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Abstract

Respiration is a core biological energy-converting process whose last steps are carried out by a 

chain of multi-subunit complexes in the inner mitochondrial membrane. To probe the functional 

and structural diversity of eukaryotic respiration, we examined the respiratory chain of the ciliate 

Tetrahymena thermophila (Tt). Using cryo-electron microscopy on a mixed sample, we solved 

structures of a supercomplex between Tt-complex I (CI) and Tt-CIII2 (Tt-SC I+III2) and a 

structure of Tt-CIV2. Tt-SC I+III2 (~2.3 MDa) is a curved assembly with structural and functional 

symmetry breaking. Tt-CIV2 is a ~2.7 MDa dimer with over 50 subunits per protomer, including 

mitochondrial carriers and a TIM83-TIM133-like domain. Our structural and functional study 

of the T. thermophila respiratory chain reveals divergence in key components of eukaryotic 

respiration, expanding our understanding of core metabolism.

Cellular respiration is an essential metabolic process that provides chemical energy (ATP) 

to all free-living eukaryotes. The final energy-converting steps of cellular respiration are 

carried out by the mitochondrial oxidative phosphorylation electron transport chain (mETC), 

which transfers electrons from reduced metabolites such as NADH or succinate to the final 

electron acceptor, O2. The mETC, located in the inner mitochondrial membrane (IMM), is 

composed of four protein complexes: NADH-ubiquinone (Q) oxidoreductase (complex I, 
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CI), succinate dehydrogenase (complex II, CII), dimeric ubiquinol (QH2)-cytochrome c (cyt 

c) oxidoreductase (complex III2, CIII2) and cytochrome c oxidase (complex IV, CIV). By 

coupling the energetically favorable electron transfer reactions to H+ pumping across the 

IMM, the mETC complexes CI, CIII2 and CIV establish a proton motive force (pmf) that is 

used by the ATP synthase complex (complex V, CV) to synthesize ATP (1). In all eukaryotes 

investigated, the mETC complexes are found both individually and as parts of higher order 

supercomplexes (SCs) of defined stoichiometry (2), including SC I+III2, SC I+III2+IV and 

SC III2+IV(2) (3). CIV and CV are also commonly found as dimers (CIV2 and CV2) (4, 5) 

or, in the case of CV, higher-order arrays (6–9).

Although the catalytic mechanisms of the individual mETC complexes are likely conserved 

across species, some structural differences have been observed between model organisms. 

Each mETC complex can be split into core subunits – essential for catalysis and conserved 

from the bacterial homologs – and accessory subunits – important for the assembly and 

activity of the complexes but not universally conserved (10, 11). CI is composed of 14 core 

subunits, arranged into two “arms” of an “L”-shape, universally conserved in the model 

eukaryotes with known structures, covering the Opisthokont (fungi (12) and metazoan (13)) 

and Archaeplastida (red/green algae and plants (14–16)) clades. However, each structure 

of CI has a variable set of 31–37 accessory subunits, some of which are shared across 

all known examples of eukaryotic CI and some of which are only found in a specific 

branch of the eukaryotic tree of life (table S1) (17). For the other H+-pumping complexes 

of the mETC (CIII2 and CIV) much less compositional variability has been observed 

between the characterized examples from opisthokonts (4, 18, 19) and archaeplastidans 

(20) (tables S2 and S3). Although the biochemical and structural characterization of 

eukaryotic CI, CIII2 and CIV has been limited to model organisms of the Opisthokonta 

and Archaeplastida clades, mitochondrial CV has been structurally characterized from a 

broader array of eukaryotes, including not only opisthokonts (5, 21) and archaeplastidans 

(22), but also kinetoplastids (23) and euglenids (24) (euglenozoans), as well as ciliates 

(9) and apicomplexans (8) (alveolates). These structures have revealed a broad diversity in 

subunit composition and higher-order organization of CV, correlated with differences in the 

organisms’ IMM morphology (7, 8, 23, 25). The diversity in CV and the IMM morphology 

across eukaryotic clades suggests that the limited diversity seen in CI, CIII2 and CIV may be 

due not to their essential nature but, instead, to the limited model eukaryotes in which they 

have been biochemically and structurally investigated.

Early functional characterization of the model ciliate Tetrahymena thermophila led to the 

conclusion that its mETC lacked CIV and contained a distinct terminal oxidase instead 

(26). However, the identification of T. thermophila homologs of CIV core subunits COX1 

and COX2 (but not COX3) in the mitochondrial genome (27) and the discovery that T. 
thermophila possesses an acidic rather than a basic cyt c (28) indicated that, although T. 
thermophila does possess a CIV homolog, the complex has functionally diverged. Similarly, 

some but not all the core subunits of CI and CIII2 were identified in the T. thermophila 
mitochondrial genome (27) and proteome (29). This is in line with proteomic studies of 

CIII2 and CIV composition in alveolates Toxoplasma gondii and Plasmodium falciparum, 

which show a significant compositional divergence of these respiratory complexes relative 

to organisms with known structures (30, 31). Furthermore, unlike the disc-shaped cristae of 

Zhou et al. Page 2

Science. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



opisthokonts and archaeplastidans, the cristae of the ciliates and other alveolates are tubular 

(7). Given these functional, sequence, compositional and morphological differences with 

previously studied organisms, T. thermophila is an ideal system to examine the diversity, 

evolution and conserved aspects of mETC complexes.

