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Abstract: 27 

Mitochondrial oxidative phosphorylation (OXPHOS) is often organized into spatially 28 

segregated domains, with ATP synthase (complex V, CV) oligomers shaping highly curved 29 

cristae rims and respiratory chain complexes I-IV (CI-CIV) occupying flatter membrane 30 

regions1,2. Building on our recent identification of a bona fide ETC-ATP synthase 31 

supercomplex (see accompanying manuscript), here we determine how such assemblies are 32 

deployed into long-range, periodic OXPHOS arrays on native membranes. By 33 

integrating cryo-electron microscopy (cryo-EM) and cryo-electron tomography (cryo-ET), 34 
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we resolve multiple CIICIV2CV-based supercomplexes that act as endcaps for ATP synthase 35 

dimer (CV2) rows from the mitochondria of the kinetoplastid parasite Leishmania tarentolae. 36 

We show that repeating units of endcapped-rows stack with defined registers to tile the 37 

discoidal cristae rim, establishing a membrane-scale architectural program that couples 38 

respiratory-chain organization to cristae morphology. Subtomogram averaging validates these 39 

assemblies in situ and reveals their characteristic orientation and spacing on the crista rim. 40 

Together, these data extend the CIICIV2CV framework from molecular mechanism to 41 

mesoscale architecture and suggest that kinetoplastids achieve stable discoidal cristae by 42 

constraining ATP synthase row growth through CIICIV2CV-mediated endcapping and 43 

ordered packing. 44 

 45 

Main Text: 46 

The OXPHOS system converts redox energy into ATP through a membrane-based circuit in 47 

which the electron transport chain (ETC) generates a proton motive force (PMF)3,4 and the 48 

ATP synthase consumes it5,6. A recurring organizational theme across eukaryotes is spatial 49 

patterning on the cristae membrane1: ATP synthase dimers (CV2) and their higher-order rows 50 

accumulate at regions of high curvature, most prominently along cristae rims, where they 51 

contribute directly to membrane bending7–16, whereas ETC CI-CIV and their supercomplexes 52 

tend to populate flatter membrane regions and are often viewed as laterally mobile 53 

assemblies2,17–25. This arrangement provides an intuitive physical complement to Mitchell’s 54 

chemiosmotic concept, in which boundary conditions and membrane geometry help shape 55 

and confine the proton circuit26–29. 56 

 57 

However, this canonical picture also leaves fundamental gaps. If ATP synthase oligomers 58 

sculpt cristae rims while the respiratory chain supplies protons from elsewhere, how are the 59 

sources and sinks of the proton circuit coordinated at the membrane scale? A wealth of 60 

functional and computational studies have suggested the kinetic advantages of keeping the 61 

PMF generator and consumer in spatial proximity to encourage the establishment of lateral 62 
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proton gradient and near-membrane proton diffusion30–36. Moreover, it remains elusive that 63 

whether ETC complexes can directly participate in long-range crista architecture rather than 64 

acting as diffuse, independent modules. Biochemical observations have hinted that ETC 65 

components can form higher-order clusters or “respiratory strings/patches” in specific 66 

lineages37–41. More recent in situ studies suggested stacked respiratory assemblies in species 67 

with tubular cristae, including mammals and ciliates14,22,42,43. In parallel, transient co-68 

localization of respirasomes alongside ATP synthase rows was also reported in mammalian 69 

mitochondria25,44. However, these models either remain structure-based conjectures or reflect 70 

dynamic juxtaposition of stable modules, yet a definitive structural description of long-range, 71 

periodic OXPHOS arrays integrating ATP synthase with respiratory-chain assemblies has 72 

been missing. 73 

 74 

In our companion work in Trypanosoma brucei, we establish a bona fide ETC-ATP synthase 75 

supercomplex, CIICIV2CV, and define its mechanistic basis for assembly: a kinetoplastid-76 

specific module repurposes the ATP synthase dimerization interface to accommodate the 77 

dimeric cytochrome c oxidase, CIV2, without sterically compromising rotary catalysis (see 78 

accompanying manuscript). Disrupting this linkage remodels discoidal cristae and reduces 79 

maximal polarization capacity, implicating CIICIV2CV as an architectural constraint that 80 

safeguards cristae integrity and bioenergetic reserve. These findings raise the next question: 81 

how is this co-assembly based ETC-ATP synthase coupling deployed in situ to build the 82 

long-range organization characteristic of kinetoplastid cristae? 83 

 84 

Here, we address this architectural layer in the related kinetoplastid Leishmania tarentolae45, 85 

a non-pathogenic model for the Leishmania genus46. Combining single particle cryo-EM with 86 

cryo-ET and subtomogram averaging (STA), we resolve multiple ETC-CV assemblies 87 

centered on the CIICIV2CV supercomplex and determine how they integrate with ATP 88 

synthase rows on native membranes. We show that CIICIV2CV serves as an endcap for short 89 

CV2 rows and that repeating endcapped-row units pack with defined registers to tile the 90 
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discoidal cristae rim. By linking atomic interfaces to mesoscale packing rules and in situ 91 

membrane architecture, our work extends the ETC-ATP synthase framework to long-range 92 

OXPHOS arrays, thereby providing a structural blueprint for the intricate tripartite 93 

relationship of OXPHOS supramolecular organization, crista morphology and mitochondrial 94 

energy metabolism. 95 

 96 

Purification and cryo-EM structure determination of ETC-CV supercomplexes 97 

Digitonin-solubilized mitochondrial membrane proteins of the wild-type (WT) L. tarentolae 98 

promastigotes were purified by sequential anion exchange and size-exclusion 99 

chromatography, yielding multiple high-molecular-weight assemblies with both CIV and CV 100 

activities (Supplementary Fig. 1). To examine whether CIII2 is integrated into these OXPHOS 101 

supercomplexes, we additionally generated a C-terminal Strep-tagged copy of the conserved 102 

CIII2 subunit mitochondrial processing peptidase  (MPP/UQCRC2), enabling affinity 103 

purification of CIII2 and associated assemblies (Supplementary Fig. 2). The obtained 104 

complexes displayed CIV activity but no detectable CV activity, indicating that CIII2 forms 105 

supercomplexes with CIV, but not CV. In both purification schemes, the highest molecular 106 

weight fractions were selected for cryo-EM data collection (Supplementary Figs. 1 and 2, 107 

Supplementary Tables 1 and 2). 108 

 109 

Cryo-EM classification of particles from the WT dataset revealed three well-resolved ETC-110 

CV assemblies: CII2CIV2CV2, the CIICIV2CV3 and the CII2CIV4CV10 (Extended Data Fig. 1 111 

and 2a, Supplementary Tables 1 and 3 and Supplementary Video 1). The C2-symmetric 112 

CII2CIV2CV2 map reached the highest overall resolution of 2.7 - 4.7 Å (Extended Data Fig. 113 

2a and 3c). CIICIV2CV3 comprises one CIICIV2CV ETC-ATP synthase supercomplex plus 114 

one ATP synthase dimer (CV2). It corresponds to a subassembly of the larger, again C2 115 

symmetric CII2CIV4CV10 with each asymmetric unit containing one CIICIV2CV and two 116 

CV2 copies (Fig. 1a,b). Refinement of the CIICIV2CV3 achieved 2.9 - 3.9 Å resolution for 117 

most regions, with lower local resolution in the rotationally flexible c-ring and peripheral 118 
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stalk (PS) of CV (Extended Data Fig. 1a and 3a). The CII2CIV4CV10 reconstructions reached 119 

2.9 Å to 5.5 Å and displayed modest anisotropy (Extended Data Fig. 1b and 3b). In the CIII2 120 

affinity dataset, classification yielded two oligomeric states, namely (CIII2)2 and (CIII2)4, 121 

with local resolutions of 2.6 - 4.3 Å (Extended Data Fig. 2b and 3d,e, Supplementary Tables 2 122 

and 4 and Supplementary Video 2). 123 

 124 

Architectures of the three types of ETC-CV supercomplexes 125 

The above cryo-EM structures confirm the existence of CIICIV2CV, a stoichiometrically 126 

defined supercomplex that integrates ETC complexes with ATP synthase (see accompanying 127 

manuscript). They further reveal how higher order OXPHOS assemblies are organized at the 128 

rim of discoidal cristae (Fig. 1, Extended Data Fig. 4 and Supplementary Video 1). First, the 129 

CV4 portion within CII2CIV4CV10 represents a structural depiction of how CV2 dimers 130 

associate laterally to form short, left-handed helical CV2 rows, as proposed for euglenid 131 

mitochondria16. In this arrangement, the F1 headpiece of the preceding CV2 dimer wedges 132 

into the V-shaped inter-F1 cleft of the succeeding CV2, generating a ~33° rotational offset 133 

between adjacent dimers, resembling a fanned deck of cards (Fig. 1a). Notably, the resulting 134 

CV4 architecture fits well into the in situ cryo-ET map from T. brucei16, supporting the 135 

previously proposed left-handed helix model of kinetoplastid/euglenid CV oligomerization47 136 

(Extended Data Fig. 4a,b). 137 

 138 

More importantly, the CIICIV2CV3 and CII2CIV4CV10 structures demonstrate how the 139 

primary ETC-CV assembly, CIICIV2CV, associates with a CV2 row. CIICIV2CV docks its 140 

monomeric CV into the inter-protomer space of an endmost CV2 unit, using the same 141 

geometric principle by which two CV2 dimers interact within CV4 tetramer (Fig. 1a,b). This 142 

interaction is supported on the side of the monomeric CV and the adjacent CIV protomer 143 

(CIVP hereafter), whereas the opposite end of CIICIVCV2 formed by CII and the distal CIV 144 

protomer (CIVD) does not support addition of another CV2 unit (Fig. 1b). Thus, CIICIV2CV 145 

function as an endpiece that defines row termini. Together with our previous study (see 146 
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accompanying manuscript), these data support a model in which CIICIV2CV endpieces 147 

constrain CV2-row growth and thereby prevent uncontrolled membrane bending that would 148 

otherwise drive discoidal rims toward self-enclosed tubular morphologies (Extended Data 149 

Fig. 4c). 150 

 151 

In CII2CIV4CV10, two closely interacting CIICIV2CV5 asymmetric units correspond to 152 

fragments of two adjacent CIICIV2CV-capped CV2 rows. This indicates that unlike T. 153 

brucei16, L. tarentolae packs its CV2 rows densely with little free membrane space between 154 

neighboring rows (Fig. 1a and Extended Data Fig. 4d). When viewed azimuthally along the 155 

crista circumference, the continuous membrane surface of CII2CIV4CV10 spans ~130° of 156 

curvature (Fig. 1a). A curvature gradient is evident: strong bending is concentrated in the CV2 157 

multimer region, whereas the flanking CIICIV2CV endpieces exhibit shallower curvature. 158 

This organization is consistent with CIICIV2CV endpieces terminating both CV2 row growth 159 

and locally excessive curvature at the crista rim. Viewed perpendicular to the discoid plane, a 160 

modest curvature of ~45° is observed, corresponding to an estimated crista radius of ~600 Å 161 

(Extended Data Fig. 4e).  162 

 163 

Lastly, the C2-symmetric CII2CIV2CV2 structure shows that CIV2 serves as the central 164 

coupler to connect two CIICV modules (Fig. 1c). This is reflected by two copies of the 165 

kinetoplastid-specific CII linkage domain, which connect CII to the adjacent CIV protomer 166 

on the matrix side (see accompanying manuscript). Viewed parallel to the inner mitochondrial 167 

membrane (IMM), the central CII2CIV2 region is nearly flat, while the two flanking 168 

monomeric CVs each impose ~36 curvature (Fig. 1c). How this assembly integrates into the 169 

tightly stacked, CIICIV2CV-capped CV2 rows defined by CII2CIV4CV10 remains clear. One 170 

possibility is that CII2CIV2CV2 extends the CIICIV2CV endpiece by adding an additional 171 

CIICIV module, thereby stabilizing the arch-like rim of the discoidal cristae (Extended Data 172 

Fig. 4f). Alternatively, it may cap two neighbouring CV2 rows simultaneously via its two 173 
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CIICIVCV asymmetric units, providing a mechanism to accommodate local curvature 174 

fluctuations in the crista membrane. 175 

 176 

Fig. 1 | Overall architectures of the supercomplexes CII2CIV4CV10, CIICIV2CV3 and 177 

CII2CIV2CV2. a-c, Cryo-EM density maps (top panels) and structural models (bottom 178 

panels) of the supercomplexes CII2CIV4CV10 (a), CIICIV2CV3 (b) and CII2CIV2CV2 (c). The 179 

maps and models are viewed perpendicular and parallel to the IMM, respectively. The 180 

supercomplexes are colored by individual complexes, except for (a) where only one 181 

asymmetric unit of CIICIV2CV5 is colored for clarity. Dimensions of and membrane 182 

curvatures (dashed orange curves) adapting to the supercomplexes are labeled. The CII 183 

linkage domains are circled (yellow dashes) and labelled in (c). Note that structural model of 184 

the supercomplex CII2CIV4CV10 is shown as cylindrical cartoons to reflect its resolutions.  185 

 186 

Spatial register between adjacent CV2 rows is manifested by PS-PS pairing 187 

Dimerization of two CIICIV2CV5 fragments within the CII2CIV4CV10 supercomplex 188 

demonstrates how adjacent CIICIV2CV-capped CV2 rows are positioned relative to one 189 

another and how they interact laterally (Fig. 2a). Notably, the interfacial ATP synthase 190 

complexes, either CV2 units within a row or the monomeric CVs within CIICIV2CV 191 
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endpieces, pair via the interaction between the tips of their peripheral stalks. This repeating 192 

pairing pattern defines the spatial register between tightly packed rows. In the arrangement 193 

captured by CII2CIV4CV10, three PS-PS pairs are formed between the two asymmetric units, 194 

which represent fragments of two adjacent capped rows (Fig. 2a). We refer to this 195 

configuration as a ‘+3 register’. Specifically, the central PS-PS pair denotes CV2-CV2 196 

interaction, whereas the two flanking pairs link an internal CV2 unit in one row to a 197 

