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ABSTRACT 16 

Prohibitins are multi-subunit protein complexes implicated in a variety of roles in mitochondria, including 17 

maintaining cristae architecture, regulating lipid metabolism, and mediating protein quality control. Prohibitins 18 

form large, ring-like structures within the mitochondrial inner membrane, and it has been proposed that this 19 

unique architecture enables them to organize distinct membrane environments that support their diverse 20 

functions. However, the molecular mechanisms driving these structure-function relationships within the native 21 

cellular context remain poorly defined. In this work, we combine cellular cryo-electron tomography, subtomogram 22 

averaging, and Surface Morphometrics analysis to systematically characterize the structure and local membrane 23 

environment of prohibitin complexes in mouse embryonic fibroblast (MEF) cells. We show that prohibitins are 24 

enriched in the inner boundary membrane subdomain of the inner mitochondrial membrane. Moreover, we find 25 

that a subset of prohibitin complexes exhibits a unique association with a matrix-facing density that resembles 26 

an m-AAA protease. Further, we show that prohibitins consistently localize to regions of reduced lipid bilayer 27 

thickness across all inner mitochondrial membrane subdomains, suggesting that they locally remodel the 28 

membrane to support their function. Together, these findings provide direct structural evidence that prohibitin 29 

complexes are associated with unique membrane microdomains in cells and establish a framework for 30 

uncovering how the local cellular context enables prohibitin function. 31 
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INTRODUCTION 40 

 Mitochondria are multifaceted organelles that support a variety of eukaryotic cell processes, including 41 

energy production and metabolism, cell signaling, and stress adaptation. Their ability to perform these diverse 42 

functions fundamentally depends on their dynamic behavior, which links changes in the structure of the distinct 43 

inner and outer mitochondrial membranes (IMM and OMM, respectively) to functional adaptations in response 44 

to changing cellular demands (Tábara, Segawa et al. 2025). In particular, the IMM exhibits extensive structural 45 

complexity through the formation of cristae, the specialized subcompartments that contain the oxidative 46 

phosphorylation (OXPHOS) machinery. The presence of cristae subdivides the IMM further into distinct 47 

subdomains, including the inner boundary membrane (IBM), the cristae junction (CJ), and the crista body (CB). 48 

The formation of these structurally and functionally distinct subdomains is dictated by the unique combination of 49 

lipids and embedded proteins that sculpt or stabilize the IMM. For example, protein complexes such as the 50 

mitochondrial inner contact site and organizing system (MICOS), OPA1, and ATP synthase work in concert with 51 

mitochondria-specific lipids to remodel the IMM and promote the compartmentalization necessary for efficient 52 

ATP production (Caron and Bertolin 2024). 53 

 In addition to these well-established membrane-shaping factors, prohibitin complexes have emerged as 54 

key regulators of IMM architecture and composition (Osman, Haag et al. 2009) (Merkwirth, Dargazanli et al. 55 

2008). Prohibitins are made up of two conserved proteins, prohibitin-1 and prohibitin-2 (PHB1 and PHB2, 56 

respectively), which are members of the SPFH (stomatin-prohibitin-flotillin-HflK/C) family that assemble into large 57 

membrane-embedded complexes and are found across all kingdoms of life. Prohibitins are indispensable for 58 

several mitochondrial functions, including mitochondrial DNA organization (Kasashima, Sumitani et al. 2008), 59 

respiration (Osman, Wilmes et al. 2007, Schleicher, Shepherd et al. 2008, Ande, Nguyen et al. 2014), biogenesis 60 

(Liu, Lin et al. 2012), stress response (Da Cruz, Parone et al. 2008), apoptosis (Fusaro, Dasgupta et al. 2003, 61 

Merkwirth, Dargazanli et al. 2008, Liu, Ren et al. 2009, Muraguchi, Kawawa et al. 2010), and mitophagy (Alula, 62 

Delgado-Deida et al. 2023). Loss of prohibitins causes severe mitochondrial defects, including mitochondrial 63 

fragmentation, aberrant cristae, and reduced respiratory capacity, suggesting that their presence helps to 64 

maintain the composition and structural integrity of the IMM. Consistent with this, previous work has shown that 65 

prohibitin complexes can regulate the stability and activity of IMM-localized OXPHOS machinery through both 66 

direct binding interactions and indirect mechanisms, including modulation of proteolysis by directly interacting 67 
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with inner mitochondrial membrane proteases (Steglich, Neupert et al. 1999). Prohibitins can also influence IMM 68 

lipid composition, including the maturation of cardiolipin, a mitochondria-specific lipid essential for maintaining 69 

cristae shape and membrane stability (Lourenço, Rodríguez-Palero et al. 2021). However, the mechanisms by 70 

which prohibitin mediates its multifaceted roles within the IMM remain poorly defined.  71 