The T. thermophila mETC requires a divergent cyt c

To examine the functional consequences of the acidic vs. basic charge flip of T. 
thermophila’s cyt c (Tt-cyt c), we characterized isolated mitochondrial membranes from 

T. thermophila, mammals (Sus scrofa, pig) and plants (Vigna radiata, mung bean) using 

both mammalian cyt c purified from horse heart (Equus ferus, equine, Eq-cyt c), and 

heterologously expressed Tt-cyt c (fig. S1, A to E) (32). Spectroscopic activity assays for SC 

I+III2 showed NADH-cyt c oxidoreduction using Eq-cyt c for all three species (fig. S1, F to 

J). However, CIV activity assays showed that, whereas mammalian and plant mitochondrial 

membranes readily oxidize reduced Eq-cyt c, no cyt c oxidation could be detected from 

T. thermophila mitochondrial membranes (Fig. 1A). Conversely, using the recombinant 

Tt-cyt c, only the T. thermophila mitochondrial membranes showed cyanide-sensitive cyt c 
oxidation activity (Fig. 1A). These data establish that T. thermophila possesses a CIV that 

has functionally diverged from those of opisthokonts and archaeplastidans (fig. S1, K to M).

High resolution structures of the respiratory chain from a single mixed 

sample

To better understand the functional divergence of the T. thermophila mETC complexes, 

we extracted them from mitochondrial membranes using digitonin, stabilized them in 

amphipathic polymer A8–35 and enriched them using sucrose gradient ultracentrifugation 

and size-exclusion chromatography (fig. S2). We then obtained the structures of Tt-CI, 

Tt-CIII2 and Tt-CIV2 from a single mixed sample by single-particle cryogenic electron 

microscopy (cryoEM) (Fig. 1, B to D, figs. S3 to S6, and tables S4 to S7). Our dataset also 

allowed us to obtain a high-resolution reconstruction of Tt-CV2 (fig. S5 and supplementary 

text), whose structure has been previously characterized (9). Thus, the current study 

reconstructed an entire metabolic pathway (NADH to ATP) involving 277 proteins in three 

multi-MDa complexes from a single sample (Fig. 1B).

Tt-CI and Tt-CIII2 form a supercomplex (Tt-SC I+III2) (Fig. 1C and movie S1) while 

Tt-CIV forms a dimer (Tt-CIV2) (Fig. 1D and movie S2), resolved to nominal resolutions 

of 2.6 Å and 3.0 Å respectively (figs. S3 to S6). The subunit composition of the complexes 

was determined from the cryoEM density maps (33) and confirmed by mass spectrometry 

analysis (tables S5 to S7). Using this approach, we were able to structurally identify 70 

proteins previously annotated as putative or uncharacterized in the sequence databases. 

Tt-SC I+III2 is composed of 91 protein subunits and has an overall mass of ~2.3 MDa (Fig. 

1C and tables S5 and S6), ~900 kDa larger than the mammalian SC I+III2 (67 subunits, 

1.4 MDa) (34). The position and relative orientation of CI and CIII2 in Tt-SC I+III2 are 

analogous to the conserved orientation other eukaryotes (fig. S7A) (2), suggesting either 

a common SC ancestor or convergent evolution across Opisthokonta, Archaeplastida and 

Alveolata. In contrast to mammalian, yeast and plant CIV with 10–14 subunits (table S3) (4, 
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20, 35), Tt-CIV2 has an overall mass of ~2.7 MDa with over 52 subunits per protomer, (Fig. 

1D and tables S3 and S7).

Unlike the planar architecture of previously described supercomplexes (fig. S7B) (34), Tt-

SC I+III2 and Tt-CIV2 are curved assemblies (Fig. 1B), as demonstrated by the orientation 

of individual complexes (fig. S7, B to D) and the modeled lipids (Fig. 1B). When Tt-SC 

I+III2, Tt-CIV2 and Tt-CV2 structures were fit into a circular membrane corresponding to 

the known diameter of the tubular ciliate cristae (~40 nm) (7), the modeled lipids (Fig. 1B) 

and hydrophobic regions of the proteins (fig. S7, B to D) matched the predicted curvature 

of a ~3 nm bilayer. The mETC complexes thus contribute to the tubular morphology of 

the ciliate cristae via specific structural features that are not conserved in opisthokonts or 

archaeplastidans.