CIICIV2CV endpiece in the neighbouring row, thereby marking the two ends of the inter-row 198 

overlap. Whether the +3 register represents the prevalent packing mode on L. tarentolae 199 

cristae will be resolved by in-situ structural investigations (see below). 200 

 201 

At higher resolution, the CIICIV2CV3 structure visualizes multiple interfaces, both within the 202 

CIICIV2CV endpiece and at its junction with the CV2 row (Fig. 1b). Within CIICIV2CV, the 203 

most prominent inter-complex interface is formed between the monomeric CV and the CIVP 204 

protomer. In canonical ATP synthase dimers, this same topological region is organized around 205 

the (e/g)2 module found at the dimer center, which links the two protomers (Fig. 2b). In 206 

CIICIV2CV, this dimerization module is repurposed to connect CV to CIV by replacing the 207 

canonical subunit g pair with two structurally homologous, kinetoplastid-conserved 208 

paralogues g’ and g’’ (see accompanying manuscript). The resulting e/g’/e/g’’ module 209 

preserves the overall interlocking architecture of the (e/g)2 scaffold while specifying 210 

assembly of CIICIV2CV (Fig. 2b). 211 

 212 

The e/g’/e/g’’ module also contributes to the binding of CIICIV2CV onto CV2 by forming 213 

hydrophobic interactions with the adjacent subunit c within the CIVP-facing c-ring of CV2 214 

(Fig. 2b,d). Together with additional contacts, these transient hydrophobic interfaces between 215 

the rotating c-ring and neighboring stationary membrane components provide major cohesive 216 

forces within CIICIV2CV3. For example, from COX5C of CIVP and the adjacent c subunit of 217 

CV2 form an interdigitated, multi-layer - stack (Fig. 2c). As the c-ring rotates, this zipper-218 

like - stack is expected to break and reforms subsequently as one c subunit moves away 219 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.03.000172. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



and the next approaches, allowing stable association without sterically compromising rotary 220 

catalysis. 221 

 222 

Fig. 2 | Spatial registers and interactions within the ETC-CV supercomplexes. a, The two 223 

asymmetric units of CIICIV2CV5 within CII2CIV4CV10 represent neighbouring CIICIV2CV-224 

capped CV2 rows, with respective extending directions labelled. The overlapping region and 225 

the interface between rows is mediated by three pairs of PS tip-PS tip interactions (yellow 226 

rectangles in left panel and zoom-in views in right panel). The two flanking PS-PS pairs 1 227 

and 3 are from CVs of CV2 (dark green) and CIICIV2CV (sand), while the central PS-PS pair 228 

2 is from adjacent CVs of two CV2 units (light green). b, An overview of the interfaces in 229 

CIICIV2CV3, viewed perpendicular to IMM. The interacting subunits are shown as 230 

cylindrical cartoons, including the interlocking g’ (lavender) and g’’ (salmon) between CIVP 231 

and CV, the canonical g/g (blue) module within CV2 and the CII linkage domain (purple and 232 

orchid) connecting CII and CIVD (red circle). In addition, subunits g’’ of CV and COX5C 233 

(gray) of CIVP interact hydrophobically with the CIVP-facing c-ring (light green) of CV2. c, 234 

Zoom-in view of the COX5C-subunit c interaction, showing the multi-layer - stack formed 235 

by several nearby aromatic residues. d, Zoom-in view of the g’’-subunit c interaction. Key 236 

residues are shown as sticks. 237 

 238 

Cryo-ET validates in situ CIICIV2CV3 and its end-of-row association 239 

To avoid potential detergent-induced destabilization and to visualize long-range OXPHOS 240 

organization in a native lipid environment, we imaged mitochondrial cristae directly by cryo-241 

ET (Extended Data Fig. 5, Supplementary Table 5 and Supplementary Video 3). Because ATP 242 

synthase was the only membrane-embedded complex readily visible in the reconstructed 243 

tomograms, we performed Cryo-EM derived template matching to detect ATP synthase 244 

particles (Fig. 3a). Initial STA revealed a recurrent cluster of three F1 headpieces, two 245 

corresponding to a CV2 and a third CV positioned between them (Extended Data Fig. 5). At 246 

this stage, the absence of clearly resolved additional density next to the third CV left two 247 
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plausible interpretations: either a second CV2 (i.e. CV4) or a CIICIV2CV associated with a 248 

CV2 unit (i.e. CIICIV2CV3).  249 

 250 

To distinguish these alternatives, we performed subtomogram classification using a mask 251 

targeting the region expected to contain CIICIV2. This analysis identified a minor 252 

CIICIV2CV3 class, distinguished from CV4 by the presence of the characteristic CII linkage 253 

density connecting CII to the distal protomer CIVD (see accompanying manuscript). Further 254 

rounds of classification and refinement yielded a CIICIV2CV3 reconstruction at ~21 Å overall 255 

resolution, in which major features, including the CII linkage domain, the CIV2 dimer, the 256 

33 headpiece, and the central and peripheral stalks of ATP synthase clearly discernable 257 

(Fig. 3b and Extended Data Fig. 5). In parallel, the more abundant CV4
 class was refined to 258 

~17 Å resolution (Fig. 3d and Extended Data Fig. 5).  259 

 260 

The CIICIV2CV3 map thus confirms that CII and CIV can assemble with ATP synthase into a 261 

structurally defined CIICIV2CV-based supercomplex in situ, and that this endpiece associates 262 

with a CV2 unit at the crista rim (Fig. 3b and Supplementary Video 4). Although -helices are 263 

not resolved at this resolution, the cryo-EM structures of CIICIV2CV3 and CV4 fit the 264 

corresponding cryo-ET densities as rigid bodies with good map-model correlations (Fig. 3b,d, 265 

Supplementary Video 4 and Supplementary Table 5). Both STA reconstructions contain clear 266 

membrane density, allowing us to compare local membrane curvature associated with 267 

different modules. Consistent with ATP synthase being the dominant curvature generator, the 268 

membrane underlying the CV-multimer region is strongly bent (~41 per CV dimer), whereas 269 

the membrane adjacent to the CIICIV2 region of CIICIV2CV3 is comparatively flat (Fig. 270 

3b,d,c and Extended Data Fig. 5). Quantification across subtomograms supports this 271 

divergence in curvature between CIICIV2-proximal membrane and CV2-proximal membrane 272 

(Fig. 3c). Importantly, the in situ maps also define preferred orientations of both CIICIV2CV3 273 

and CV4: in both assemblies, the long axis of the CV2 unit(s) aligned nearly perpendicularly 274 
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to the circumference of the discoidal cristae (Fig. 3b,d). This shared geometric alignment is 275 

compatible with further lateral packing into larger arrays along the crista edge.  276 

 277 

Fig. 3 | Cryo-ET structures of the supercomplexes CIICIV2CV3 and CV4. a, Tomographic 278 

slice (inserted panel, CV marked by arrows) and membrane segmentation (gray surfaces) of 279 

the same tomogram with STA maps mapped back to their particle positions. Complex maps, 280 

shown as surfaces, are colored as in Fig. 1. Alternating CV2 units are colored dark and light 281 

greens. b,d, STA maps of supercomplexes CIICIV2CV3 (b) and CV4 (d), viewed 282 

perpendicular (left panels) or parallel (right panels) to IMM. The cryo-EM structures of 283 

CIICIV2CV3 and the CV4 portion of the CII2CIV4CV10 are docked into respective STA maps. 284 

The membrane densities (gray) are traced by orange dashes. c, Distributions of local 285 

membrane curvatures of CIICIV2CV3 (slate) and CV4 (sand). Curvatures were quantified at 286 

the mass centers of the shared CV2 pseudo-dimer in both assemblies (top panel), or at the 287 

mass center of the CIICIV2 portion in CIICIV2CV3 and of the positionally equivalent fourth 288 

CV in CV4 (bottom panel). Data points are binned by 0.005 nm-1. Statistical means and 289 

subtomogram numbers (n) are labelled. Curvature calculation was based on seven typical 290 

tomograms where the cristae integrity is best preserved during sample preparation. CIICIV2 291 

are found at less curved positions than CV4. 292 

 293 

CIICIV2CV endpieces define a periodic belt at the discoidal crista rim 294 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.03.000172. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



Mapping the averaged subtomograms of CIICIV2CV3 and CV4 back onto segmented cristae 295 

membranes enabled visualization of the long-range OXPHOS architecture on kinetoplastid 296 

mitochondria (Figs. 3a and 4a and Supplementary Video 3). The most frequently observed 297 

configuration consists of two CIICIV2CV endpieces flanking a short row of four CV2 dimers, 298 

forming a (CIICIV2CV)2(CV2)4 unit that spans 182 of membrane curvature when viewed 299 

azimuthally (Fig. 4c). The long axis of the CV2 row intersects the circumference at an angle 300 

of 49 (Fig. 4b). Multiple copies of this repeat unit pack laterally through PS tips, such that 301 

four PS-PS pairs are kept with the inter-row overlap and one unpaired PS remains as the 302 

offset between adjacent units, defining a +4 register (Fig. 4d). Repetition of this packing rule 303 

generates a belt-like assembly that wraps around the cristae circumference to form a discoid 304 

of ~1,200 Å diameter and ~260 Å thickness (Fig. 4a). The bulged crista rim displays a 305 

curvature radius of 130 Å, while the central regions of the two discoidal faces appear 306 

comparatively flat (Fig. 4a,b). Overall, alignment of (CIICIV2CV)2(CV2)4 units in a +4 307 

register represents the prevalent long-range organization in our tomograms and yields 308 

dimensions consistent with prior morphological estimates48 (see accompanying manuscript). 309 

The resultant dense packing of CV F1 headpieces, also reported for several green algae2,13, 310 

suggests the potential for mechanical coupling between the rotary catalysis of neighboring 311 

ATP synthase complexes, although this will require direct functional testing. 312 

 313 

While the +4 register dominates in situ, we also detected less frequent deviations. The 314 

purified CII2CIV4CV10 assembly adopts a +3 register (Fig. 2a), which does not conform to 315 

the prevalent +4 periodicity. Consistently, inspection of our tomograms identified alternative 316 

configurations in which the number of CV2 dimers between two CIICIV2CV endpieces 317 

varies, producing (CIICIV2CV)2(CV2)n assemblies with n=1-3 in addition to the dominant 318 

n=4 (Extended Data Fig. 6a). We also observed +3 and +2 registers in situ (Extended Data 319 

Fig. 6a-c), indicating that the +3 register captured in CII2CIV4CV10 reflects a genuine, albeit 320 

less frequent, native packing mode rather than a purification artifact. Unlike the dominant +4 321 

organization, these minor registers do not extend into long-range periodic order. Instead, they 322 
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appear to act locally as defects that disrupt +4 periodicity, accommodating gradients or 323 

fluctuations in rim curvature (Extended Data Fig. 6d). For example, within a cluster of four 324 

CV2 rows, we observed a transition from +3 to +4 register accompanied by the gradual 325 

emergence of the unpaired PS offset as the rim locally flattens. Thus, deviations from the 326 

dominant register likely provide a geometrical accommodation mechanism within the 327 

otherwise perfectly periodic belt (Extended Data Fig. 6d,f). 328 

 329 

It’s worth noting that we did not detect CV2 row longer than (CIICIV2CV)2(CV2)4 in our 330 

tomograms. Consistent with this limit, an artificial (CIICIV2CV)2(CV2)5 model aligned on +4 331 

register produces severe steric clashes between the two CIICIV2CV endpieces and the 332 

terminal CV2 unit (Extended Data Fig. 6e). In other words, in the dominant architecture there 333 

is always a one-PS offset between adjacent rows (Fig. 4d), which constrains both row length 334 

and permissible inter-row register. Geometrically, extending overlap beyond these constraints 335 

either by longer rows aligned in +4 register, or by mis-registering (CIICIV2CV)2(CV2)4 units 336 

would yield rim curvature exceeding 180 (Extended Data Fig. 6g), which is incompatible 337 

with a flat-faced discoid and would instead favor alternative morphologies, such as the 338 

biconcave cristae described in Euglena gracilis23. 339 

 340 

Comparison with T. brucei highlights an alternative solution within the same architectural 341 

framework. In situ analysis of T. brucei discoidal cristae reported CV2 rows containing up to 342 

six dimers16. Unlike L. tarentolae, these rows are more loosely packed, leaving substantial 343 

free membrane space between neighboring rows and thereby reducing the need for a well-344 

defined inter-row register (Fig. 5a,b). This open arrangement likely relaxes steric constrains 345 

and allows longer rows to adjust posture while preserving flat discoidal faces. Therefore, L. 346 

tarentolae and T. brucei appear to achieve the same morphological outcome through distinct 347 

mesoscale strategies: the former through tight packing with strict register/length constraints, 348 

and the latter through looser packing that permits autonomous local adaptation. This is 349 

contrasted by E. gracilis, where the presence of canonical CI and respirasomes has been 350 
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proposed to impose the negative membrane curvature, consistent with its biconcave cristae 351 

morphology among other discobids23,49 (Fig. 5c). 352 

 353 
Fig. 4 | Structures of the long-range OXPHOS arrays in situ. a, A typical discoidal crista 354 

nearly fully tiled by the most common pattern of long-range OXPHOS arrays. The estimated 355 

cristae diameter and the position of putative cristae junction are labelled. b, Architectural 356 

details of the +4 register with one unit of the (CIICIV2CV)2(CV2)4 assembly colored as in 357 