Recent studies have leveraged advances in cellular cryo-electron tomography (cryo-ET) to directly 72 

visualize the structural architecture and localization of prohibitin complexes within native cellular environments, 73 

revealing that prohibitins form a ring-like structure within the inner mitochondrial membrane (Lange, Ratz et al. 74 

2025, Rose, Herrmann et al. 2025, Waltz, Righetto et al. 2025). It has long been postulated that the ring-like 75 

structure of prohibitin complexes serves as a scaffold for the recruitment of specific proteins and lipids, thereby 76 

forming unique membrane microdomains within the IMM (Osman, Merkwirth et al. 2009). However, direct 77 

experimental evidence for the formation of a membrane microdomain associated with prohibitins has not been 78 

tested.  79 

Here, we combine these latest advances in cellular cryo-ET with Surface Morphometrics tools and 80 

discover that prohibitin complexes are associated with unique membrane environments in mammalian cells. We 81 

show that prohibitins are localized throughout the IMM but are specifically enriched in the IBM subdomain. 82 

Interestingly, we find that a subset of prohibitins contains an extra matrix-facing density, which we propose 83 

represents a m-AAA protease. Across all subdomains, prohibitin complexes induce a local thinning of the lipid 84 

bilayer that is distinct from its surrounding environment. Our findings offer clear structural evidence that 85 

prohibitins establish discrete membrane microdomains through specific subdomain localization, protein 86 

associations, and targeted alterations to their local lipid bilayer environment. 87 

 88 

RESULTS AND DISCUSSION 89 

Prohibitin complexes are enriched in the inner boundary membrane (IBM) subdomain.  90 

While recent cryo-ET studies have examined prohibitin structure in Chlamydomonas reinhardtii (Waltz, 91 

Righetto et al. 2025) and human cancer cell lines (Lange, Ratz et al. 2025, Rose, Herrmann et al. 2025), how 92 

their structures influence the surrounding mitochondrial environment remains poorly defined. To address this, 93 

we re-analyzed our recently deposited (EMPIAR-13056) cryo-ET dataset of cryo-focused ion beam-milled mouse 94 

embryonic fibroblast (MEF) cells to define the local environment of prohibitin complexes in the native cellular 95 
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context. Within the resulting tomograms, we observed the characteristic dome-like shape of prohibitins, 96 

consistent with previous studies (Figure 1A). To further resolve the molecular details of these complexes, we 97 

manually selected 665 individual prohibitin complexes and subjected them to subtomogram averaging (see 98 

Methods and Supplemental Figure 1, Figure 1 B&C). The resulting EM map, resolved at 34 Å with C1 99 

symmetry, showed a hollow, dome-shaped structure protruding from the membrane, with 11 ‘spoke-like’ 100 

densities exhibiting uneven spacing (Figure 1C, Supplemental Figure 1C). These structural features are 101 

consistent with a recent study that reported lateral openings in the ‘walls’ of the prohibitin complex (Hong, Guan 102 

et al. 2025). Rigid body docking of the atomic model from this structure revealed strong agreement with our 103 

subtomogram structure (Figure 1D), suggesting that this may represent the primary structural state of prohibitins 104 

within mitochondria in MEF cells.   105 

A major advantage of cellular cryo-ET over other structural methods is that it can capture both the native 106 

structure of macromolecules and their spatial localization within intact cellular environments. We took advantage 107 

of this capability to assess whether prohibitins exhibit preferential localization to specific IMM subdomains (e.g., 108 

IBM, CJ, CB). We used a distance-based filtering strategy within our Surface Morphometrics pipeline to define 109 

the distinct inner membrane subdomains based on their proximity to the outer membrane (Figure 1E) (Barad, 110 