Tt-CI has a fragmented core and 51 accessory subunits

Unlike all previous structurally characterized CIs, three core membrane subunits of Tt-CI 

responsible for Q binding and H+-pumping (ND1, ND2 and ND5) are each split into two 

subunits, making a total of 17 core subunits across both CI arms (Fig. 2A). Comparison 

of the structures of these split subunits with the core subunits of other CIs indicate that 

subunits ND1A and ND1B, ND2A (formerly YMF65) and ND2B (formerly ND2), and 

ND5A and ND5B (formerly YMF57) come together to form structural elements equivalent 

to ND1, ND2 and ND5, respectively (fig. S8A and supplementary text) (27). Our structure 

also confirmed the previous speculative assignments of YMF62 and YMF58 as core subunits 

ND6 and ND4L respectively (table S5) (27). Notwithstanding these differences, the relative 

locations of the flavin mononucleotide (FMN) co-factor and eight ironsulfur clusters of the 

peripheral arm are highly conserved (fig. S8B). In addition, the hydrophilic axis along the 

center of the membrane is maintained, although it now involves residues of the additional 

subunits ND1B and ND2B (Fig. 2B). Furthermore, the positions of key Q reduction site 

loops (NDUS7, NDUS2 β1-β2, ND1A TMH5–6, ND3 TMH1–2, ND6 TMH3–4) are well 

resolved (Fig. 2C) and consistent with positions of the equivalent loops in the mammalian 

“closed” state structure (fig. S9) (13).

Among the 51 accessory subunits present in Tt-CI (Fig. 2D), 26 have homologs in all 

other known eukaryotic CIs, 5 subunits have homologs outside of the alveolates and 20 are 

newly identified here as CI subunits (fig. S10, tables S1 and S5, and supplementary text). 

The conservation of subunits across Opisthokonta, Archaeplastida and Alveolata defines a 

minimal set of 31 accessory subunits present in CI of the last eukaryotic common ancestor 

(LECA) (fig. S10 and table S1). As seen in the archaeplastidan structures (14–16), Tt-CI 

contains a γ-carbonic anhydrase (γCA) domain composed of three γCA subunits (Fig. 

2E). Unlike vascular plants (14, 16) but like the non-photosynthetic alga Polytomella 
(15), none of the Tt-γCA subunits (NDUCA1–3) retain their catalytic Zn2+ coordinating 

residues (fig. S11, A and B). The ferredoxin bridge domain connecting the peripheral and 

membrane arms in plant and algal CI (15) is also present in Tt-CI (Fig. 2F). In addition 

to the T. thermophila homologs of the ferredoxin-like subunit (NDUFX), the acyl-carrier 

protein subunit (NDUAB1-α) and accessory subunit NDUA6, the bridge in Tt-CI is further 

stabilized by a J-domain subunit (coined NDUJ1) and the extended C terminus of NDUCA3 
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(Fig. 2F). Whereas the plant and algal CI-FDX has lost its ability to coordinate an iron-

sulfur co-factor (15), we observe clear density for a 2Fe2S cluster in T. thermophila’s 

NDUFX (figs. S7E and S11, C and D) indicating that it may be a functional redox cofactor.

Tt-CI lacks an A/D transition and has crowded Q-site loops

Structural analyses of yeast and mammalian CI have revealed that the complex adopts 

distinct “open” and “closed” conformational states characterized by a global change in the 

angle between the two arms, as well as order-to-disorder rearrangements of the Q-reduction 

site loops (e.g., the ND3 TMH1–2 loop, Fig. 3A) and an α-helix to π-bulge conversion in 

ND6 TMH3 (fig. S9) (13, 34, 36, 37). These conformational changes have been proposed 

to be part of CI’s coupling mechanism between Q reduction and H+ pumping (13, 38). 

However, yeast and mammalian CIs are also capable of undergoing an “active-to-deactive” 

(A/D) transition, whereby CI enters an off-pathway deactive (D) state that is incapable 

of catalytic turnover (39). Therefore, it has been controversial whether the structural 

rearrangements of the open and closed states (fig. S9) are central to CI turnover or represent 

A and D states (13, 40). The A/D transition is not a universal feature of CI, as several 

bacterial and invertebrate CIs lack a D state (39). Structural characterization of a CI lacking 

the A/D transition would address this controversy: if these structural rearrangements were 

required for CI’s catalytic mechanism, they should be possible even in CIs that lack an A/D 

transition.

Upon entering the D state, e.g., by incubating the mitochondrial membranes at 37°C in the 

absence of substrate, a conserved cysteine residue in CI’s ND3 TMH1–2 loop (Cys45ND3 in 

T. thermophila, Fig. 3, A and B) becomes accessible to modification by N-ethyl maleimide 

(NEM) (41). NEM modification of this cysteine traps CI in the D state and reduces 

overall activity (fig. S12). The detrimental effect of NEM on mammalian CI activity can 

be prevented by preactivating the complex with a small amount of NADH substrate (Fig. 

3C). This outcome can be understood structurally: when mammalian CI is in the “closed” 

state, the ND3 TMH1–2 loop is ordered and the cysteine residue (Cys39ND3 in O. aries) 

is buried in the structure, whereas when CI is in the “open” state the ND3 TMH1–2 is 

disordered and the cysteine is accessible to NEM (Fig. 3B). A similar effect can be seen 

with the addition of Mg2+, which is known to inhibit the A/D transition in mammals and 

yeast (Fig. 3D) (39). When treated identically to the mammalian sample to induce entry into 

the D state (i.e., incubation without substrate at 37°C for 10–20 min), the CI activity of T. 
thermophila’s mitochondrial membranes were insensitive to NEM or Mg2+ (Fig. 3, E and F). 