Fig. 1, with the remaining units colored gray. Structures are shown in three orientations: 358 

perpendicular-to-discoid, parallel-to-discoid and from the cristae lumen. The register-defining 359 

PS-PS pairs (red dash) and unpaired PS offsets (blue dash) are circled. Intersection of 360 

(CIICIV2CV)2(CV2)4 and the circumferential line of cristae discoid and the discoid thickness 361 

are labelled. c, The basic repetitive unit of (CIICIV2CV)2(CV2)4 in two viewing directions 362 

with its curvature span labelled (left panel). Cristae membrane is shown as transparent gray 363 

surface. d, Cartoon representation of the +4 register. The 49 angle between individual CV2 364 

row and discoidal cristae circumference line is labelled. CIICIV2CV, CV2 and the register-365 

defining PS-PS pairs are also labelled. 366 

 367 
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Discussion 368 

ATP synthase dimerization and multimerization into higher-order rows are a conserved driver 369 

of cristae curvature and in many systems this has supported the view that cristae rims are 370 

shaped primarily by CV2 oligomers1,8,11–13,15,16,50–53. What has remained unresolved is how the 371 

respiratory chain is integrated into membrane scale architecture in lineages such as the 372 

euglenids with discoidal cristae. In our recent study in T. brucei, we establish a bona fide 373 

ETC-ATP synthase supercomplex with a repurposed dimerization interface and suggest its 374 

role in safeguarding the discoidal shaped cristae (see accompanying manuscript). The present 375 

work extends that mechanistic framework to the mesoscale: in L. tarentolae, we resolve how 376 

CIICIV2CV-based endpieces are deployed in situ to build long-range, periodic OXPHOS 377 

arrays that tile the discoidal crista rim. 378 

 379 

This organization has immediate bioenergetic implications. It fixes the lateral spacing and 380 

relative orientation of proton sources (ETC) and sinks (ATP synthase), creating a geometry 381 

that can enrich and compartmentalize PMF at the rim34–36,51. In this view, cristae morphology 382 

is not a by-product of OXPHOS packing, it is part of the design principle that supports robust 383 

coupling and bioenergetic reserve28,54,55. First of all, the long-range ordered arrangement of 384 

OXPHOS complexes can ensure maximal utilization of the available surface of cristae, 385 

whose invagination from the inner boundary membrane (IBM) increases OXPHOS-covered 386 

area in the first place54. In L. tarentolae mitochondria, when OXPHOS arrangement deviates 387 

from the regular pattern, such as where the +3 register-representing CII2CIV4CV10 388 

supercomplex appears, densities of surrounding CV2, CIV2 and CII decrease due to this 389 

disruption (Extended Data Fig. 6c,d). It is conceivable that if the CIICIV2CV endpiece is 390 

knocked out and uncontrolled extensions of CV2 rows re-shape discoidal cristae into the 391 

aberrant tubular form, its uniform high membrane curvature would dismiss flat membrane 392 

dwellers such as the ETC complexes, thereby decreasing their total expressions (see 393 

accompanying manuscript) (Extended Data Fig. 4c). Together, these data establish a multi-394 

scale principle: a lineage-specific molecular interface builds an ETC-ATP synthase 395 
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supercomplex, and that supercomplex is then re-used as an architectural module to impose 396 

row boundaries and thereby stabilize a particular crista geometry. 397 

 398 

Why do these OXPHOS arrays place ATP synthase at the tightest curvature, while positioning 399 

respiratory modules nearby but off the sharpest bend? A gradual curvature decrease is 400 

observed from the circumferential CV2 multimers to the transitional CIICIV2CV, then to the 401 

central CIII2 oligomers and/or supercomplexes (Fig. 5d and Extended Data Fig. 7). Our 402 

structures suggest a practical answer: beyond the endpiece itself, the long-range packing rules 403 

revealed for L. tarentolae convert local interfaces into a membrane-scale lattice. The 404 

discoidal rim is tiled by repeating units in which short CV2 rows are flanked by CIICIV2CV 405 

endpieces, and these units pack with defined registers, effectively a periodic ‘tiling grammar’ 406 

for rim assembly. This register is not a trivial consequence of steric crowding, it defines how 407 

neighboring units share curvature, minimize clashes and maintain a consistent rim diameter. 408 

In this sense, the arrays represent a coherent OXPHOS architecture rather than a by-chance 409 

accumulation of complexes at a curved boundary. The finding provides a structural 410 

instantiation of the long-speculated respiratory strings/patches and explains how respiratory 411 

complexes can achieve long-range order by adhering to a pre-formed ATP synthase scaffold.  412 

 413 

A bioenergetic advantage is the establishment of lateral proton gradient from the source of 414 

ETC to the sink of CV31–33. Such gradient does exist in respiring opisthokont cristae34,35 and 415 

can drive faster ATP synthesis in both artificial proteoliposome systems33 and, with the aid of 416 

CV regulator IF1, in vivo36. Moreover, another benefit from locating ATP synthases to highly 417 

curved regions is their geometry-derived high electric capacities which, under a uniform 418 

mitochondrial potential (m), would allow hosting more positively charged protons to 419 

generate a higher cross-IMM pH51 (Fig. 5d). In yeasts, acidic mitochondrial p-side and high 420 

percentage of pH in total PMF have been demonstrated to be crucial for meaningful ATP 421 

production, suggesting that pH is somehow more effective than m in driving 422 

phosphorylation35. Thus, it can be inferred that for ETC complexes, a flatter membrane would 423 
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confer a lower electric capacity, such that fewer protons are required to be translocated to 424 

achieve a standard m. It is worth noting that the tubular cristae from ciliates seem to be an 425 

exception, as the uniform membrane curvature would equalize the electric capacities 426 

experienced by ETC complexes and ATP synthases14,15,42,43. The architecture of long range 427 

OXPHOS arrays and its possible unique implications in ciliate bioenergetics remain unknown 428 

at the moment.  429 

 430 

Taken together, our cryo-EM and cryo-ET turn the long-speculated ‘respiratory 431 

string/patch’37–41 into a structural reality. The arrays we visualize integrate ETC complexes 432 

and ATP synthase into a single, repeating architecture that is tuned to discoidal cristae. Thus, 433 

in kinetoplastids, the discoidal rim is not simply a passive consequence of ATP synthase 434 

dimerization, it is actively maintained by an integrated OXPHOS architecture in which 435 

respiratory complexes serve as structural endpieces and together with ATP synthase build 436 

long-range arrays adapted to the local curvature of the energized membrane. In a broader 437 

context, our studies define a multi-scale blueprint for kinetoplastid crista morphogenesis, 438 

from atomic interfaces to supercomplex assembly to membrane-scale packing rules, and 439 

suggest that robust bioenergetic function can be achieved by evolving not only efficient 440 

catalysts, but also architectures that reliably host and organize them in vivo. 441 
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 442 
Fig. 5 | Cristae shaping and bioenergetic strategies by Discoba OXPHOS. a-c, Different 443 

strategies of discoidal cristae shaping by long range OXPHOS arrangements. L. tarentolae 444 

(a) and T. brucei (b) respectively use strictly aligned and flexibly adapted CIICIV2CV-capped 445 

CV2 rows to form disk-shaped cristae, while E. gracilis (c) possibly involves canonical 446 

respirasomes at its CV2 row termini to shape biconcave cristae. d, Schematic representation 447 

of L. tarentolae’s discoidal cristae and the OXPHOS arrays and complexes. The proton 448 

density varies in accordance with the membrane curvature-induced electric capacity gradient. 449 

The electron transport (yellow arrows) coupled lateral proton transfer (black arrows) is in the 450 

direction from CIII2 populated cristae center to CV2 nested rim. 451 

 452 

Methods 453 

Leishmania tarentolae culture and mitochondria isolation - WT L. tarentolae promastigotes 454 

(ATCC 30143) was purchased from the American Type Culture Collection and cultured at 455 

27 °C with constant agitation at 100 rpm, in SDM79 medium supplemented with 10% (v/v) 456 

heat-inactivated (56 °C, 30 min) fetal bovine serum (FBS) and 7.5 μg/ml hemin56–58. Unless 457 

otherwise specified, all the following procedures were carried out at 4 °C. 458 

 459 

For mitochondria isolation59, ~5 × 1010 cells at mid-log phase were harvested by 460 

centrifugation at 11,000 × g for 10 minutes. The cell pellet was immediately weighed and 461 

resuspended in Wash buffer (20 mM sodium phosphate pH 7.9, 150 mM NaCl, 20 mM 462 
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glucose) at a ratio of 8 ml/g wet weight. Following centrifugation at 11,000 × g for 463 

10 minutes, the cell pellet was resuspended in Hypotonic buffer (1 mM Tris-HCl pH 8.0, 464 

1 mM EDTA) and disrupted by 100 strokes in a 40ml Dounce homogenizer. The cell lysis 465 

was stopped by dropwise addition of 1 M sucrose to a final sucrose concentration of 0.25 M. 466 

Crude mitochondria were pelleted by centrifugation at 16,000 × g for 15 minutes and 467 

resuspended in Isotonic buffer (20 mM Tris-HCl pH 8.0, 250 mM sucrose, 5 mM MgCl2, 468 

0.3 mM CaCl2). The final volume of the resuspension was measured by pipette and DNase I 469 

was added to a final concentration of 5 μg/ml (1/2600 vol of 13 mg/ml stock). The mixture 470 

was incubated on ice for 60 min, followed by the addition of an equal volume of STE buffer 471 

(20 mM Tris-HCl pH 8.0, 250 mM sucrose, 2 mM EDTA). The crude mitochondria were 472 

pelleted by centrifugation at 4 °C and 16,000 × g for 15 minutes, resuspended in minimal 473 

volume of STE buffer and loaded on a discontinuous sucrose gradient with 30%, 45%, and 474 

60% (w/v) in buffer containing 10 mM Tris-HCl, pH 7.4, 2 mM EDTA, and 0.002% PMSF. 475 

Loaded gradients were centrifuged at 29,000 rpm for 2 hours in an Optima XPN 476 

ultracentrifuge equipped with an SW32 Ti rotor (Beckman Coulter). The resulting fine 477 

mitochondria were harvested from the 45–60% sucrose interface, further diluted with an 478 

equal volume of sucrose-free STE buffer (20 mM Tris-HCl pH 8.0, 2 mM EDTA) and 479 

pelleted again by centrifugation at 20,000 × g for 15 minutes. The fine mitochondria pellet 480 

was labeled by its measured mass and stored at -80 °C until use. 481 

 482 

Plasmid construction and generation of CIII2-affinity tagged cell line - The plasmid 483 

pLEXSY-hyg2.1_LtIFT43_Flag60,61 was obtained from Addgene (catalog no. 194433). The 484 

coding sequence of the L. tarentolae CIII subunit MPPα, with a Strep tag at its C-terminus, 485 

was synthesized by General Biol. The synthesized sequences were inserted between the BglII 486 

and KpnI restriction sites to generate pLEXSY-hyg2.1_LtMPPα_Strep. For a cloning and 487 

transfection control, the enhanced green fluorescent protein (EGFP) sequence was amplified 488 

by polymerase chain reaction (PCR) from a laboratory-available template and a pLEXSY-489 

hyg2.1_EGFP vector was constructed by the same procedure.  490 
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 491 

After amplification in E. coli DH5, approximately 10 μg of each expression vector was 492 

digested by SwaI to produce two fragments: a 2.9 kbp plasmid backbone and a larger linear 493 

expression cassette. The latter fragment was purified by agarose gel electrophoresis and gel 494 

extraction and was used for chromosome integration at the 18S locus of the ribosomal DNA 495 

subunit (ssu). Electroporation was performed following the manufacturer’s instructions for 496 

the LEXSYcon2.1 Expression Kit (Jena Bioscience). Wild-type L. tarentolae cells, grown in 497 

brain-heart infusion-based (BHI) medium (BHI powder 38g/L, Qingdao Hope Bio-498 

Technology Co., Ltd. 10% FBS, 7.5 μg/ml hemin) supplemented with 10% (v/v) heat-499 

inactivated FBS and 7.5 μg/ml hemin, was concentrated by 10 fold via centrifugation and 500 

resuspension in the electroporation buffer (10 mM K2HPO4 pH 7.6, 120 mM KCl, 0.15 mM 501 

CaCl2, 25 mM HEPES pH 7.6, 2 mM EGTA pH 7.6, 5 mM MgCl2, 0.5% glucose (w/v), 10% 502 

BSA (w/v),1 mM hypoxanthine). The cells and the purified expression cassette fragments 503 

were first pre-cooled on ice for 10 min before mixing. Electroporation was carried out using 504 

an Amaxa Nucleofector II with program X-00162,63. pLEXSY-hyg2.1_EGFP and empty 505 

vector were electroporated in parallel as positive and negative controls respectively. 20 hours 506 

post-electroporation, 50 μg/ml hygromycin B was added for selection. After 12 days, green 507 

fluorescence was observed in the EGFP-positive control under a fluorescence microscope 508 

with green channel, whereas all cells in the negative control were non-viable. Cells in the 509 

experimental groups showed active proliferation and their genomic DNA was extracted for 510 

PCR verification of correct chromosome integration, using both primer pairs of 511 

F3001+A1715 and F3002+A3804 (Table S6). Single clones were subsequently isolated in 96-512 

well plates and expanded to obtain the CIII2-tagged cell line. 513 

 514 

Mitochondrial supercomplex purification - All the following biochemical steps were 515 

performed at 4 °C unless otherwise stated. To isolate the mitochondrial membrane fraction, 516 

the fine mitochondria pellet was thawed and homogenized in milli-Q water at 10 ml per gram 517 

of mitochondria mass using a KIMBLE Dounce tissue grinder. The homogenate was added 518 
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by 3 M KCl to a final KCl concentration of 150 mM and homogenized again to dissociate the 519 

peripheral membrane proteins. The homogenate was pelleted by centrifugation at 32,000 × g 520 

for 45 minutes, resuspended by homogenization in M10 buffer (20 mM Tris pH 7.4, 50 mM 521 