Medina et al. 2023). Next, we identified the nearest triangle on the membrane surface for each refined prohibitin 111 

particle coordinate, thereby assigning each individual prohibitin complex an IMM subdomain identity. Using this 112 

structure-mapping analysis, we found that, although prohibitins are localized to some degree across all domains 113 

in the inner membrane, there was a significant increase in the number of prohibitins localized to the IBM regions 114 

(Figure 1F). This is in contrast to previous reports from human cancer cell lines (e.g., U2OS cells) (Lange, Ratz 115 

et al. 2025), which report that the majority of prohibitin complexes localize to the CB. These differences may 116 

reflect variations in cellular metabolic state between cancer and fibroblast cells or species-specific differences. 117 

Given that IBM is enriched in mitochondrial protein import and proteolytic machinery, enrichment of prohibitins 118 

within this subdomain suggests that prohibitins may play an active role in protein homeostasis in this cellular 119 

context.  120 

 121 

A matrix-facing density is associated with a subset of prohibitin complexes. 122 
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Prohibitins interact directly with m-AAA proteases, such as AFG3L2 and paraplegin (SPG7), forming a 123 

supercomplex that regulates the turnover of unassembled respiratory chain components (Steglich, Neupert et 124 

al. 1999). Given that the majority of the prohibitin complexes in our data reside in the IBM, we wondered whether 125 

they exhibit additional structural features suggestive of an active role in mitochondrial proteolysis or protein 126 

import. To assess this, we expanded the box size of our subtomogram average and performed a masked 3D 127 

classification on the matrix-facing side of the density in the IMM region just below the IMS-facing prohibitin 128 

“dome” (Supplemental Figure 1A&B). This analysis yielded two structural classes, both showing apparent 129 

density for the membrane and prohibitin complex, with one class (Class 1) displaying a prominent additional 130 

density on the matrix side of the IMM and a separate class (Class 2) devoid of this additional density (Figure 131 

2A). Notably, Class 1 shares striking structural similarity to the two-dimensional negative-stain class averages 132 

reported in a recent study of a purified, in vitro reconstituted prohibitin-m-AAA-protease complex (Luo, Zheng et 133 

al. 2025). Although the resolution is insufficient for unambiguous identification, fitting an atomic model of the m-134 

AAA protease AFG3L2 (Puchades, Ding et al. 2019) into this region in Class 1 structure produced good overlap 135 

with the underlying density as assessed by visual inspection (Figure 2B), suggesting that this density may 136 

correspond to an IMM protease or another complex of equivalent size and shape. Visual inspection of individual 137 

prohibitin complexes from Class 1 showed similar, albeit less well-defined features in this region, suggesting that 138 

the signal is present in the raw data and unlikely to be an averaging artifact given the crowded nature of the 139 

mitochondrial matrix environment (Figure 2C). We further validated the presence of this additional matrix-facing 140 

density in the raw tomograms using patch-based density line-scan analysis, comparing membrane patches 141 

corresponding to particles within the two distinct classes (Medina, Chang et al. 2025) (Figure 2D). The profiles 142 

for both Class 1 and Class 2 revealed two prominent peaks corresponding to the inner membrane bilayer and 143 

an additional peak ~15 nm away on the side of the intermembrane space (IMS) toward the outer membrane, 144 

consistent with the signal coming from the top of the prohibitin “dome”. However, only the Class 1 line-scan 145 

profile displayed an additional, prominent peak at ~10 nm from the bilayer midline on the matrix side. These 146 

results show that a subset of prohibitin complexes in MEF cells is associated with an additional matrix-facing 147 

density positioned opposite the IMS-facing dome portion of the prohibitin complex. Based on its dimensions and 148 

localization, we propose that this density represents a m-AAA protease.  149 
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Mapping back the particles corresponding to the two distinct prohibitin structure classes showed that the 150 

majority of the particles from Class 1 are localized within the IBM, consistent with the overall enrichment of 151 

prohibitins found in this IMM subdomain (Figure 2C&E).  This finding suggests that prohibitin-protease 152 

associations may occur preferentially within the IBM, where they could regulate protease activity on newly 153 

imported subunits of the OXPHOS machinery before they assemble in the cristae. This spatial coupling may 154 

provide an additional layer of quality control during respirasome formation and, consequently, mitochondrial 155 

metabolic activity. Interestingly, a subset of Class 1 particles localizes to the CBs and CJs, suggesting that 156 

prohibitin-mediated regulation of protease activity may also operate within these subdomains (Figure 2E). 157 

