (without input sequence).
Peptide chains obtained were then searched against the Chlamydomonas reinhardtii UNIPROT database
(Taxon ID 3055) using BLAST (89) and the corresponding AlphaFold2 (90) models were retrieved for
all the identified proteins. All proteins were identified, see Tables 2 and 3 for full composition.
AlphaFold2 models were then matched to the ModelAngelo models using the Matchmaker tool in
ChimeraX (91), and then further rigid-body fitted into their respective cryo-EMmaps. The protein models
were then manually inspected and refined in COOT (92). Ligands were then placed first by homology
with PDB 8BPX and then lipids were manually placed, directly identified from the density. Water
molecules were placed using the PHENIX phenix.douse tool and semi-automatically curated using the
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“Check Waters” tool in COOT. The different parts of the model were then automatically refined in
PHENIX against the best resolved focus-refined maps using the phenix.real_space_refine tool and then
again manually refined in COOT, iterated through several cycles (93). Chimeric maps were generated by
using the Map Box option in PHENIX to cut out densities around the models (8 Å around the atoms).
Maps were then fitted into the consensus maps in ChimeraX and combined using the ‘vop maximum’
command. For the model of the I2 III4 IV6 respirasome, the C2-expanded map was used to build a model
of half a respirasome. To do so, models of CI, CIII and CIVs obtained from the SPA data were rigid-body
fitted and adjusted when necessary. Then, two half models were fitted in the C2map and further adjusted.
Geometry of the models was validated using MolProbity (Table 1) (94).

Figure preparation

Membrane segmentations for visualization were automatically performed using MemBrain-seg (95). All
figures depicting segmentations and molecular models were prepared using ChimeraX (96), and
tomogram views with map-backs of the molecular complexes were done using ArtiaX (97). Raw
tomogram visualization was performed in IMOD (79).
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