NaCl, 1 mM EDTA, 2 mM DTT, 0.002% PMSF (w/v) and 10% glycerol (v/v)) at 18 ml per 522 

gram of mitochondria mass as a washing step and pelleted again by centrifugation at 32,000 523 

× g for 45 minutes. The resulting mitochondrial membrane pellet was weighed and 524 

resuspended in buffer MX (30 mM HEPES pH 7.7, 150 mM KOAc, 10% glycerol, 0.002% 525 

PMSF) at 1.5 ml per gram of membrane mass by homogenization. Total protein concentration 526 

was determined using a bicinchoninic acid (BCA) assay kit (Beijing LABLEAD Trading Co., 527 

Ltd.) following the manufacturer’s instructions.  528 

 529 

For purification of ETC-CV supercomplexes, the obtained mitochondrial membrane 530 

containing ~150 mg total protein was solubilized in buffer MX (30 mM HEPES pH 7.7, 150 531 

mM potassium acetate, 0.002% PMSF, 10% (v/v) glycerol) supplemented with 1% digitonin 532 

at a detergent-to-protein ratio of 3:1 (w/w) for 1 hours with gentle agitation. After removal of 533 

insoluble materials by centrifugation at 16,000 × g for 45 minutes, the supernatant was 534 

filtered through a 0.45-µm filter and loaded onto a 5-ml Q-Sepharose HP column (Cytiva) 535 

equilibrated in Q-A buffer (30 mM Tris pH 7.4, 50 mM NaCl, 2 mM MgCl2, 0.002% PMSF 536 

(w/v), 10% glycerol (v/v), 0.015% glyco-diosgenin (GDN) (w/v)) for anion exchange 537 

chromatography (ANX). The column was first washed with 25 ml Q-A buffer and then eluted 538 

with a 70 ml linear gradient from 5% to 70% Q-B buffer (Q-A buffer with 1 M NaCl) mixed 539 

in Q-A buffer. Fractions were checked by Tris-glycine blue-native polyacrylamide gel 540 

electrophoresis (BN-PAGE) and in-gel ATP synthase/CV activity assay using CV buffer 541 

(50mM glycine pH 8.5, 5mM MgCl2, 5mM ATP, 2mM Pb(CH3COO)2) and in-gel CIV 542 

activity assay using CIV buffer (50mM sodium phosphate pH 7.2, 0.05% 3,3-543 

diaminobenzidine tetrahydrochloride and 50 μM commercial porcine heart cytochrome c (cyt 544 

c, (Macklin)). Fractions exhibiting highest CIV and CV activity bands were pooled and 545 

concentrated to ~500 μl using a 100 kDa molecular weight cutoff (MWCO) centrifugal 546 
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concentrator. The concentrated sample was then loaded onto a Superose 6 Increase 10/300 547 

GL column (Cytiva) for size-exclusion chromatography (SEC) purification using SEC buffer 548 

(20 mM Tris pH 7.4, 50 mM NaCl, 5 mM MgCl2, 0.002% PMSF (w/v), 0.015% GDN (w/v)). 549 

SEC fractions were again subjected to BN-PAGE and CIV and CV activity staining. Fractions 550 

containing supercomplexes CII2CIV2CV2, CIICIV2V3 and CII2CIV4CV10 eluted at ~9 ml with 551 

a peak concentration of approximately 0.3 mg/ml and were used directly for cryo-EM grid 552 

preparation before snap freezing and storage in liquid N2. 553 

 554 

For purification of CIII2-containing supercomplexes, C-terminal strep-tagged MPPα 555 

expressing cell line was cultured on large scales, and mitochondria were isolated following 556 

the procedures described above. Membrane proteins were extracted with digitonin and 557 

sequentially purified using a combination of Strep-affinity chromatography, ANX and SEC. 558 

For membrane extraction, mitochondrial membrane fractions were resuspended in MX buffer 559 

and solubilized with 1% digitonin at a detergent-to-protein ratio of 3:1 (w/w) with gentle 560 

agitation for 1 hour. The sample was centrifuged at 16,000 × g for 45 minutes and filtered 561 

through a 0.45-µm membrane. For strep-affinity chromatography, the supernatant was loaded 562 

onto a 5 ml StrepTrap XT column (Cytiva) pre-equilibrated with Strep-A buffer (100 mM 563 

Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.015% GDN (w/v)). After washing with 25 ml 564 

Strep-A buffer, bound proteins were eluted with 40 ml 100% Strep-B buffer (Strep-A buffer 565 

with 150 mM biotin). Affinity-purified peak fractions were pooled and further purified by 566 

ANX and SEC with the same procedure as above. After BN-PAGE and in-gel CIV and CV 567 

activity staining, no CV activity was found. Fractions exhibiting CIV activity were pooled 568 

and concentrated to ~0.5 mg/ml using a 100 kDa MWCO centrifugal concentrator, before 569 

cryo-EM grid preparation. 570 

 571 

Spectroscopic activity assays - CII, CIV and ATP synthase activities64 were determined 572 

spectroscopically as 2,6-dichlorophenol-indophenol (DCPIP) reduction65, NADH oxidation66 573 

and reduced cyt c oxidation rates in the presence or absence of CII (malonate), CIV (KCN) 574 
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and CV (oligomycin A) inhibitors (Aladdin). All activities were measured in triplicates in 575 

384-well plates at room temperature (RT) using a Multiskan SkyHigh plate reader 576 

(ThermoFisher Scientific) with a total reaction volume of 20 μl per well. The reaction master 577 

mixture used for all activity assays consisted of 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 578 

0.015% GDN (w/v) and 0.002% PMSF. The protein sample used was the same as that for the 579 

grid preparation of the ETC-CV supercomplex cryo-EM dataset, concentrated to ~3 mg/ml. 580 

The molar extinction coefficients of 6.22, 19.1 and 6.5 mM-1cm-1 were used for NADH, 581 

DCPIP and porcine cyt c in activity calculations64.  582 

 583 

For CII activity, 1 μl protein sample, 20 mM succinate and 75 μM DCPIP were added to the 584 

master mixture, with or without 10 mM malonate. 25 μM decylubiquinone (DQ) was then 585 

added to start the reaction. The mixture was rocked in the spectrophotometer for 5 s and 600 586 

nm absorbance was recorded every 6 s for 10 min. CII activities were calculated as the 587 

DCPIP reduction rates, based on the slope of the initial linearly decreasing phase in the 600 588 

nm kinetic curve. 589 

 590 

For CIV activity, 50 μM porcine reduced cyt c (Macklin) was added to the master mixture, 591 

with or without 750 μM KCN. 1 μl protein sample was then added to start the reaction. The 592 

mixture was rocked in the spectrophotometer for 5 s and recorded every 6 s for ~10 min at 593 

550 nm. CIV activities were calculated as the cyt c oxidation rates, based on the slopes of the 594 

initial linearly decreasing phase in the 550 nm kinetic curves.  595 

 596 

For CV ATP hydrolytic activity, 1 μl protein sample, 5 mM MgCl2, 300 μM NADH, 2.5 mM 597 

phosphoenolpyruvate, 50 mg/ml pyruvate kinase and 50 mg/ml lactate dehydrogenase were 598 

added with or without 200 μM oligomycin A. 2.5mM ATP, pH 7.0 was then added to start the 599 

reaction. The mixture was rocked in the spectrophotometer for 5 s and then recorded every 6 600 

s for ~20 min at 340 nm. CV ATP hydrolytic activities were calculated as the NADH 601 

oxidation rates, based on the slopes of the initial linearly decreasing phase in the 340 nm 602 
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kinetic curves. 603 

 604 

Cryo-EM grid preparation and data collection - The cryo-EM grid preparation and data 605 

collection were carried out at the Center of Cryo-Electron Microscopy at Zhejiang University. 606 

For all datasets, 3.5 μl sample was applied to pre-glow discharged Quantifoil R1.2/1.3 300 607 

mesh copper grid with 2 nm continuous carbon layer before blotting for 2 s under 100% 608 

humidity at 4 °C and vitrification in liquid ethane by Vitrobot Mark IV (ThermoFisher 609 

Scientific). Grids were transferred to liquid N2 for storage before data collection. Cryo-EM 610 

micrographs were collected on a Titan Krios G2 microscope (ThermoFisher Scientific) 611 

operating at 300 kV, equipped with a Falcon 4i detector operating at 320 frames/s and a 612 

Selectris energy filter. EPU software was used for automated data collection following 613 

standard procedures. For all datasets, the grids were imaged at a calibrated magnification of 614 

×105,000 with a physical pixel size of 1.2 Å and a defocus range from -0.8 to -2.0 μm. A total 615 

dose of 45 e-/Å2 with 5.21 s exposure time was fractionated into 1667 frames. A total of 616 

24693 and 6602 raw micrographs were collected for the dataset of ETC-CV supercomplexes 617 

and the dataset of CIII2-containing supercomplexes. 618 

 619 

Cryo-EM image processing - Raw micrographs of all collected datasets were imported into 620 

cryoSPARC (v4.6.2)67 for patch motion correction and contrast transfer function (CTF) 621 

estimation. Particles were initially picked and extracted using boxsize 720 for both the ETC-622 

CV supercomplex and the CIII2-containing supercomplex datasets.  623 

 624 

For the ETC-CV supercomplex dataset, a total of 4,048,443 particles were picked from 625 

24,693 micrographs. After 2D classification, ab initio reconstruction of the initial reference 626 

volumes and subsequent heterogeneous refinement classified out supercomplexes 627 

CII2CIV2CV2, CIICIV2CV3, CII2CIV4CV10, CIICIV2CV and CV2.  628 

 629 

For the CII2CIV2CV2 class, 111,613 particles were used for overall homogeneous refinement 630 
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and non-uniform refinement68 with global69 and local70 CTF corrections under C2 symmetry, 631 

yielding an overall resolution of 2.7 Å. Local refinement of CII was first performed to 632 

generate a consensus CII map using all the CII2CIV2CV2 particles, at near-Nyquist resolution 633 

(2.5 Å). However, the c-ring and F1 regions of CV were barely visible, indicating mixing of 634 

different CV rotational states. To distinguish rotational states, the α3β3+central stalk 635 

(CV_α3β3+CS) region of F1 and membrane-embedded, stator region of the CV 636 

(CV_Fo_stator) were respectively local refined to resolutions of 2.5 Å and 3.2 Å. Focused 3D 637 

classifications masking the α3β3+CS region or the Fo+ peripheral stalk and the bottom parts of 638 

the central stalk (CV_Fo+PS+CSbottom) both revealed three distinct rotational states, albeit 639 

with different particle number distributions. For the former, CV_α3β3+CS masked 640 

classification, local refinements of the c-ring and the PS regions did not improve their 641 

resolutions compared to overall refinement. This suggested the presence of sub-states. The 642 

CV_α3β3+CS masked classification was not pursued further due to limited Fo resolutions. 643 

 644 

On the other hand, for the CV_Fo+PS+CSbottom masked classification, systematic local 645 

refinements of at least the rotational state 1 (36,870 particles) gave uniform, sub-4.0 Å 646 

resolutions for nearly all the different regions, apart from the PS (4.7 Å). The local 647 

refinements performed included regions of CII, CII linkage domain, CIV2, CV_Fo_stator, 648 

CV_α3β3γtop, CV_c-ring+CSbottom and CV_PS. To reveal sub-states and improve resolutions 649 

of the c-ring and PS regions under this classification scheme, local 3D classification focusing 650 

on the CV_c-ring+CSbottom and the CV_PS regions were performed and resolved several sub-651 

states, differing in the rotational positions of the c-ring and the wobbling positions of the PS, 652 

respectively. Such procedures indeed improved resolutions of the c-ring (best at 3.6 Å) and 653 

the PS (best at 4.2 Å), both with much enhanced structural features. However, the CV_c-654 

ring+CSbottom classified and the CV_PS classified sub-states did not strictly correlated to each 655 

other, in a sense that particles belonging to a certain c-ring sub-state could be spread across 656 

different PS sub-states. Due to the limit of total available CII2CIV2CV2 particles, local 657 

refinements of the intersects of these two types of sub-states were not pursued further. In the 658 
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end, composite map of CII2CIV2CV2 was generated using local refinements of the 36,870 659 

rotational state 1 particles, with the Combine Focused Maps program in Phenix-1.20.171. The 660 

improved c-ring and PS maps were separately deposited to ensure the particle consistency of 661 

the composite map. 662 

 663 

For the CIICIV2CV3 class, 128,401 particles were used for overall homogeneous refinement 664 

and non-uniform refinement68 with global69 and local70 CTF corrections under C1 symmetry, 665 

yielding an overall resolution of 3.3 Å. Both the CIICIV2CV and CV2 regions locally refined 666 

to 3.2 Å. For CV2, C2 symmetry expansion improved the resolution to 3.0 Å. Direct local 667 

refinement of the CV_Fo_stator reported resolution of 3.2 Å. For the CV_α3β3γtop, CV_PS 668 

and CV_c-ring+CSbottom regions, additional steps of local 3D classification improved the 669 

resolutions to 3.6 Å, 5.0 Å and 4.3 Å. These local refinements were combined with the 670 

Combine Focused Maps program in Phenix-1.20.171 to generate a composite CV2 map. Note 671 

that local refinements of the CV_α3β3γtop, CV_PS and CV_c-ring+CSbottom regions were from 672 

a subset of the 256,802 C2 expanded CIICIV2CV3 particles. For CIICIV2CV, direct local 673 

refinements of CII, CIV2 and CV_Fo_stator reported resolutions of 3.0 Å, 3.1 Å and 2.9 Å. 674 