These data indicate that, like bacteria and invertebrates (39), Tt-CI does not possess an A/D 

transition. Furthermore, in Tt-CI, the presence of additional T. thermophila-specific subunits 

(NDUJ1, NDUTX and NDUCA3) and of extensions in NDUA6 and NDUA9 leads to 

crowding of the region surrounding the ND3 TMH1–2 loop (Fig. 3G). Due to this crowding, 

any conformational changes of the ND3 TMH1–2 loop during the catalytic cycle would 

require rearrangements of the surrounding structure. For example, the observed position of 

Tt-CI’s ND3 TMH1–2 loop conflicts with the “up” position of the ND1 TMH5–6 loop 

seen in the O. aries complex I bound to NADH (Fig. 3H) (12). Thus, if the “up” position 

of the loop is a conserved on-pathway state, the ND3 TMH1–2 loop and the surrounding 

subunits must undergo large (>5 Å) displacements during turnover. Disulfide crosslinking of 
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the ND3 TMH1–2 loop has been shown to uncouple Q reduction and H+ pumping in yeast 

CI (Y. lipolytica) (42), indicating that conformational flexibility in this region is essential 

for redox-driven H+ pumping. Given the crowded environment of this loop in Tt-CI, explicit 

disordering of this loop during turnover is unlikely. Thus, Tt-CI is an important model 

system in which to study these coordinated conformational changes during the CI catalytic 

cycle.

Although the angle between Tt-CI’s membrane and the peripheral arm are more similar to 

some “open” states (fig. S9, E to H), given Tt-CI’s well-ordered Q-reduction site loops (Fig. 

2C) and the lack of a π-bulge in ND6 TMH3 (fig. S9D), our structure corresponds most 

closely with the “closed” state of mammalian and yeast CIs. This confirms that the “closed” 

state is an active state of the enzyme (12, 37, 38). Unlike the CI structures from opisthokonts 

and archaeplastidans (12, 13, 15, 34), resting Tt-CI does not contain structural classes with 

distinct angles between the membrane and peripheral arms, i.e., open and closed states. 

Given the multiple additional subunits that bridge the two arms of Tt-CI (Fig. 2, E and 

F), large conformational changes between the peripheral and membrane arms are unlikely. 

Therefore, we can conclude that both the ND6 TMH3 π-bulge and the open state of CI 

with disordered Q-site loops are features of the D state of the enzyme and not related to the 

conserved coupling mechanism.

Tt-SC I+III2 breaks the symmetry of Tt-CIII2

Although the overall arrangement of Tt-SC I+III2 is like the mammalian supercomplex 

(fig. S7A) (34), the interactions between Tt-CI and Tt-CIII2 are more extensive. Whereas 

mammals show one interaction site in the matrix and one in the IMM involving six subunits 

(3), Tt-SC I+III2 possesses three matrix bridges (sites 1–3), IMM interactions (site 4) and an 

IMS bridge (site 5; Fig. 4A) involving 10 Tt-CIII2 subunits and 11 Tt-CI subunits (fig. S13 

and supplementary text). Two of T. thermophila’s matrix sites —the “thioredoxin/J bridge” 

and the “toe bridge”—are formed by Tt-CI subunits not seen in other organisms (Fig. 4, B 

and C). The additional bridges in the matrix wedge between Tt-CI and Tt-CIII2 and push 

their matrix domains apart. Concomitantly, novel interactions in the IMS, including a shared 

Zn2+ coordination between NDUA11 and UQCRH (fig. S13I), pull the complexes together. 

Overall, these interactions splay Tt-SC I+III2 in line with the IMM curvature (Fig. 1B and 

fig. S7B). Furthermore, ordered lipids bridge the Tt-CI and Tt-CIII2 interface at the matrix 

and IMS leaflets of the membrane (Fig. 4, D and E).

Although divergent in sequence, each Tt-CIII protomer is composed of the 10 known 

CIII subunits seen in other eukaryotic species (Fig. 4, F and G) and 2 unidentified short 

chains (figs. S14 and S15 and supplementary text). CIII2 is a symmetric dimer, but the 

structures of mammalian supercomplexes provided initial indications that CIII2 may be 

symmetry-broken in higher-order assemblies (34, 43, 44). The structure of Tt-CIII2 displays 

extensive structural and functional symmetry breaking caused by its interaction with Tt-CI, 

including differential flexibility or occupancy of several subunits (Fig. 4H). The UQCRFS1 

head domain adjacent to the CI Q reduction site lacks clear cryoEM density due to highly 

flexibility, whereas the head domain proximal to the “toe bridge” (Fig. 4B) is restricted by 

its proximity to Tt-CI’s NDUB8, leading to clear density (Fig. 4, H and I). Given that the 
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swinging motion of the UQCRFS1 head domain is essential for CIII2’s electron transfer 

from QH2 to cyt c1 (45), we conclude that the UQCRFS1 proximal to the toe bridge is 

likely not functional. Thus, only the Tt-CIII protomer adjacent to the source of QH2 on CI 

is capable of QH2 oxidation. The symmetry breaking of Tt-CIII2 is further demonstrated 

by the widening of the distance between the two catalytic bL hemes (Fig. 4, J and K). 