Defining how this context-specific structural variation is regulated and influences mitochondrial protein quality 158 

control will be an important area for future investigation.  159 

 160 

Prohibitin complexes are associated with unique membrane microenvironments. 161 

Prohibitins are essential for maintaining mitochondrial inner membrane architecture and lipid 162 

composition; however, how they influence — or are influenced by — their local membrane environment to 163 

support these functions remains poorly understood. To address this, we adapted a membrane patch-based 164 

approach we used previously to study the impact of co-translating ribosomes on the local membrane 165 

environment (Chang, Barad et al. 2025) to quantify local membrane ultrastructural parameters at prohibitin 166 

complexes. In brief, we identified the nearest triangle on the membrane surface mesh for each prohibitin complex 167 

and assigned all triangles within a radius of 15 nm around these triangles as the “prohibitin-associated” patch 168 

(Figure 3A). A radius of 150 Å was chosen based on measuring the radius of the subtomogram average structure 169 

of the prohibitin complex (~100 Å) (Figure 1C) and extending it out 50 Å to ensure coverage of the full membrane 170 

‘footprint’ occupied by the prohibitin complex (Figures 3A). Next, we used the Surface Morphometrics pipeline 171 

to measure phospholipid headgroup spacing, which we recently demonstrated can be a proxy for membrane 172 

thickness (Medina, Chang et al. 2025). We found that “prohibitin-associated” membrane patches exhibit a 173 

significant decrease in membrane thickness relative to a randomized patch control group across the IMM (Figure 174 

3B), suggesting localized ‘thinning’ of the membrane at prohibitin complexes.   175 

We previously showed that different subdomains exhibit significant thickness variations across the IMM, 176 

with the IBM having the smallest lipid bilayer thickness (Medina, Chang et al. 2025). To control for these domain-177 
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specific differences that might explain the local thickness variations we observe, we separated our “prohibitin-178 

associated” and randomized patches based on their IMM subdomain identity and compared membrane thickness 179 

between these groups. Strikingly, across all IMM subdomains, all prohibitin-associated patches showed 180 

significant decreases in membrane thickness compared with the random patch group. The nominal thickness 181 

values associated with “prohibitin-associated” patches vary slightly across domains (i.e., IBM = 3.42 nm; CJ = 182 

3.49 nm; CB = 3.61 nm), yet in all cases, these patches are significantly thinner by approximately 0.2 nm 183 

compared to random patches in each corresponding subdomain. Notably, this difference is nearly twice as large 184 

as the differences in global membrane thickness across individual IMM subdomains (i.e., IBM = 3.65; CJ = 3.70 185 

nm; CB = 3.8 nm) (Medina, Chang et al. 2025).  186 

 It has long been proposed that prohibitins may serve as a structural scaffold to recruit and stabilize 187 

unique lipid compositions, thereby forming functional microdomains within the IMM. Our finding of a significant 188 

reduction in membrane thickness locally at prohibitin complexes, regardless of the subdomain, provides direct 189 

evidence for localized differences in the lipid bilayer environment associated with prohibitin complexes.  These 190 

results suggest two intriguing possibilities: (1) prohibitins actively remodel their local environment to induce 191 

membrane thinning, or (2) prohibitins preferentially localize to regions of local thickness minimum within the IMM. 192 

Future work is needed to determine whether these or other potential mechanisms exist to promote the observed 193 

local membrane changes associated with prohibitins. 194 

Our finding that prohibitin complexes are associated with thinner membrane regions is also striking, given 195 

that we previously observed several other mitochondrial protein complexes, such as ATP synthase, are often 196 

associated with thicker membrane regions (Medina, Chang et al. 2025). We also had previously found a positive 197 

correlation between membrane thickness and curvature, a relationship absent in samples composed solely of in 198 

vitro-reconstituted phospholipid vesicles. This suggests that embedded proteins, particularly those containing 199 

extensive transmembrane helices, may contribute to this coupling. Consistent with this, recent reports from us 200 

and others show that other large inner membrane complexes, such as ATP synthase and respirasomes, are 201 

associated with local membrane domains of distinct curvature relative to the surrounding membrane environment 202 

under native cellular conditions. In the case of prohibitins, we observed no significant difference in local curvature 203 

between “prohibitin-associated” membrane patches and randomly selected patches (Figure 3C). We predict that 204 

differences in how these assemblies insert into the membrane likely underlie this distinction: whereas 205 
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respirasomes contain multiple embedded transmembrane domains, each prohibitin subunit has only a single 206 

transmembrane helix positioned at the periphery of the ring. The central region of the lipid bilayer beneath the 207 

top of the prohibitin ‘dome’ contains few, if any, transmembrane helices, similar to in vitro reconstituted vesicles 208 

lacking embedded proteins, which may explain the lack of curvature in these regions.  209 