The same procedure was performed for CV_α3β3γtop, CV_PS and CV_c-ring+CSbottom 675 

regions, reporting resolutions of 3.9 Å, 6.6 Å and 5.8 Å, respectively. Composite map of 676 

supercomplex CIICIV2CV were similarly generated. In the end, a composite CIICIV2CV3 677 

map was generated using the composite maps of CIICIV2CV and CV2. 678 

 679 

For the CII2CIV4CV10 class, 71,177 particles were used for overall homogeneous refinement 680 

and non-uniform refinement68 with both global69 and local70 CTF corrections under C2 681 

symmetry, yielding an overall resolution of 4.9 Å. Initial local refinement of the asymmetric 682 

unit CIICIV2CV5 improved the resolution to 3.5 Å. Further local refinements of CIICIV2CV 683 

region and the first and second CV2 copies (CV2-1 and CV2-2) yielded resolutions of 3.5 Å, 684 

3.1 Å and 3.5 Å, respectively. More local refinements of all the different regions in 685 

CIICIV2CV, CV2-1 and CV2-2 were directly performed, since local 3D classification 686 
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wouldn’t help too much with either the resolution or the structural features under the current 687 

particle number and orientation distribution. A composite map of supercomplex 688 

CII2CIV4CV10 was generated as above described using these local refinements71. The 689 

spIsoNet72 program was used to alleviate the map anisotropy due to the preferred top-view 690 

orientation of such massive complex particle on the grid compared to side views. 691 

 692 

For the CIII2-containing supercomplex dataset, a total of 1,267,679 particles were picked 693 

from 6,602 micrographs and extracted using boxsize 600. Following 2D classification, 3D 694 

ab-initio reconstruction and subsequent heterogeneous refinement, 85,890 (CIII2)2 particles 695 

were subjected to homogeneous refinement and non-uniform refinement68 with both global69 696 

and local70 CTF corrections under C1 symmetry, yielding an overall resolution of 2.7 Å. 697 

Local refinements of the first and second CIII2 copies yielded resolutions of 2.6 Å and 2.9 Å, 698 

respectively. Composite map of supercomplex (CIII2)2 were generated as above71. 699 

 700 

25,042 (CIII2)4 particles were re-extracted with boxsize 720 and subjected to homogeneous 701 

refinement and non-uniform refinement68 with both global69 and local70 CTF corrections 702 

under C1 symmetry, yielding an overall resolution of 3.5 Å. Local refinement of the first 703 

(CIII2)2 copy yielded resolution of 3.1 Å. Further local refinements of its two CIII2 copies 704 

yielded resolutions of 2.8 Å and 3.0 Å. However, the second (CIII2)2 copy was barely visible. 705 

To separate (CIII2)4 from (CIII2)2, local refinement was first performed on the second (CIII2)2 706 

copy using these 25,042 particles, yielding a resolution of 7.7 Å. These locally refined 707 

particles were then exported to Relion-4.073 for subsequent 3D classification without 708 

alignment. 16,071 particles with improved density of the second (CIII2)2 copy was classified, 709 

which refined to an overall resolution of 4.3 Å. Composite map of supercomplex (CIII2)4 710 

were generated as above71. All map resolutions were determined using the gold standard 711 

Fourier shell correlation (FSC) between two half maps, generated by refinement jobs, at a 712 

cutoff of 0.14374. 713 

 714 
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Model building - All manual model building was performed in Coot-0.9.675. Mainchain 715 

backbones for conserved subunits were built by first rigid-body fitting published structures 716 

into respective local refinement maps in ChimeraX-1.576–78, then manually adjust in Coot 717 

according to densities. Reference models used to facilitate model building included porcine 718 

CII (PDB 1ZOY)79, T. thermophila CII, CIII2 and CIV2 (PDB 8B6G, 8B6J and 8B6H)42, E. 719 

gracilis CIII2 and CIV (PDB 8IUF)23 and T. brucei CV (PDB 8APA)47. Mainchain backbones 720 

of non-CV L. tarentolae-specific subunits were built de novo according to density. Sequences 721 

of each subunit were identified according to published methods80. Briefly, side chains of 722 

above built backbones were added de novo according to density and the generated query 723 

sequences were used in BLAST searches against the L. tarentolae proteome either from 724 

UniProt (UP000419144)81 or from the TriTrypDB website82,83. For several sequences that 725 

were difficult to identify, we employed the tblastn approach from protein to translated 726 

nucleotide. The manually built CII, CIII2, CIV2 and CV subunits were rigid-body fitted into 727 

the composite CII2CIV2CV2, CIICIV2CV3, CII2CIV4CV10, (CIII2)2 and (CIII2)4 maps with 728 

chain ID adjusted as in tables S4 and S5. Automatic model refinements were performed using 729 

the phenix.refine84 and phenix.real_space_refine85 programs, initially using automatically 730 

generated secondary structure restraints, custom bond linkage and custom ligand description 731 

file by Phenix-1.20.171. The output models were then manually edited according to 732 

refinement outcome in Coot75, with assistance from secondary structure information 733 

predicted by AlphaFold86. The next round of automatic refinements were then performed and 734 

this iterative process continues until the refined model reported high model-map correlation 735 

and good geometric statistics87. Side chains in the CII2CIV4CV10 model were truncated to C 736 

before automatic refinement to better reflect the map resolution and quality. A total of 13, 13, 737 

17 and 27 subunits were built for CII, CIII, CIV and CV, among which 8, 2, 4 and 6 subunits 738 

were L. tarentolae-specific. 739 

 740 

Cryo-ET sample preparation and data collection - Fine mitochondria pellets from the 45%-741 

60% interface of the sucrose gradient were resuspended in 100 μl of TE buffer (20 mM Tris-742 
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HCl pH 8.0, 2 mM EDTA) at 8 mg/ml protein concentration, measured by 280 nm 743 

absorbance in the Multiskan SkyHigh plate reader (ThermoFisher Scientific)88. The 744 

resuspension was mixed 3:1 with 20 concentrated 10 nm gold fiducial markers (Aurion). 3 745 

μl of this mixture was applied to a glow-discharged R2/1 Cu 300-mesh grid (Quantifoil) and 746 

blotted by Vitrobot Mark IV (ThermoFisher Scientific) for 7 s under 100% humidity at 8 °C 747 

before plunge freezing in liquid ethane. Grids were transferred to liquid N2 for storage before 748 

data collection. Cryo-ET data were collected at the Shuimu BioSciences for Cryo-EM facility 749 

at Hangzhou, China. Tilt-series data were collected as dose-fractionated movies in EER 750 

format, using a Titan Krios G4 transmission electron microscope operating at 300 kV 751 

equipped with a Selectris X energy filter set to 10 eV slit width and a Falcon 4 direct electron 752 

detector (ThermoFisher Scientific). The grids were imaged at a calibrated magnification of 753 

×64,000, corresponding to a pixel size of 1.972 Å at the specimen level and a nominal dose 754 

of 3.5 e-/Å2 per tilt image. Tilt series were acquired in a dose-symmetric scheme89 with a tilt 755 

range of -51° to 51° and with 3° increments grouped by three tilts, using the TEM 756 

Tomography 5 software (ThermoFisher Scientific). The nominal defocus ranged from -2 µm 757 

to -4 µm in 0.25 µm steps. 758 

 759 

Cryo-ET processing and subtomogram averaging - The raw movies of 92 tilt-series were 760 

imported into Warp (v2.0.0)90 for movie frame alignment, CTF estimation, tilt series 761 

alignment, and tomographic reconstruction. Subtomograms of individual CVs were selected 762 

from three typical tomograms using a neural-net based particle picker in EMAN291 and 763 

extracted in Warp. Using the aforementioned SPA-derived monomeric CV 3D model as initial 764 

model, these subtomograms were refined in RELION-5.0.192. The resultant data-derived 765 

monomeric CV map was subsequently employed as a template for template matching in 766 

PyTom93, leading to the extraction of 423,200 candidate particles from all 92 tomograms. All 767 

subsequent classification steps were performed in RELION. These subtomograms were 768 

subjected to 3D classification into six classes with global alignment using a spherical mask of 769 

280 Å in diameter, yielding a subset of 63,396 CV-containing particles. These particles were 770 
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then shifted to re-center on the CV pseudo-dimer and re-extracted for 3D classification 771 

without alignment using a mask that focuses on a region that corresponds to CIICIV2, as 772 

determined by the aforementioned SPA map of CIICIV2CV3. This led to the identification of 773 

4,358 CIICIV2-containing particles, which were refined in RELION and M94 to generate a 774 

CIICIV2CV3 map at 19 Å resolution. Nevertheless, the local resolution of CIICIV2 and an 775 

adjacent CV were not as good as those of the remaining CVs. To improve map quality, 776 

CIICIV2CV2 was masked out and used as a template for another round of PyTom template 777 

matching, yielding 574,200 particles using the same 92 tomograms. These particles were 778 

classified into four classes with global alignment and a spherical mask of 400 Å in diameter, 779 

resulting in 114,961 particles with CV pseudo-dimer densities. Two major, compositionally 780 

distinct species were obtained upon further 3D classification without alignment using a 781 

CIICIV2-focused mask. One species contained 2,526 particles that were refined in RELION 782 

and M to produce a CIICIV2CV3 reconstruction at approximately 21 Å resolution, but with 783 

improved structural features than the previous round of CIICIV2CV3 refinement. The second 784 

species comprised 11,580 particles with similar occupancies for all four CV subunits, of 785 

which 7,143 particles were kept based on an inter-particle distance threshold of 160 Å. These 786 

particles were then refined in RELION and M to generate a CV4 map at approximately 17 Å 787 

resolution. Map resolutions were determined using the gold standard FSC between two half 788 

maps at a cutoff of 0.14374. Subtomograms were mapped back to original tomograms using 789 

the ArtiaX95 plugin in ChimeraX. Membrane segmentation was performed automatically 790 

using MemBrain-V296,97, and membrane curvatures were computed using PyCurv98 and 791 

Surface Morphometrics99. 792 

 793 

Data availability: The composite maps and structural models and for L. tarentolae 794 

mitochondrial supercomplexes are available from the Electron Microscopy Database 795 

(EMDB) and the Protein Data Bank (PDB) and with the following accession codes. 796 

CII2CIV2CV2: EMD-67545 and PDB-21BE; CIICIV2CV3: EMD-67546 and PDB-21BF; 797 

CII2CIV4CV10: EMD-67544 and PDB-21BD; CIII4: EMD-67547 and PDB-21BG; CIII8: 798 
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EMD-69165 and PDB-23QD; CII: EMD-68897 and PDB-23DZ. Maps for consensus and 799 

local refinements are available from the EMDB with the following accession codes. 800 

CII2CIV2CV2: consensus map EMD-67652, CII region EMD-67641, CIV region EMD-801 

67645, CV_Fo_stator region EMD-67647, CV_ɑ3β3+CS region EMD-67649, CV_c-802 

ring+CSbottom region EMD-67650, CV_peripheral_stalk region EMD-67651, CV_c-803 

ring+CSbottom_state 1a EMD-69268, CV_c-ring+CSbottom_state 1b EMD-69275, CV_c-804 

ring+CSbottom_state 2a EMD-69276, CV_c-ring+CSbottom_state 2b EMD-69269, CV_c-805 

ring+CSbottom_state 2c EMD-69277, CV_c-ring+CSbottom_state 3a EMD-69270, CV_c-806 

ring+CSbottom_state 3b EMD-69278, CV_peripheral_stalk_state 1 EMD-69273, 807 

CV_peripheral_stalk_state 2 EMD-69271, CV_peripheral_stalk_state 3 EMD-69272, 808 

CV_peripheral_stalk_state 4 EMD-69274; CIICIV2CV3: consensus map EMD-67643, CII 809 

region EMD-67615, CIV2 region EMD-67614, CV_Fo_stator region EMD-67617, 810 

CV_ɑ3β3+CS region EMD-67567, CV_c-ring+CSbottom region EMD-67619, 811 

CV_peripheral_stalk region EMD-67637, CV2_Fo_stator region EMD-67638, CV2_ɑ3β3+CS 812 

region EMD-67639, CV2_c-ring+CSbottom region EMD-67640, CV2_peripheral_stalk region 813 

EMD-67644; CII2CIV4CV10: consensus map EMD-67695, CII region EMD-67680, CIV2 814 

region EMD-67681, CV_Fo_stator region EMD-67682, CV_ɑ3β3γtop region EMD-67683, 815 

CV_c-ring+CSbottom region EMD-67685, CV_peripheral_stalk region EMD-67686, 816 

CV2_Fo_stator region EMD-67688, CV2_ɑ3β3+CS-1 region EMD-67689, CV2_c-ring-1 817 

region EMD-67690, CV2_peripheral_stalk-1 region EMD-67691, CV2_ɑ3β3+CS-2 region 818 

EMD-67692, CV2_c-ring-2 region EMD-67693, CV2_peripheral_stalk-2 region EMD-67694; 819 

(CIII2)2: consensus map EMD-67674, CIII2-1 region EMD-67653, CIII2-2 region EMD-820 

67654; (CIII2)4: consensus map EMD-69041, CIII2-1 region EMD-69037, CIII2-2 region 821 

EMD-69038; (CIII2)2-1 region EMD-69045; (CIII2)2-2 region EMD-69040. For 822 

subtomogram averaging maps, CIICIV2CV3: EMD-68795; CV4: EMD-68796. 823 

  824 
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  1168 

Extended Data Fig. 1 | Cryo-EM image processing of the supercomplexes CIICIV2CV3 1169 

and CII2CIV4CV10. a, A total of 24,693 micrographs were collected from a 300 kV Titan 1170 
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Krios microscope equipped with Falcon IVi camera, from which 4,048,443 particles were 1171 

initially picked and extracted using boxsize 720. A total of 128,401 supercomplex 1172 