In bacteria, yeast, plants and mammals, the CIII2 dimer arranges the bL hemes within 

direct electron-transfer distance (~11 Å) (20, 46); a similar distance is also conserved in 

the distantly related cytochrome b6f complex of the photosynthetic ETC (Fig. 4J) (47). 

Direct electron transfer between the bL hemes is known to occur and thought to play a role 

in the catalytic mechanism of CIII2 (48). In contrast, in T. thermophila the supercomplex 

interactions (Fig. 4A) and the membrane curvature (Fig. 1B) widen the distance and change 

the relative tilt between the two Tt-CIII protomers, resulting in an increased gap between the 

bL hemes, placing them beyond rapid electrontransfer distance (Fig. 4J).

The symmetry breaking of the Rieske head domains and the increased distance between the 

bL hemes would result in the inability of the Tt-CIII COB subunit distal to the Tt-CI Q site 

to accept electrons, leading to the functional specialization of the two Q cavities (Fig. 4L). In 

a symmetric CIII2, each Q binding cavity contains a QH2-oxidizing site (QP) near the IMS 

and a Q-reducing site (QN) near the matrix, each provided by the opposite COB protomer 

(34). Direct electron transfer across protomers means that there are four possible electron 

pathways between the QP and QN sites during the Q cycle (49). The symmetry breaking 

of the Rieske head domains and increased bL-heme distance in the Tt-SC I+III2 structure 

remove three possible pathways. The only possible electron transfer path is from the QP site 

of the Q cavity adjacent to Tt-CI’s Q tunnel (the source of QH2) to the QN site of the same 

COB subunit in the opposite Q cavity (Fig. 4L). This leads to the specialization of the Q 

cavities in the Q cycle: the one adjacent to the source of QH2 would be responsible for QH2 

oxidation and the other one, for Q reduction (Fig. 4L). Although this functional symmetry 

breaking has been previously proposed for mammalian SC I+III2 (3, 34), the unprecedented 

asymmetry in Tt-SC I+III2 reveals how the CIII2 electron transfer pathways are limited 

within the supercomplex, validating previous predictions and confirming a key physiological 

function of supercomplex formation. Furthermore, the large number of contacts between 

Tt-CI and Tt-CIII2, the adaptation of the supercomplex to the high membrane curvature 

and the lack of biochemical detection of individual Tt-CI on BN-PAGE gels (fig. S2E) all 

suggest that Tt-SC I+III2 is the minimal organization of Tt-CI, i.e., no free Tt-CI is present 

in T. thermophila mitochondrial membranes. While obligatory supercomplexes have been 

seen between CIII2 and CIV in actinobacteria (50), none have been previously observed in 

eukaryotes.

Tt-CIV2 is a 2.7 MDa dimer with a deep, charge swapped cytochrome c 

crater

Tt-CIV2 is unlike any cytochrome c oxidase of known structure (fig. S16A). With its 

2.7 MDa size (1.35 MDa per protomer), it surpasses CI as the largest complex of the 

mETC (Fig. 1D). Its subunits include the 3 universally conserved core catalytic subunits, 6 

accessory subunits found in other eukaryotes and 44 accessory subunits not seen in other 
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CIV structures (fig. S17, table S3, and supplementary text). Although the transmembrane 

domains and catalytic co-factors are conserved (fig. S18), all three Tt-CIV core subunits 

(COX1–3) contain large extensions and insertions (Fig. 5A). The sequence and structural 

divergence of COX3 (formerly YMF68) is such that it previous identification by homology 

was not possible (27). In the IMS, the core subunits’ extensions form the cyt c binding 

‘crater’ (Fig. 5B) together with several accessory subunits (fig. S19A). Analogous to Tt-cyt 

c (fig. S1, A and B), the Tt-CIV crater shows a flipped surface electrostatic potential relative 

to bacteria, opisthokonts and plants (Fig. 5, B to D, and supplementary text). This ‘swapped’ 

charge property between Tt-CIV2 and Tt-cyt c (fig. S20) explains why electron transfer 

cannot happen between mammalian cyt c and Tt-CIV2 but can happen between mammalian 

cyt c and plant CIV (Fig. 1A).