 Previous studies suggest that prohibitins, although localized to the inner membrane, may interact in trans 210 

with proteins on the outer mitochondrial membrane (Kasashima, Sumitani et al. 2008, Rose, Herrmann et al. 211 

2025, Waltz, Righetto et al. 2025). Consistent with this, a recent study of prohibitins within intact Chlamydomonas 212 

cells revealed densities at the top of the prohibitin “dome” that appeared to contact the adjacent outer 213 

mitochondrial membrane (Waltz, Righetto et al. 2025). In contrast, we did not observe any bridging densities 214 

connecting the top of the prohibitin dome to the outer membrane in our subtomogram averages (Figures 1 & 2). 215 

This difference may reflect a limitation of subtomogram averaging, which converges on the most stable or 216 

abundant structural state and may therefore obscure transient or heterogeneous contacts. To probe whether 217 

such local interactions might occur across the entire population of prohibitin complexes in our dataset, we 218 

measured the distance between the outer and inner mitochondrial membrane at “prohibitin-associated” patches. 219 

Consistent with our reconstruction, we found no significant differences in the OMM-IMM spacing of “prohibitin 220 

patches” compared to random control regions (Figure 3D). These discrepancies may reflect differences in 221 

mitochondrial metabolic or functional state, or intrinsic species-specific differences between Chlamydomonas 222 

and mammalian cells.  223 

 224 

CONCLUSIONS AND PERSPECTIVES 225 

Our study provides direct structural insights into the composition, localization, and local microenvironment 226 

of prohibitin complexes in the native context of MEF cells. We show that prohibitin complexes are IMS-facing, 227 

dome-like ring structures preferentially enriched in the IBM subdomain of the IMM. We show that a subset of 228 

prohibitin complexes associates with additional macromolecular complexes on the matrix-facing side of the inner 229 

membrane, which we propose corresponds to m-AAA proteases. This agrees with long-standing biochemical 230 

observations of prohibitin-protease interactions. Leveraging newly developed computational tools for quantitative 231 

membrane analysis, we further demonstrate that prohibitin complexes are associated with unique membrane 232 

environments characterized by reduced membrane thickness across all IMM subdomains. These findings 233 
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provide direct experimental data for how the local membrane environment of prohibitins is organized to support 234 

their functions in lipid homeostasis and membrane integrity. The unique membrane and lipid environment 235 

associated with prohibitin complexes may serve as platforms to recruit proteins that bind either directly to 236 

prohibitin or directly to the lipid bilayer. Collectively, these studies provide a cellular context for elucidating the 237 

structural mechanisms underlying prohibitin function in mitochondrial biology. Given that dysregulation of 238 

prohibitins has been implicated in numerous human diseases (Theiss and Sitaraman 2011), including aging, 239 

neurodegeneration, cardiac disorders, and cancer, understanding these mechanisms has significant biomedical 240 

potential.  241 
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 268 

METHODS 269 

Sample Preparation and cryo-ET data collection 270 

Sample preparation and cryo-ET data collection were performed as previously described (Medina, Chang 271 

et al. 2025). In brief, mouse embryonic fibroblasts with mitochondria labeled GFP (MEFmtGFP) (Wang, Wang 272 

et al. 2012) were cultured on UV sterilized R ¼ Carbon 200-mesh gold electron microscopy (EM) grids (Quantifoil 273 

Micro Tools) and vitrified using a Vitrobot Mark 4 (Thermo Fisher Scientific). Cryo-focused ion beam (cryo-FIB) 274 

milling of lamellae was performed using an Aquilos dual-beam cryo-FIB/SEM instrument (Thermo Fisher 275 

Scientific). Targeted cells were milled using an automated cryo-FIB milling workflow (Buckley, Gervinskas et al. 276 

2020) and xT software with MAPS (Thermo Fisher).  277 

EM grids containing lamellae were transferred into a 300keV Titan Krios microscope (Thermo Fisher 278 