CIICIV2CV3 particles were selected after 2D classification 3D ab-initio reconstruction and 1173 

hetero refinement. Overall refinements yielded a resolution of 3.3 Å. Local refinements of the 1174 

CIICIV2CV and CV2 regions improved the resolutions to 3.2 Å. For the CIICIV2CV region, 1175 

after local refinements of CII, CIV2 and CV_Fo_stator, local 3D classifications were 1176 

performed on the CV_PS, CV_ɑ3β3+CS and CV_c-ring+CSbottom regions to improve their 1177 

resolutions and structural features. For CV2 region, initial local refinement after C2 symmetry 1178 

expansion improved the resolution to 3.0 Å. Direct local refinement only achieved sub-4.0 Å 1179 

resolution for the CV_Fo_stator (3.2 Å). For CV_PS, CV_ɑ3β3+CS and CV_c-ring+CSbottom, 1180 

local 3D classifications were performed to improve their resolutions and structural features. 1181 

Composite maps of CIICIV2CV and CV2 were first respectively generated, before combined 1182 

into a composite map of the supercomplex CIICIV2CV3. b, A total of 24,693 micrographs 1183 

were collected from a 300 kV Titan Krios microscope equipped with Falcon IVi camera, from 1184 

which 4,048,443 particles were initially picked and extracted using boxsize 720. A total of 1185 

71,177 supercomplex CII2CIV4CV10 particles were selected after 2D classification 3D ab-1186 

initio reconstruction and hetero refinement. Overall refinements yielded a resolution of 4.9 Å 1187 

and initial local refinement of the asymmetric unit of CIICIV2CV5 after C2 symmetry 1188 

expansion improved the resolution to 3.5 Å. Local refinements of CIICIV2CV, CV2-1 and 1189 

CV2-2 regions further improved resolutions to 3.5 Å, 3.1 Å and 3.5 Å, respectively. For each 1190 

region, more local refinements were performed on all the different regions before composite 1191 

map generation. Masks used for individual local refinements are indicated as pink transparent 1192 

surfaces. 1193 
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 1195 

Extended Data Fig. 2 | Cryo-EM image processing of the supercomplexes CII2CIV2CV2, 1196 

(CIII2)2 and (CIII2)4. a, A total of 24,693 micrographs were collected from 300 kV Titan 1197 
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Krios microscope equipped with Falcon IVi camera, from which 4,048,443 particles were 1198 

initially picked and extracted using boxsize 720. A total of 111,613 supercomplex 1199 

CII2CIV2CV2 particles were selected after 2D classification, 3D ab-initio reconstruction and 1200 

heterogeneous refinement. Overall refinements with C2 symmetry yielded a resolution of 2.7 1201 

Å. Local refinements and 3D classifications of F1’s ɑ3β3 and central stalk (CV_ɑ3β3+CS) and 1202 

the membrane-embedded CV stator (CV_Fo_stator) resolved the three rotational states of CV, 1203 

albeit with different particle distributions. The 36,870 state 1 particles were used for local 1204 

refinements of all the different regions of the asymmetric unit of CIICIVCV, followed by 1205 

composite map generation. Further local 3D classifications and local refinements were 1206 

performed on the c-ring and PS regions to improve the resolutions of the sub-states due to 1207 

rotation-induced wobbling. b, A total of 6,602 micrographs were collected in the CIII2-1208 

containing supercomplex dataset and 1,267,679 particles were initially picked and extracted 1209 

using boxsize 720. A total of 85,890 (CIII2)2 and 25,042 (CIII2)4 particles were selected after 1210 

2D classification and multi-class 3D ab-initio reconstruction. Overall refinements yielded 1211 

resolutions of 2.7 Å and 3.5 Å for (CIII2)2 and (CIII2)4 respectively. For both classes, local 1212 

refinements of all the CIII2 regions were performed, before respective composite map 1213 

generation. Masks used for individual local refinements are indicated as pink transparent 1214 

surfaces. 1215 
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 1217 

Extended Data Fig. 3 | Local resolution maps, projection orientation distributions and 1218 

Fourier shell correlation (FSC) curves of CIICIV2CV3, CII2CIV4CV10, CII2CIV2CV2, 1219 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.03.000172. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



(CIII2)2 and (CIII2)4. a-e, Local resolutions are plotted on the composite maps of 1220 

CIICIV2CV3 (a), CII2CIV4CV10 (b), CII2CIV2CV2 (c), (CIII2)2 (d), (CIII2)4 (e) in different 1221 

viewing directions. Orientational distributions of particle projections are individually plotted. 1222 

FSC curves (gold standard FSC=0.143 for resolution estimation) of the corresponding 1223 

consensus refinements are shown. 1224 

  1225 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.03.000172. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 1226 

Extended Data Fig. 4 | Additional structural characteristics of L. tarentolae 1227 

supercomplexes. a,b, Rigid body docking of the CV4 portion of CII2CIV4CV10 into the cryo-1228 

ET maps (transparent surfaces) of T. brucei (a) and E. gracilis (b) CV2 with EMDB IDs 1229 

labelled. c, The normal discoidal cristae shaped by CIICIV2CV endpieces capped (CV2)4 1230 

rows (top panel) and the aberrant tubular cristae shaped by CV2 rows without the length 1231 

constraints of CIICIV2CV endpieces (bottom panel). d, The IMS view of the cryo-EM map of 1232 

CII2CIV4CV10, with one asymmetric unit colored as in Fig. 1 and the other asymmetric unit 1233 

colored gray. e, The perpendicular-to-cristae discoid view of the cryo-EM map of 1234 

CII2CIV4CV10. Cristae circumference and estimated radius are labelled. f, A putative model 1235 

of the more complete L. tarentolae cristae edge OXPHOS architecture. Two CII2CIV2CV2 1236 

supercomplexes are concatenated to the two CIICIV2CV endpieces to adapt to the transition 1237 

to the flatter membrane at more central positions. 1238 
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 1240 
Extended Data Fig. 5 | Cryo-ET STA processing of CIICIV2CV3 and CV4. A total of 92 1241 

tomograms were reconstructed in Warp, followed by particle picking in EMAN2 using cryo-1242 

EM SPA-derived CV model. Picked subtomograms were extracted in Warp and exported to 1243 

RELION for initial CV refinement. The resulting CV STA was used as a template for 1244 
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template matching-based particle picking in PyTom. The particles were again exported to 1245 

RELION for 3D classification with global alignment to isolate the CV-containing particles. 1246 

The subsequent refinement resulted in a CV trimer STA, the pseudo-CV dimer (dashed circle) 1247 

portion of which was used as the center for particles re-extraction. 3D classification masking 1248 

the proposed region of CIICIV2 next to the pseudo-CV dimer isolated the CIICIV2CV3 class. 1249 

A further round of refinement, template matching-based particle picking and classification 1250 

cleaned this class, leading to a final CIICIV2CV3 resolution of 21 Å. The associated CV4 1251 

class refined to a final resolution of 17 Å. Both resolutions were determined by gold-standard 1252 

FSC curves. Masks used for local refinements are shown as pink transparent surfaces. 1253 
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 1255 
Extended Data Fig. 6 | Anomalies in L. tarentolae’s long range OXPHOS array. a, 1256 

Examples of different copy numbers of CV2 in CIICIV2CV-capped CV2 rows and different 1257 

registers between adjacent rows. b, Docking of the cryo-EM structure of CII2CIV4CV10 1258 

(cylindrical cartoons) into its cryo-ET map (transparent surface). c, Cartoon representation of 1259 

the proposed +3 register with two potential CII2CIV4CV10 structures circled by red and green 1260 

dashes. Extrapolated complexes are shown in gray. d, The tomographic example of register 1261 

transition from +3 (red circle) to +4, adapting to a high-to-low membrane curvature gradient. 1262 

The register-defining terminal PS-PS pair (orange circle), unpaired PS offset (blue circle) and 1263 

a transitional status (yellow circle) are respectively circled and labelled. Extrapolated ETC 1264 

and CV complexes based on the register rule, but not observed by cryo-ET, are shown as 1265 

transparent surfaces. e, Potential steric clash (red star) when artificially extending the 1266 

(CIICIV2CV)2(CV2)4 assembly in its regular arrangement (top panel) to (CIICIV2CV)2(CV2)5 1267 

(bottom panel). f, The tomographic example of CII2CIV2CV2. g, The over-180 edge-curving 1268 

leading to biconcave-shaped cristae by aligning (CIICIV2CV)2(CV2)5 with +4 register (left 1269 

panel) or (CIICIV2CV)2(CV2)4 with +3 registers (right panel). The lipid bilayer is traced by 1270 

orange dashes. h, The shallow helical structure formed by artificially aligning 1271 

(CIICIV2CV)2(CV2)4 by the normal +4 register to over 360. The discoidal diameter is in line 1272 

with published estimates but the OXPHOS ring cannot self-enclose.1273 
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 1274 

Extended Data Fig. 7 | Structures of supercomplexes (CIII2)2 and (CIII2)4. a-d, Side 1275 

views (a,b) and matrix views (c,d) of (CIII2)2. e,f, Side views of (CIII2)4. The cryo-EM maps 1276 

(a,c,e) and structural models (b,d,f) are shown with dimensions labelled. 1277 
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 1279 

Extended Data Fig. 8 | Catalytic activities of CII, CIV and CV. a-c, Spectroscopic assays 1280 

of CII (a), CIV (b) and CV (c) activities of the cryo-EM sample for the ETC-CV dataset. The 1281 

activities were monitored by DQ reduction coupled DCPIP reduction at 600 nm for CII, 1282 

reduced cyt c oxidation at 550 nm for CIV and ADP production coupled NADH oxidation at 1283 

340 nm for CV, in the presence of absence of respective inhibitors of malonate (CII), KCN 1284 

(CIV) and oligomycin A (CV). d-l, The kinetic curves for CII (d-f), CIV (g-i) and CV (j-l) 1285 

activities under blank (d,g,j), substrate (e,h,k) and inhibitor (f,i,l) conditions. Data in (a-c) 1286 

are presented as mean values ± standard error of mean (SEM). Data lines in (d-l) represent 1287 

individual replicates. n=3 biologically independent activity experiments. 1288 

  1289 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.03.000172. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 1290 

Extended Data Fig. 9 | Structural details of L. tarentolae CII. a, From left to right: cryo-1291 

EM map, structure (cartoons) colored by individual subunits, core and lineage-specific 1292 

subunits (solid surfaces) colored individually, on top of the silhouette of complete CII. b,c, 1293 

Sequence alignments of the SDHC’s and SDHD2’s trans-membrane helices 2 (TMH2SDHC 1294 

and TMH2SDHD2) of L. tarentolae, L. major, P. hertigi, T. brucei, T. cruzi, S. culicis, A. deanei, 1295 

Phytomonas.Hart1, N. esmeraldas, highlighting the positions of heme-coordinating histidines 1296 

(red boxes). d, Co-factors, key lipids and CoQ10 in CII. FeS clusters are shown as spheres; 1297 

FAD, CoQ10, bound lipids are shown as sticks and nearby TMHs are shown as cartoons. 1298 

Distances between key electron transfer co-factors are labeled. e, The three CoQ10 molecules 1299 

bound in CII. Trans-membrane subunits are shown as surfaces and colored individually. 1300 

Some surfaces are shown in transparency to allow visualization of elements behind. f, 1301 
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Structural superposition of L. tarentolae SDHB1 (yellow) and SDHB2 (green) with human 1302 

SDHB (PDB: 8GS8, grey), illustrating the C-terminal and N-terminal extension of L. 1303 

tarentolae SDHB1 and SDHB2 towards the CII linkage domain of SDHLT5 (purple) and 1304 

SDHLT6 (orange). g, Overview of the domain organization of CII’s hydrophilic SDHA 1305 

subunit. The covalently bound FAD and the built succinate nearby are shown as sticks. h, 1306 

Structural superposition of our FAD-succinate combination (green stick) with published 1307 

Gallus gallus CII structures with malonate and oxaloacetate bound (gray stick). The 1308 

substrate/inhibitor hotspot is circled (red dash). i, The natural substrate/inhibitor density 1309 

(orange mesh), tentatively model as succinate (orange sticks), in our L. tarentolae CII. 1310 
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 1312 

Extended Data Fig. 10 | Comparison of CV dimerization and tetramerization across 1313 

species. a, Porcine, b, yeast, c, green alga, d, ciliate, e, euglenid and f, trypanosomatid ATP 1314 

synthase dimer/tetramer side views (top panels) and top views (bottom panels). Stators of all 1315 

CVs are highlighted by yellow and pink colors. Common multimerization subunits, such as 1316 

the subunit e, g and IF1 are shown in green, blue and orange-red. Other species-specific 1317 

multimerization subunits are also individually colored and labelled. For (d-f), the front CV2 1318 

or certain F1 regions are shown in transparency for clarity of the structural elements below. 1319 

The species and corresponding PDB IDs of the structural models used are also labelled. 1320 
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Supplementary Discussion 1371 

Structural details of L. tarentolae’s divergent CII 1372 

Spectroscopic assays confirmed the presence of electron transport and ATP hydrolytic 1373 

activities of individual OXPHOS complexes in our cryo-EM sample (Extended Data Fig. 8). 1374 

Out of these complexes, CII is structurally most divergent as exemplified by its split core 1375 

subunits SDHB and SDHD (SDHB/D1 and 2)48 and the innovation of hydrophilic linkage 1376 

domain that substantially stabilizes its association with CIV2 (Extended Data Fig. 9a,f). 1377 