The proton-conductance pathways (“K-, D- and H-channels channels”) (51) that provide the 

chemical and pumped protons to CIV also show differences in T. thermophila. Although 

a critical proton acceptor in the D-channel is conserved (Glu393COX1), a key threonine 

of the K-channel important for turnover in bacterial, archaeplastidan and opisthokont 

CIV (T316COX1 in yeast) (52) is replaced by a non-protonatable alanine in Tt-COX1 

(A466COX1) (fig. S19B). Thus, the Tt-CIV2 K-channel either follows a different path or 

is not operational. Similarly, a key proton acceptor (Asp51COX1 in bovine CIV) (53) and a 

conserved cation (18) are missing in Tt-CIV2’s H-channel (fig. S19B), suggesting a function 

as a dielectric regulator rather than as a proton channel in Tt-CIV2 (51). Other key residues 

for O2 access to the binuclear center and electron transfer from cyt c are conserved (fig. S19, 

C and D, and supplementary text).

Tt-CIV2 incorporates mitochondrial carriers and a small-TIM-like hexamer

Most of Tt-CIV’s 44 accessory subunits remained uncharacterized or putative in the T. 
thermophila genome (fig. S17E) (29), with only 13 showing recognizable folds (fig. S17C). 

These subunits include three mitochondrial carriers (COXMC1–3; Fig. 5E), a hexameric 

TIM83-TIM133 chaperone-like domain (COXTIM1–6) in the IMS, a β-propeller domain 

protein (COXBP), an acyl carrier protein (COXAC) and a [2Fe2S]-MitoNEET-like domain 

protein (COXFS; Fig. 5F) with two FeS cofactors in the matrix (fig. S21 and supplementary 

text). Tt-CIV2 also contains three mitochondrially encoded subunits (YMF67, YMF70 and 

YMF75) that do not have homologs in any other known CIV structures (Fig. 5G) including 

the ancestral α-proteobacterial CIV (54), indicating that the ciliate mitochondrial genome 

has gained new genes. Additionally, there are several posttranslational modifications in 

accessory subunits visible in the cryoEM maps (fig. S18 and supplementary text).

Mitochondrial carriers, or solute carrier family 25 (SLC25), are essential proteins that carry 

solutes into and out of the mitochondrial matrix (55). Although direct interaction between 

carriers and respiratory complexes has been proposed (56), this has remained controversial. 

The structure of Tt-CIV2 revealed a mitochondrial carrier dimer (COXMC1–2) adjacent to 

COX1 (Fig. 5, E and H) and a monomeric mitochondrial carrier (COXMC3) adjacent to 

COX3 (Fig. 5, E and I, and supplementary text).
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Although both COXMC1 and COXMC2 are annotated as 2-oxoglutarate carriers 

(SLC25A11), key dicarboxylate-contacting residues (57) are fully conserved only for 

COXMC2 (Fig. 5H). The COXMC1–2 dimer is attached to the rest of Tt-CIV2 via 

interactions with COX1’s N-terminal helical extension as well as with subunit COX7C (fig. 

S21A). COXMC1’s interactions with COX7C and COXTT22 block the accessibility from 

the IMS (fig. S21A), making it unlikely that COXMC1 functions as a transporter. Instead, 

COXMC1 may have been coopted by Tt-CIV2 as a structural or regulatory subunit. The 

COXMC1 N-terminal loop (residues 1–8COXMC2) inserts deeply into the COXMC2 central 

cavity (Fig. 5H). Glu4COXMC1 is in close vicinity of several of COXMC2’s dicarboxylate-

binding residues (Fig. 5H). Given the similar chemical structures of oxaloacetate and 

glutamate, Glu4COXMC1 may act as a substrate analog, placing COXMC2 in an inhibited 

state.

The monomeric mitochondrial carrier subunit, COXMC3, has long amphipathic α-helical 

extensions on both termini (Fig. 5I). These extensions interact with core subunit COX3 via 

bridging lipids in the IMS (fig. S21B). The N-terminal helix of COX3 also interacts with 

COXMC3 in the matrix (Fig. 5I). These interactions, as well as the broken symmetry of 

the carrier’s TMHs (55) (Fig. 5I), make COXMC3 unlikely to function as a solute carrier. 

Rather, given its interactions on either side of the membrane and its peripheral location (fig. 

S21C), it is likely that COXMC3 has been coopted to help bend the T. thermophila’s cristae.

Tt-CIV2 also contains a hexameric α-propeller domain composed of small TIM8-like 

subunits next to the cyt c crater (Fig. 5, F and J). Soluble TIM93-TIM103 (58) or TIM83-

TIM133 (59) hexamers function as IMS chaperones during mitochondrial protein import 

(fig. S22). Moreover, a TIM93-TIM102-TIM12 hexamer forms part of the TIM22 complex 

(60) that inserts mitochondrial carriers into the IMM (fig. S22). In contrast to canonical 

soluble TIM hexamers, the Tt-CIV2 TIM assembly is a hetero-hexamer of six distinct 

subunits (COXTIM1–6) (Fig. 5J). The TIM hexamer is anchored to Tt-CIV2 via interaction 

with a Tt-specific loop of COX2. As seen in structures of TIM hexamers binding to substrate 

peptides (61), this Tt-COX2 loop embeds itself in the interhelical clefts of the COXTIM 

subunits (Fig. 5J). Additionally, a short Tt-COX2 helix inserts itself into the central channel 

of the Tt-TIM hexamer, parallel to the hexamer’s pseudosymmetry axis (Fig. 5J). Human 

TIM8a has been implicated in CIV maturation through interactions with COX6B and 

assembly factors COX17 and COX19, which deliver essential copper atoms to COX2 (62). 