Scientific), equipped with a K3 Summit direct electron detector camera (Gatan), and a BioQuantum energy filter 279 

(Gatan). Tilt series were acquired using parallel cryo-electron tomography (PACE-tomo) (Eisenstein, 280 

Yanagisawa et al. 2023) in SerialEM (Mastronarde 2003). Tilt series were acquired at magnification 53,000x 281 

with a pixel size of 1.662 Å and a nominal defocus range between (-4 to -8 µm). Data collection was done in a 282 

dose symmetric scheme with 2º steps between -60º and +60° centered on -11° pretilt angle. The total dose per 283 

tilt was 3.00 e/Å2, and the total accumulated dose for the tilt series was under 123 e/Å2. 284 

 285 

Tilt series processing and reconstruction 286 

Tilt series processing and reconstruction were performed as previously described (Medina, Chang et al. 287 

2025). Dose fractionated tilt series micrograph movies were subjected to CTF estimation and motion correction 288 
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in Warp (Tegunov and Cramer 2019). Tilt series alignment was performed in Etomo using post-polishing platinum 289 

sputter beads as fiducials. The reconstruction was done using Warp (Tegunov and Cramer 2019) back projection 290 

to produce 4, 6, and 8 times binned tomograms, corresponding to pixel sizes of 6.65Å, 9.98Å, and 13.3Å, 291 

respectively. These data have been previously deposited in the Electron Microscopy Public Image Archive under 292 

accession code EMPIAR-13056. 293 

  294 

Prohibitin particle picking and subtomogram averaging 295 

Prohibitin complexes were picked using a two-point directional picking strategy in the software package 296 

i3 (Winkler, Zhu et al. 2009) on tomograms binned to 4 (6.65 Å), which were post-processed with a median filter 297 

in the z direction with a kernel size of 11 pixels and an MTF filter (Supplementary Figure 1). Each particle was 298 

denoted by two points: the first one on the IMM and the second one on top of the prohibitin complex. These 299 

points were used to define a vector in 3D, and in-house Python scripts were used to align all vectors to the z-300 

axis and apply a random rotation around it. This rotation helps mitigate misalignment due to the missing-wedge 301 

artifact when particles are aligned to the reference. These particles were then used as input for alignment and 302 

classification in i3 package and then further refined in RELION (Zivanov, Otón et al. 2022). To focus on lower-303 

resolution information and expand the box size, we used tomograms reconstructed at a pixel size of 9.98 Å for 304 

subtomogram averaging. The particles were first aligned translationally to the global average and then classified 305 

into four classes in i3. After initial alignment, the particles were classified using a cylindrical mask that covered 306 

the area under the prohibitin complex within the mitochondrial matrix, yielding two structural classes (Class 1 307 

and Class 2). The i3 alignment files were then converted to RELION star files using in-house Python scripts, and 308 

the subvolumes were extracted at a pixel size = 3.32 Å in Warp. All particles and those corresponding to Class 309 

1 and Class 2 were refined separately in RELION-4.0 using relion-autorefine. ArtiaX module in Chimerax was 310 

used to visualize these particles in the original tomograms (Ermel, Arghittu et al. 2022). 311 

 312 

Membrane surface generation and morphometrics analysis 313 

Membrane surface generation and analyses using the Surface Morphometrics pipeline were performed 314 

as previously described (Medina, Chang et al. 2025). In brief, membranes were segmented using Membrain-315 

Seg (Lamm, Zufferey et al. 2024) before manual labeling of distinct membranes (i.e., IMM, OMM, etc.) in AMIRA 316 
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(Thermo Fisher Scientific). The voxel segmentation membrane label files were then exported from AMIRA and 317 

input into Surface Morphometrics for surface generation. Surfaces were subdivided into individual segments 318 

based on the connected components of the membrane graph to get “per-component” analyses to establish 319 

reasonable estimates of independent samples within each tomogram. Each membrane surface was processed 320 

using Surface Morphometrics to obtain measurements of membrane distance, curvature, orientation, and 321 

thickness. 322 

 323 

Prohibitin IMM subdomain assignment 324 

The IMM subdomains for each IMM surface were classified based on the OMM-IMM distances, as 325 

previously described (Medina, Chang et al. 2025). The RELION star file containing the particle coordinates, 326 

alignment, and classification information from i3 was used to determine the nearest triangle on the IMM surface 327 