Unlike CII of other protists such as Tetrahymena thermophila25,49 and Perkinsus marinus50, a 1378 

membrane-embedded b-type heme is identified between subunits SDHC and SDHD2 of L. 1379 

tarentolae CII, making it more similar to the canonical opisthokont CIIs in this regard24,51–54 1380 

(Extended Data Fig. 9d). This heme b, not absolutely required for CII’s redox activity51, is 1381 

not universally present among kinetoplastid species. For example, T. brucei has lost both 1382 

heme b coordinating histidines as revealed by sequence alignments of subunits SDHC and 1383 

SDHD2 (Extended Data Fig. 9b,c).  1384 

 1385 

A total of three ubiquinone/coenzyme Q10 (CoQ10) are identified, one at the classic redox site 1386 

below the Fe3S4 cluster and the other two at non-canonical positions among the trans-1387 

membrane helices of subunits SDHC, SDHD2 and SDHLT8, likely representing local energy 1388 

minimums en route of CoQ10 movement49,55 (Extended Data Fig. 9d,e). In terms of electron 1389 

donor, density resembling dicarboxylate molecule, tentatively modeled as succinate here, is 1390 

observed next to the covalently bound FAD, a position known to be occupied by catalytic 1391 

intermediate and competitive inhibitors such as malonate53 and oxaloacetate56,57 (Extended 1392 

Data Fig. 9g-i). In general, instead of providing new catalytic functions and/or mechanisms, 1393 

new structural features of L. tarentolae CII contribute more to its firm integration into the 1394 

supercomplex CIICIV2CV. 1395 

 1396 

Dimerization and tetramerization of CV across species 1397 

The L. tarentolae CV4 within supercomplex CII2CIV4CV10 lead us to review structural 1398 
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innovations used by different eukaryotes to dimerize and tetramerize CV (Extended Data Fig. 1399 

10). While the same g/g module is employed by CV2 of the free-living discobid E. gracilis58 1400 

(Extended Data Fig. 10e), in yeasts, such purpose is fulfilled by lineage-specific 1401 

loops/extensions of subunits a and i/j59 (Extended Data Fig. 10b). In mammals, within a CV4, 1402 

the g/g module dimerizes two diagonal CV monomers, while dimerization of the C-terminal 1403 

helices of the native inhibitory factor IF1 links two parallel dimers60 (Extended Data Fig. 1404 

10a). In this way, although limited interactions are found within CV2, it is stabilized by the 1405 

external tetrameric scaffold. Alveolates such as the T. thermophila have the most elaborated 1406 

dimer interface of CV, containing both homotypic and heterotypic interactions scattered 1407 

throughout the matrix, intra-membrane and IMS levels61 (Extended Data Fig. 10d). Among 1408 

these, a symmetry breaking subunit ATPTT2 binds C-terminal regions of two IF1 copies to 1409 

stabilize the dimer. In green algae, an additional interaction site is found between the two 1410 

bulky peripheral stalks, in the F1 region62,63 (Extended Data Fig. 10c). In general, the 1411 

evolutionary convergence, reflected by the diverse strategies found across the eukaryotic tree 1412 

of life towards the same goal of CV multimerization, underscores its critical role in 1413 

maintaining the morphological and functional integrity of mitochondria.  1414 

 1415 

In-situ relevance of the cryo-ET sample 1416 

While cryo-focused ion beam (cryo-FIB) milling64,65 was not employed in our cryo-ET 1417 

sample preparation, the resulting STA mapped tomograms still adequately captured the 1418 

physiological landscape of OXPHOS assembly. For example, the fact that the distinct 1419 

protocols of cryo-EM25,26,49,60,66,67 and cryo-ET25,36,68–78 converge on the same structure of 1420 

supercomplex CII2CIV4CV10 indicates its genuine presence on the L. tarentolae cristae (Fig. 1421 

1a, Extended Data Fig. 6a,b). The corresponding fragmentation of the more common +4 1422 

register, namely a CII2CIV4CV14 supercomplex, does not appear in our cryo-EM dataset 1423 

likely due to its sheer size and fragility under detergent conditions (Fig. 4d). This again 1424 

validates the power of in situ structural biology in revealing long range, membrane-bound 1425 

supramolecular machineries such as the OXPHOS system63,78–81. Moreover, no cristae 1426 
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completely encircled by the (CIICIV2CV)2(CV2)4 assemblies with the regular +4 register is 1427 

found. This is in line with the native situation that cristae are connected to the inner boundary 1428 

membrane (IBM) via cristae junctions, where the mitochondrial contact site and cristae 1429 

organizing system (MICOS) are hosted instead of the OXPHOS complexes82 (Fig. 4a). 1430 

Actually, instead of a perfectly planar circle, a helix with very shallow pitch is formed when 1431 

trying to artificially reconstruct a self-enclosed (CIICIV2CV)2(CV2)4 belt, which is 1432 

structurally not adaptable by the junction-linked discoidal cristae (Extended Data Fig. 6h). 1433 

  1434 
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 1435 

Supplementary Fig. 1 | Purification of L. tarentolae ETC-CV supercomplexes. a,b, Q-1436 

Sepharose ANX chromatogram (a) and the corresponding BN-PAGE (b). The CIICIV2CV-1437 

containing fractions D9 to D1, indicated by the green boxes, are pooled, concentrated and 1438 

used for subsequent SEC chromatography. c,d, Superose 6 SEC chromatogram (d) and the 1439 

corresponding BN-PAGE (d), using the CIICIV2CV-containing fractions from (b). The 1440 

fraction directly used for cryo-EM grid vitrification is indicated by the green boxes. BN-1441 

PAGE gels in (b) and (d) are stained by CV (white bands) or CIV (dark orange bands) in-gel 1442 

activities. The ‘M’ lane indicates porcine respiratory supercomplexes used as the MW marker. 1443 

The ‘input’ lane indicates the protein samples used for ANX and SEC chromatography 1444 

loading. 1445 

  1446 
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 1447 
Supplementary Fig. 2 | Purification of CIII2-containing supercomplexes of L. tarentolae. 1448 

a,b, StrepTrap XT affinity chromatogram (a) and the corresponding BN-PAGE (b). The 1449 

eluted peak fractions with CIV activity, indicated by the green boxes, are pooled, 1450 

concentrated and used for subsequent ANX chromatography. c,d, Q-Sepharose ANX 1451 

chromatogram (c) and the corresponding BN-PAGE (d). The fractions with CIV activity, 1452 

indicated by the green boxes, are pooled, concentrated and used for subsequent SEC 1453 

chromatography. e,f, Superose 6 SEC chromatogram (e) and the corresponding BN-PAGE (f), 1454 

using the CIII2-containing fractions D9-E3 from (d). The fraction directly used for cryo-EM 1455 

grid vitrification is indicated by the green box. BN-PAGE gels in panels (b), (d) and (f) are 1456 

stained by CV (white bands) or CIV (dark orange bands) in-gel activities. The ‘L’ lane 1457 

indicates the loading buffer used for blank. The ‘M’ lane indicates porcine respiratory 1458 

supercomplexes used as the MW marker. The ‘input’ lane indicates the protein samples used 1459 

for affinity, ANX and SEC chromatography loading. The ‘FT’ and ‘wash’ lanes indicate the 1460 

flow-through and washed off non-specific proteins from the affinity chromatography. 1461 

1462 
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Supplementary Tables 1463 

Supplementary Table 1 | Cryo-EM data collection, image processing and model 1464 

validation of supercomplexes CII2CIV2CV2, CIICIV2CV3 and CII2CIV4CV10 1465 
 CII2CIV2CV2 

(EMDB-67545) 
(PDB 21BE) 

CIICIV2CV3 

(EMDB-67546) 
(PDB 21BF) 

CII2CIV4CV10
 

(EMDB-67544) 
(PDB 21BD) 

Magnification    105,000 

Voltage (kV) 300 

Electron exposure (e–/Å2) 45.00 

Defocus range (μm) -0.8 to -2.0 

Pixel size (Å) 1.20 

Symmetry imposed C2 C1 C2 

Micrographs No. 24,693 

Initial particle No. 4,048,443 

Final particle No. 111,613 128,401 71,177 

Map resolutions (Å) 

    FSC threshold 0.143 

CII 2.9 CII 3.0 CII 3.0 

CIV 2.7 CIV2 3.1 CIV2 3.4 

CV_Fo_stator 2.9 CV_Fo_stator 2.9 CV_Fo_stator 2.9 

CV_ɑ3β3+CS 3.5 CV_ɑ3β3+CS 3.9 CV_ɑ3β3γtop 3.9 

CV_c-ring+CSbottom 3.9 CV_c-ring+CSbottom 5.8 CV_c-ring+CSbottom 4.5 

CV_PS 4.7 CV_PS 6.6 CV_PS 5.2 

  CV2_Fo_stator 3.2 CV2_Fo_stator 3.0 

  CV2_ɑ3β3+CS 3.6 CV2_ɑ3β3+CS-1 3.5 

  CV2_c-ring+CSbottom 4.3 CV2_c-ring-1 5.5 

  CV2_PS 5.0 CV2_PS-1 4.9 

    CV2_ɑ3β3+CS-2 3.7 

    CV2_c-ring-2 3.1 

    CV2_PS-2 5.2 

Initial models used 8APA 8APA 8APA 

Model resolution (Å) 
    FSC threshold 0.5 

3.0 3.3 3.5 

Map sharpening B factor (Å2) CII 44.6 CII 68 CII 40.8 

CIV 40.3 CIV2 65.7 CIV2 44.8 

CV_Fo_stator 43.6  CV_Fo_stator 67.4 CV_Fo_stator 42.6 

CV_ɑ3β3+CS 37.6 CV_ɑ3β3+CS 49.7 CV_ɑ3β3γtop 61.7 

CV_c-ring+CSbottom 67.2 CV_c-ring+CSbottom 365.5 CV_c-ring+CSbottom 124.5 

CV_PS 177.3 CV_PS 621.2 CV_PS 347.1 

  CV2_Fo_stator 49.5 CV2_Fo_stator 43.5 

  CV2_ɑ3β3+CS 55.9 CV2_ɑ3β3+CS-1 55.1 

  CV2_c-ring+CSbottom 103.1 CV2_c-ring-1 375.6 

  CV2_PS 251.8 CV2_PS-1 284.9 

    CV2_ɑ3β3+CS-2 60 

    CV2_c-ring-2 65.5 

    CV2_PS-2 310.1 

Model composition 

    Non-hydrogen atoms 
    Protein residues 

    Ligands 

 

226455 
27573 

140 

 

263928 
32245 

149 

 

491392 
94978 

404 

B factors (Å2) 

    Protein 
    Ligand 

 

103.06 
55.20 

 

274.14 
54.86 

 

283.29 
63.09 

R.m.s. deviations 
    Bond lengths (Å) 

    Bond angles (°) 

 
0.003 

0.546 

 
0.004 

0.523 

 
0.002 

0.498 

 Validation 

    MolProbity score 
    Clashscore 

    Poor rotamers (%)  

 

1.71 
5.20 

1.06 

 

1.75 
5.88 

0.67 

 

1.68 
4.39 

0.00 

 Ramachandran plot 

    Favored (%) 

    Allowed (%) 
    Disallowed (%) 

 

93.84 

6.16 
0.00 

 

93.39 

6.61 
0.00 

 

92.63 

7.37 
0.02 
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Supplementary Table 2 | Cryo-EM data collection, image processing and model 1467 

validation of supercomplexes (CIII2)2, (CIII2)4 and CII 1468 
 (CIII2)2 

(EMDB-67547) 
(PDB 21BG) 

(CIII2)4 

(EMDB-69165) 
(PDB 23QD) 

CII 
(EMDB-68897) 

(PDB 23DZ) 

Magnification    105,000 

Voltage (kV) 300 

Electron exposure (e–/Å2) 45.00 

Defocus range (μm) -0.8 to -2.0 

Pixel size (Å) 1.20 

Symmetry imposed C1 

Micrographs No. 6,602 24,693 

Initial particle No. 1,267,679 4,048,443 

Final particle No. 85,890 25,042 223,226 

Map resolutions (Å) 

    FSC threshold 0.143 

CIII2 2.6 CIII2 2.8 CII     2.5 

CIII2 2.9 CIII2 3.0 

  (CIII2)2 4.3 

Initial models used     

Model resolution (Å) 

    FSC threshold 0.5 

2.7 3.5 2.5 

Map sharpening B factor (Å2) CIII2 43.2 CIII2 21.1 CII 56.2 

CIII2 38.5 CIII2 19.1  

  (CIII2)2 1.8 

Model composition 
    Non-hydrogen atoms 

    Protein residues 
    Ligands 

 
86204 

10005 
84 

 
141025 

20010 
168 

 
22530 

2778 
16 

B factors (Å2) 
    Protein 

    Ligand 

 
43.27 

10.88 

 
76.58 

18.44 

 
52.72 

30.58 

R.m.s. deviations 

    Bond lengths (Å) 
    Bond angles (°) 

 

0.003 
0.535 

 

0.004 
0.583 

 

0.004 
0.612 

 Validation 
    MolProbity score 

    Clashscore 
    Poor rotamers (%) 

 
1.60 

4.65 
0.68 

 
1.93 

9.92 
0.77 

 
1.59 

5.47 
0.80 

 Ramachandran plot 

    Favored (%) 
    Allowed (%) 

    Disallowed (%) 

 

94.76 
5.24 

0.01 

 

93.74 
6.24 

0.02 

 

95.75 
4.25 

0.00 
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Supplementary Table 3 | Model summary of L. tarentolae supercomplex CIICIV2CV3 
Subunit 

Name 

Uniprot /Gene 

ID 

Annotation Chain ID Total 

residues 

Residues built % built TMH Ligands Lipids 

CII 

SDHA A0A640KIH4 succinate dehydrogenase 

flavoprotein, putative 

SA 607 11-607 98.35% 0 1 × FAD  

SDHB1 A0A640KID5 hypothetical protein, conserved B1 247 29-245 87.85% 0 1 × Fe2S2  