In T. thermophila, a group of subunits, including homologs of COX6B and COX17, are 

found adjacent to the TIM hexamer of Tt-CIV2 (fig. S19A). These subunits may be a part 

of Tt-CIV’s maturation pathway that stay bound to the final complex, suggesting that one 

pathway to subunit addition into mETC complexes may be via the permanent incorporation 

of assembly factors.

Conclusions

The structures of Tt-SC I+III2 and Tt-CV2 reveal the diversity present in eukaryotic 

core metabolism. Collecting cryoEM data on a partially purified sample allowed for 

the simultaneous structure determination of an entire metabolic pathway. This work 

demonstrates that ciliate mETC complexes have diverged from those of opisthokonts and 

Zhou et al. Page 9

Science. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



archaeplastidans, including incorporating additional accessory subunits, flipping surface 

charges, splitting core subunits, and enhancing inter-complex interactions to produce 

highly curved and symmetry-broken assemblies. Furthermore, functional differences in 

the T. thermophila mETC complexes such as the lack of a deactive state in Tt-CI allow 

for the disambiguation of previous observations and will contribute to a more complete 

understanding of the conserved mechanisms of these essential complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Functional and structural divergence of T. thermophila’s electron transport chain.
(A) Relative CIV activity of isolated mitochondrial membranes from T. thermophila (ciliate 

symbol, red), S. scrofa (pig symbol, yellow) and V. radiata (plant symbol, green) using 

cyt c from horse (Eq, horse symbol, dotted) or T. thermophila (Tt, ciliate symbol, solid) 

in the presence or absence of 8 μM potassium cyanide (KCN). Average, SEM (n=4). (B) 

Representation of T. thermophila’s mitochondrial electron transport chain on a tubular 

crista with the width of the membrane determined by the observed phospholipids and 

hydrophobic regions of the complexes. Complexes shown in surface (Tt-CI, blue; Tt-CIII2, 

Zhou et al. Page 17

Science. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



green; Tt-CIV2, pink; Tt-CV2, yellow, PDB: 6YNY (9). Lipids shown in sphere, colored by 

heteroatom. Cyt c homology model shown in surface, colored by electrostatic potential. 

The arrow shows approximate binding sites for cyt c on Tt-CIII2 and TtCIV2. IMS, 

intermembrane space; pmf, protonmotive force. (C) CryoEM map of Tt-SC I+III2 colored 

by individual subunits. (D) CryoEM map of Tt-CIV2 colored by individual subunits.
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Fig. 2. Structural and functional features of Tt-CI.
(A) Tt-CI’s 17 core subunits in colored surfaces, accessory subunits in grey cartoons. Core 

subunits ND1B, ND2B and ND5B highlighted with black borders. (B) Hydrophilic axis 

along the membrane arm of Tt-CI. Core subunits that form the membrane arm shown in 

colored cylinders, colored as in (A). Core subunits ND1B and ND2B highlighted with black 

borders. Conserved charged residues along the hydrophilic axis as sticks, colored by subunit. 

(C) Q-site loops shown as cartoons embedded in the density, colored by subunit. Terminal 

iron-sulfur cluster N2 is shown as spheres, residues shown as sticks. (D) The 51 accessory 
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subunits shown in colored surfaces, core subunits in grey transparent cartoons. (E) Tt-CI’s 

three γ-carbonic anhydrase subunits in colored cartoons on Tt-CI surface (blue). (F) Tt-CI’s 

ferredoxin bridge colored as cartoons on Tt-CI surface (blue).
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Fig. 3. Structural and functional comparison of complex I’s active-to-deactive (A/D) transition.
(A and B) Comparison of complex I’s ND3 TMH1–2 loop in T. thermophila (A) and O. 
aries (B) in the ordered (“closed”, PDB: 6ZKO) and disordered (“open”, PDB: 6ZKS) 

conformations. (C to F) Functional characterization of A/D in isolated mitochondrial 

membranes of S. scrofa (C and D) and T. thermophila (E and F) by spectroscopic 

measurement of NADH dehydrogenase activity at 340 nm in the presence of the indicated 

concentrations of n-ethylmaleimide (NEM) (C,E) or MgCl2 (D,F) with pre-incubation with 

5 μM NADH or water. Average, SEM, n=3–4. (G) Crowding around Tt-CI’s ND3 TMH1–

2 loop. ND3 in blue surface. Secondary structure elements of various accessory subunits 

that pack against the ND3 loop in colored cartoon. Accessory subunits colored as in Fig. 

2. (H) Superposition of T. thermophila ND1 (light purple cartoon) with O. aries ND1 in 

NADH-bound, open-state CI (“up” conformation, red cartoon, PDB: 6ZKH). O. aries ND1 

up conformation would clash with ND3 TMH1–3 loop (blue surface) and NDUFS2 (yellow 

surface). Clash marked with red star.