and assign a ‘subdomain identity’ to each prohibitin particle. The ‘subdomain identity’ and total area of the 328 

corresponding IMM subdomain were added to the RELION star file as new columns. The resulting RELION star 329 

file was used to calculate the number of prohibitins in each subdomain with and without normalization. Each 330 

prohibitin particle was visually inspected to verify correct subdomain assignment using ArtiaX (Ermel, Arghittu et 331 

al. 2022). 332 

 333 

Prohibitin patch designation and morphometric analyses 334 

PHB coordinates were obtained from the RELION star files corresponding to each tomogram in a similar 335 

manner used in (Chang, Barad et al. 2025). The IMM surface coordinates and thickness for each mitochondrion 336 

were from triangle graph files (.gt) generated by Surface Morphometrics pipeline. The nearest IMM triangle in 337 

the IMM surface mesh reconstruction to each PHB particle coordinate was identified using a k-dimensional tree 338 

Python function. To avoid cross-assignment of particles from other surfaces in the same tomogram, we excluded 339 

any nearest IMM triangles located farther than the height of a PHB particle (9 nm). The remaining nearest IMM 340 

surface triangles were designated as “patch centers.” Around each patch center, we searched for triangles within 341 

a 15 nm radius to define the PHB-associated patch. Randomized PHB-associated patches for each 342 

mitochondrion were generated based on the following criteria: (1) the number of randomized patches matched 343 

the number of PHB-associated patches, and (2) the distances between randomized patch centers were greater 344 
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than 15 nm. This process was performed using “find_IMM_patches_for_PHB.py”. The average thickness for 345 

each PHB-associated patch and each randomized patch were calculated by 346 

“average_thickness_calculation_per_patch.py” and visualized as violin plot. The Mann–Whitney U test was 347 

applied to assess the statistical significance of differences. The generation of the violin plot and statistic test 348 

were performed using Prism (GraphPad). 349 

PHB-associated patches from multiple mitochondria were extracted as individual patch surfaces, 350 

preserving the coordinates and normal vectors of each surface triangle, using the script 351 

“extract_single_patch.py”. Before performing line scanning, the normal vectors of the surface triangles in each 352 

patch were curated to ensure they pointed in the same direction as the vector from the patch center to the 353 

corresponding PHB particle center. These curated patch surfaces were then correlated with the tomogram and 354 

served as the reference points for the line scanning process. For each PHB, a line scanning density profile was 355 

generated by sampling tomogram intensity values along the direction of the curated normal vectors. The scan 356 

extended from -20 nm (toward the matrix) to +20 nm (toward the IMS and OMM) with 0.25 nm steps. The average 357 

PHB line-scanning density profile was obtained by averaging the intensity profiles across all prohibitin particles 358 

after normalizing each scan to the maximum density value of the IMM.  359 

 360 

Data and Code availability  361 

All tilt series, reconstructed tomograms, voxel segmentations, and reconstructed mesh surfaces used for 362 

quantifications were previously deposited in the Electron Microscopy Public Image Archive (EMPIAR) under 363 

accession code EMPIAR-13056. All subtomogram averages were deposited in the Electron Microscopy Data 364 

Bank (EMDB) under accession codes EMD-XXXX. All scripts used for Surface Morphometrics are available at 365 

https://github.com/grotjahnlab/surface_morphometrics). 366 

 367 
 368 

 369 

 370 

  371 
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FIGURES 372 

 373 

Figure 1. Prohibitin complexes are enriched in the inner boundary membrane (IBM) subdomain in mouse 374 

embryonic fibroblast (MEF) cells.  375 
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A. Tomogram of a cryo-focused ion beam (cryo-FIB) milled lamella of a MEF cell showing a mitochondrion 376 

and surrounding endoplasmic reticulum (ER). Insets labeled 1 and 2 show individual prohibitin complexes 377 

resembling ‘dome-like’ structures (yellow arrow) that are anchored in the inner mitochondrial membrane 378 

(IMM) and extend toward the outer mitochondrial membrane (OMM). 379 

B. Triangulated surface meshes of organelle membranes visible in the tomogram in (A). The IMM is shown 380 

in orange with mapped coordinates of the prohibitin complexes overlaid in blue. The OMM and ER 381 

membranes are colored transparent gray.  382 

C. A 2D slice of the subtomogram average structure of the prohibitin complex from 665 subvolumes showing 383 

clear distinctions between prohibitin heterodimers (white asterisks, left panel). Two views of the 384 

subtomogram average of the prohibitin complex are shown as a gray isosurface rendering (right panels).  385 