SDHB2 A0A640KIH8 hypothetical protein, conserved B2 230 48-223 96.52% 0 1 × Fe3S4 

1 × Fe4S4 

 

SDHC A0A640KC73 hypothetical protein, conserved SC 148 50-146 65.54% 3 2 × CoQ10 1 × PC 

SDHD1 A0A640KIY5 hypothetical protein, conserved D1 91 24-91 74.73% 1   

SDHD2 A0A640KQ33 hypothetical protein, conserved D2 147 60-147 59.86% 2 1 ×HEM 1 × PC 

SDHLT3 A0A640KNR8 hypothetical protein, conserved SE 104 2-104 99.04% 1  1 × PC 

SDHLT5 A0A640KMV8 hypothetical protein, conserved SF 491 11-491 97.96% 0   

SDHLT6 A0A640KEB4 hypothetical protein, conserved SG 328 38-324 87.50% 0   

SDHLT7 
CP119854.1 

371026-371775 
hypothetical protein, conserved SH 250 36-250 86.00% 0   

SDHLT8 A0A640KJW8 hypothetical protein, conserved SI 148 11-144 90.54% 2 1 × CoQ10  

SDHLT9 A0A640KUZ8 hypothetical protein, conserved SJ 134 10-134 93.28% 1  
1 × PC 

1 × PE 

SDHLT10 A0A640K976 hypothetical protein, conserved SK 145 33-145 77.93% 1  
1 × PC 

1 × CDL 

SDHLT11 A0A640K8V8 unspecified product SL 86 10-86 89.53% 1   

CIV2 

COX1 P14544 Cytochrome c oxidase subunit 1 C1, c1 549 1-549 100% 12 

1 × heme a 

1 × heme a3 

1 × CuB 

1 × Mg2+ 

1 × Na+ 

2 × PC 

1 × CDL 
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COX2 P14545 Cytochrome c oxidase subunit 2 C2, c2 210 1-210 100% 2 2 × CuA  

COX3 Q34935 cytochrome oxidase (kinetoplast) C3, c3 287 1-285 99.30% 7  
3 × PC 

2 × PE 

COX4 A0A640KP32 cytochrome c oxidase VII, putative C4, c4 345 182-345 47.54% 1  1 × CDL 

COX5B A0A640KV26 hypothetical protein, conserved 5B, 5b 225 27-225 88.44% 0 1 × FES  

COX5C A0A640K7Y4 hypothetical protein, conserved 5C, 5c 200 1-200 100% 1   

COX6A A0A640K9E6 hypothetical protein, conserved 6A, 6a 107 2-107 99.07% 1  1 × PC 

COX6B A0A640KLX8 
cytochrome C oxidase subunit VI, 

putative 
6B, 6b 157 2-155 98.09% 0   

COX7A A0A640KN71 cytochrome c oxidase VIII, putative 7A, 7a 279 151-279 46.24% 1  
1 × CDL 

1 × PC 

COX7C A0A640K8B8 hypothetical protein, conserved 7C, 7c 147 23-146 84.35% 1  
1 × CDL 

1 × PE 

NDUFA4 A0A640KQ24 
hypothetical protein, unknown 

function 
A4, a4 401 159-383 56.11% 1  

1 × PC 

1 × CDL 

COXEG7  A0A640KB61 cytochrome c oxidase subunit IV 4G, 4g 343 33-343 90.67% 0  1 × PC 

COXEG8 A0A640KIZ0 
cytochrome c oxidase subunit V, 

putative 
4H, 4h 196 18-196 91.33% 0   

COXLT1  A0A640KG51 hypothetical protein, conserved 4A, 4a 118 23-118 81.36% 0   

COXLT2  A0A640KQD4 hypothetical protein, conserved 4B, 4b 116 23-115 80.17% 1   

COXLT3  A0A640KUH3 hypothetical protein, conserved 4C, 4c 106 26-106 76.42% 1  1 × PC 

COXLT4 A0A640KXE6 cytochrome c oxidase subunit I 4D, 4d 150 39-147 72.67% 1   

CV 

α A0A640K8A1 ATPase alpha subunit VA, vA, 3A 574 34-138/151-

428/436-574 

90.94% 0  1 × ATP   

A0A640K8A1 ATPase alpha subunit VB, vB, 3B 574 34-138/151-

428/436-574 

90.94% 0  1 × ATP   

A0A640K8A1 ATPase alpha subunit VC, vC, 3C 574 34-138/151-

428/436-574 

90.94% 0  1 × ATP   
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β A0A640KJH9/

A0A640KHL9 

ATPase beta subunit, putative VD, vD, 3D 529 36-520 91.68% 0     

A0A640KJH9/

A0A640KHL9 

ATPase beta subunit, putative VE, vE, 3E 529 36-520 91.68% 0     

A0A640KJH9/

A0A640KHL9 

ATPase beta subunit, putative VF, vF, 3F 529 36-520 91.68% 0     

p18 Q25423 Protein P18, mitochondrial VJ, vJ, 3J 187 22-187 88.77% 0     

Q25423 Protein P18, mitochondrial VK, vK, 3K 187 22-187 88.77% 0     

Q25423 Protein P18, mitochondrial VN, vN, 3N 187 22-187 88.77% 0     

γ A0A640KHE2 ATP synthase F1 subunit gamma 

protein 

VG, vG, 3G 303 2-58/65-299 96.37% 0     

δ/ε A0A640KPL8 ATP synthase, epsilon chain, putative VH, vH, 3H 181 21-181 88.95% 0     

ε A0A640KTP4 hypothetical protein, conserved VI, vI, 3I 73 10-73 87.67% 0     

OSCP/δ A0A640L1X1 hypothetical protein, conserved V1, v1, 31 258 18-206/216-258 89.92% 0     

d CP119832.1 

378447-379538 

Leishmania tarentolae isolate M2 

chromosome 8 

Vd, vd, 3d 364 17-319/332-349 88.19% 0     

b A0A640KSG2 hypothetical protein, conserved Vp, vp, 3p 104 25-104 76.92% 1   1 × PC 

1 × CDL 

a Q33561 MURF4 (kinetoplast) Va, va, 3a 232 1-232 100% 0   2 × PC 

1 × CDL 

c/sub 9 CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VO, vO, 3O 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VP, vP, 3P 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VQ, vQ, 3Q 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VR, vR, 3R 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VS, vS, 3S 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VT, vT, 3T 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VU, vU, 3U 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VV, vV, 3V 106 29-106 73.58% 2     
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CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VW, vW, 3W 106 29-106 73.58% 2     

CP119848.1 

215634-215951 

Leishmania tarentolae isolate M2 

chromosome 24 Sequence 

VX, vX, 3X 106 29-106 73.58% 2     

8/A6L A0A640KSU1 hypothetical protein, conserved Vc, vc, 3c 121 38-121 69.42% 1   1 × PC 

f A0A640KHR7 hypothetical protein, conserved Vf, vf, 3f 145 2-136 93.10% 1   2 × CDL 

1 × PC 

1 × PE 

i/j/6.8pl A0A640K7R8 hypothetical protein, conserved Vi, vi, 3i 104 2-104 99.04% 1   1 × PC 

k/DAPIT A0A640KJQ9 hypothetical protein, conserved Vk, vk, 3k 200 94-200 53.50% 1   1 × CDL 

e A0A640KHE9 hypothetical protein, conserved 3l 147 59-103 30.61% 1   1 × CDL 

A0A640KHE9 hypothetical protein, conserved VL, vL, 3L 147 58-114 38.78% 1   1 × CDL 

g A0A640KX01 hypothetical protein, conserved VY, vY 152 25-152 84.21% 1   

g’ A0A640K890 hypothetical protein, conserved Vm 173 8-159 87.86% 1   1 × PC 

1 × PE 

g’’ A0A640KWP2 hypothetical protein, conserved VM 273 145-248 38.10% 1     

ATPEG3 A0A640KG00 hypothetical protein, conserved Vq, vq, 3q 145 62-145 57.93% 0   1 × CDL 

ATPEG4 CP119851.1 

657310-657490 

Leishmania tarentolae isolate M2 

chromosome 27Sequence 

Vr, vr, 3r 62 1-62 100% 1   1 × PC 

ATPLT1 A0A640KLU7 hypothetical protein, conserved Ve, ve, 3e 398 1-383 96.23% 0   4 × CDL 

1 × PC 

ATPLT3 A0A640KG49 hypothetical protein, conserved Vg, vg, 3g 349 83-349 76.50% 0     

ATPLT4 A0A640KVH9 hypothetical protein, conserved Vh, vh, 3h 160 25-160 85.00% 0     

ATPLT6 A0A640KJ33 hypothetical protein, conserved Vj, vj, 3j 202 36-201 82.18% 2   1 × PC 

1 × CDL 

ATPLT11 A0A640KHW7 hypothetical protein, conserved Vn, vn, 3n 156 18-156 89.10% 1    1 × PC 

ATPLT12 A0A640KES0 hypothetical protein, conserved Vo, vo, 3o 99 6-95 90.91% 0     
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Supplementary Table 4 | Model summary of L. tarentolae supercomplex (CIII2)2 
Subunit 

Name 

Uniprot /Gene 

ID 

Annotation Chain ID Total 

residues 

Residues built % built TMH Ligands Lipids 

CIII2 

MPP-alpha A0A640KGT7      mitochondrial processing 

peptidase alpha subunit, putative 

QB, Qb, qB, qb 527 20-40/56-155/179-

383/388-527 

88.43% 0     

MPP-beta A0A640KTP0 mitochondrial processing peptide 

beta subunit, putative 

QA, Qa, qA, qa 490 2-490 99.80% 0  2 × PC 

1 × CDL 

COB P14548 Cytochrome b QC, Qc, qC, qc 371 1-370 99.73% 8 1 × heme bL 

1 × heme bH 

1 × CoQ10 

  

2 × PC 

2 × CDL 

1 × PE 

CYC1 A0A640KA58 cytochrome c1, heme protein, 

mitochondrial precursor, putative 

QD, Qd, qD, qd 258 4-258 98.84% 1 1 × heme c 1 × PE 

UQCRFS1 A0A640KYQ2 rieske iron-sulfur protein 

precursor, putative 

QE, Qe, qE, qe 297 18-297 94.28% 1 1 × Fe2S2 2 × PC 

1 × PE 

UQCRH A0A640KNT3 ubiquinol-cytochrome-c 

reductase-like protein 

QF, Qf, qF, qf 70 4-70 95.71% 0     

UQCRB A0A640KSC9 hypothetical protein, conserved QG, Qg, qG, qg 202 10-202 95.54% 0     

UQCRQ A0A640KRZ1 hypothetical protein, conserved QH, Qh, qH, qh 119 11-119 91.60% 1   2 × PC 

UQCR9 A0A640KF59 hypothetical protein, conserved QI, Qi, qI, qi 67 3-66 96.97% 1    

UQCR10 A0A640KPN1 hypothetical protein, conserved QJ, Qj, qJ, qj 147 2-146 98.64% 1   2 × PE 

UQCREG1 A0A640KKU7 hypothetical protein, conserved QK, Qk, qK, qk 85 12-85 87.06% 1     

UQCRLT1 (Poly-UNK) - QL, Ql, qL, ql - - - 1    

UQCRLT2 (Poly-UNK) - QM, Qm, qM, 

qm 

- - - 0     
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Supplementary Table 5 | Cryo-ET data collection and STA processing of CIICIV2CV3 1 

and CV4 2 
 CIICIV2CV3 

(EMDB-68795) 
CV4 

(EMDB-68796) 

Magnification    64,000 

Voltage (kV) 300 

Electron exposure (e–/Å2) 3.5 

Tilt range -51° - 51° 

Angular increments 3° 

Tilts per series 35 

Defocus range (μm) -2.0 to -4.0 

Pixel size (Å) 1.972 

Symmetry imposed C1 

Tilt series No. 92 

Initial particle No. 114,961 

Final particle No. 2,526 7,143 

Map resolutions (Å) 
    FSC threshold 0.143 

21 17 

Initial models used SPA-derived 3D model of CV monomer (for template matching) 

Model-map correlations  

    Local CC 

0.93 0.91 

 3 

Supplementary Table 6 | Primers used in this study 4 

Primer name Sequence  

ssu forward primer F3001 GATCTGGTTGATTCTGCCAGTAG 

aprt reverse primer A1715 TATTCGTTGTCAGATGGCGCAC 

ssu reverse primer F3002 CTGCAGGTTCACCTACAGCTAC 

hyg forward primer A3804 CCGATGGCTGTGTAGAAGTACTCG 

Insert sequencing forward primer P1442 CCGACTGCAACAAGGTGTAG 

Insert sequencing reverse primer A242 CATCTATAGAGAAGTACACGTAAAAG 

pLEXSY-EGFP-F TGCCTTGCCACCAGATCTGCCACCATGGTGAGC 

pLEXSY-EGFP-R GTGATGGTGGTGGGTACCTTACTTGTACAGCTC 

swai_F AAATTGGATAACTTGGCGAA 

swai_R AAATATCGGTGAACTTTCGG 

Primers used for the generation and verification of the pLEXSY cell line. 5 

 6 

Supplementary Videos 7 

Supplementary Video 1 Cryo-EM SPA maps and models of CII2CIV4CV10, CIICIV2CV3 and 8 

CII2CIV2CV2. 9 

Supplementary Video 2 Cryo-EM SPA maps and models of (CIII2)2 and (CIII2)4. 10 

Supplementary Video 3 Cryo-ET tomogram reconstruction and map-backs of subtomogram 11 

averages. 12 

Supplementary Video 4 Subtomogram averages and docking of the cryo-EM structures. 13 

  14 
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