Zhou et al. Page 21

Science. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. (preceding page). Tt-SC I+III2 interactions and Tt-CIII2 symmetry breaking.
(A) Contact sites between Tt-CI and Tt-CIII2 in Tt-SC I+III2, color-coded and shown in 

open-book configuration. Site 1, orange; site 2, yellow; site 3, blue; site 4, red; site 5, green. 

(B and C) T. thermophila-specific Tt-SC I+III2 matrix bridges (NDUJ1/TX bridge and toe 

bridge) in the context of Tt-SC I+III2, viewed from the matrix (B) or from the plane of 

the membrane (C). Key subunits in colored cartoons and highlighted in black outline. (D 
and E) Modeled lipids (spheres) at the interface between Tt-CI (blue surface) and Tt-CIII2 

(green surface). Lipids at the matrix (D) or intermembrane space (E) leaflet of the membrane 
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viewed from the matrix or IMS, respectively. (F and G) Structure of Tt-CIII2, with core 

(F) or accessory (G) subunits in surface and the rest of the complex in transparent cartoon. 

Unidentified chains (poly-ala model) in red. (H) Broken symmetry in the Tt-CIII2 dimer. 

For clarity, maps were carved around the asymmetric subunits. For each protomer, density 

is shown in transparent grey, models in cartoon. The subunit labels indicate differences in 

each protomer. (I) UQCRSF1 head domain (magenta surface) constrained at the interface 

between Tt-CI and Tt-CIII2. Iron sulfur (FeS) and heme co-factors (sticks) shown. (J and 

K) Comparison of b-hemes (J) and c-hemes (K) in respiratory CIII2 and photosynthetic b6f 

complex dimers across cyanobacteria PDB: 1VF5; Mastigocladus laminosus b6f complex 

(63)) in grey, bacteria (PDB: 2YIU P. denitrificans (64)) in pink, yeast (PDB: 6HU9 S. 
cerevisiae (18)) in blue, plants (PDB: 7JRG V. radiata (20)) in green, mammals (PDB: 

1BGY B. taurus (46)) in yellow and T. thermophila (orange). Hemes were superposed 

by one Tt-COB subunit in the dimer. Distances between hemes in Å, calculated edge-to-

edge of the macrocyclic conjugated system. For clarity, only distances for T. thermophila 
and B. taurus are shown. (L) Schematic of the symmetry-broken Q cycle and Q cavity 

specialization of Tt-CIII2. Tt-CIII protomers in dark green surface (proximal to Tt-CI Q 

tunnel, blue oval) or light green surface (distal to Tt-CI Q tunnel). The functional QN and 

QP sites are indicated with dark green ovals, corresponding to the dark green protomer. The 

functional UQCRSF1 head domain that is capable of a flexible swinging motion (double-

headed grey arrow) is shown in dark green surface, with its FeS cluster in spheres. Both bL 

and c1 positions of the head domain are shown. Tt-CIII2’s functional hemes in heteroatom-

colored spheres; non-functional hemes in magenta spheres. Red crosses indicate inability of 

electron transfer. Tt-CI’s N2 FeS cluster in spheres. Homology model of Tt-cyt c in surface 

colored by electrostatic potential. Approximate position of inner mitochondrial membrane 

marked with black lines. bH, heme bH; bL, heme bL; c1, heme c1; e−, electron; H+, 

proton; IMS, intermembrane space;Q, oxidized quinone; QH2, reduced quinone (quinol); 

Q•, semiquinone.
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Fig. 5. Structural features of Tt-CIV2.
(A) Structure of Tt-CIV2, with core subunits in surface over silhouette of entire complex. 

Viewed from the membrane (left) or intermembrane space (right). (B) Surface electrostatic 

potential of Tt-CIV2. Cyt c crater marked with a black circle. (C and D) Charge reversal 

in CIV-cyt c binding between mammals and T. thermophila. CIVs were aligned by COX2. 

Key residues in stick. (C) Binding of bovine COX2 (red cylinder, cow symbol) to equine 

cyt c (yellow cylinder, horse symbol) (PDB: 5IY5) (74). (D) T. thermophila COX2 in grey 

cylinder. (E to G) Notable Tt-CIV2 accessory subunits viewed from IMS. (E) Mitochondrial 
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carrier subunits COXMC1–3. (F) Other subunits with annotated folds. (G) Mitochondrially 

encoded subunits YMF67, YMF70 and YMF75. (H) Side view of COXMC1–2 dimer (pink 

and green cylinders) with interfacial lipissssds (sticks). Key substrate-contacting residues, as 

well as conserved prolines of PX[D/E]XX[R/K] motif on odd-numbered helices in sticks. 

(I) Side view of COXMC3 (cyan cylinders) and the constraining amphipathic helix of 

COX3. (J) TIM83-TIM133-like hetero-hexamer domain with di-sulfide bonds in yellow. The 

Tt-specific loop of COX2 wraps around five of the COXTIM subunits and inserts itself into 

the central cavity of the hexamer.
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