D. Two views of the subtomogram average (gray transparent density) of the prohibitin complex with fitted 386 

atomic models of prohibitin in the ‘open’ conformation (PDB-9UNL). 387 

E. Triangulated surface mesh of the IMM colored by IMM-OMM distance to label the distinct subdomain: 388 

inner boundary membrane (IBM, yellow), cristae junction (CJ, teal), and cristae body (CB, purple). The 389 

IMM mesh is overlaid with the prohibitin particle positions overlaid in blue. 390 

F. Quantification of the number of prohibitin complexes within each subdomain (left) and the particles 391 

normalized by the total area of the subdomain per mitochondrion (right). n = 15 tomograms. P values 392 

from Mann-Whitney U test are indicated *P< 0.05; *P< 0.05;***P<0.001; ****P<0.0001 393 

 394 

 395 
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 396 

Figure 2. A matrix-facing density is associated with a subset of particles in the subtomogram average 397 

structure of the prohibitin complex. 398 

A. 2D slices (top) and isosurface renderings (bottom) showing two separate classes of particles originating 399 

from the same subtomogram average structure of the prohibitin complex.  An extra, matrix-facing density 400 

(yellow arrowhead) appears in Class 1.    401 
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B. Subtomogram average structure of prohibitin particles belonging to Class 1 (gray transparent density) 402 

with fitted atomic models of prohibitin (PDB-9UNL, blue/orange) and the m-AAA protease, AFG3L2 (PDB-403 

6NYY, pink).   404 

C. A triangulated surface mesh of the IMM depicted with subdomain classification and particles from class 405 

1 (pink) and class 2 (blue) mapped back onto the surface.  Gallery of cropped tomograms of prohibitin 406 

complexes from each class in two different subdomains (inner boundary membrane (IBM, yellow), and 407 

cristae body (CB, purple). Class 1 additional density denoted by yellow arrow.  408 

D. Voxel density scan of a prohibitin complex with additional matrix density. (top left) 2D slice of 409 

subtomogram average with line scan directionality indicated (Class 1 pink arrow, class 2 blue arrow). 410 

Additional peak from class 1 (pink line) noted by yellow arrow 411 

E. Quantification of particles from each class within each subdomain (left) and particle count normalized by 412 

total area of subdomain within each mitochondrion (right).  413 

 414 

 415 
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 416 

 417 

Figure 3: Prohibitin complexes induce local membrane remodeling. 418 

A. Per-triangle local thickness measurement overlaid on the IMM surface mesh reconstruction. Boxed insets 419 

show the region defined as the “prohibitin-associated” patch (PHB patch, teal) on the IMM surface mesh, 420 

as determined by assigning all triangles within a radius of 15 nm to the nearest triangle to the prohibitin 421 

complex on the membrane surface mesh. 422 

B. Quantification of patch thickness at prohibitin complexes (PHB patch) compared to a randomly generated 423 

patch (Randomized patch) along the global IMM and subdomains (IBM, CJ, CB) .Quantifications from 424 

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

The copyright holder for this preprintthis version posted November 16, 2025. ; https://doi.org/10.1101/2025.11.14.688579doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.14.688579
http://creativecommons.org/licenses/by/4.0/


global IMM PHB patch n = 298, global IMM randomized patch n = 304, IBM PHB patch n = 186, IBM 425 

randomized patch n = 128, CJ PHB patch n = 11, CJ randomized patch n = 36, CB PHB patch n = 101, 426 

CB randomized patch n = 140.  P values from Mann-Whitney U test are indicated *P< 0.05;***P<0.001, 427 

****P<0.0001 428 

C. Quantification of patch curvedness at prohibitin complexes (PHB patch) compared to a randomly 429 

generated patch (Randomized patch) along the IMM. Quantification from PHB patch n = 304 , randomized 430 

patch n = 304. Ns = not significant  431 

D. Quantification of patch IMM to OMM distance at prohibitin complexes (PHB patch) compared to a 432 

randomly generated patch (Randomized patch) along the IMM. Quantification from PHB patch n = 144, 433 

randomized patch n = 100. Ns = not significant  434 

  435 
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