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Abstract

Mitochondrial crista junctions (CJs) operate as regulated gateways into the cristae
microenvironment, whose protein, metabolite, and ion compositions are finely tuned for
mitochondrial function. The Mic60-Mic19 complex of the mitochondrial contact site and
cristae organizing system (MICOS) complex was suggested to span across CJs and act as
a diffusion barrier, but little is known of how its dynamic architecture facilitates this task. To
address this open question, we determined the crystal structure of an amino-terminal dimeric
helical bundle of human Mic60. These and previous structural and biochemical data were
harnessed in molecular dynamic (MD) simulations to develop a dynamic model of the human
tetrameric Mic60-Mic19 subcomplex in the CJ environment, to validate its architecture using
in organello cross-linking data and to computationally characterize its function as a diffusion
barrier. Our integrative structural biology approach enables the functional investigation of
flexible, multidomain protein complexes which escape conventional structural biology

methods.
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Introduction

Mitochondria are highly dynamic organelles that serve as central hubs for energy production,
amino acid and fatty acid metabolism, and the regulation of apoptosis in eukaryotic cells
(Kondadi & Reichert, 2024; Suomalainen & Nunnari, 2024; Tabara et al., 2025). The
morphology and plasticity of their network vary significantly across different organisms,
tissues, and even within individual cells, reflecting the intricate relationship between their
diverse cellular roles and their structure (Daumke & van der Laan, 2025; Quintana-Cabrera
& Scorrano, 2023; Ryu et al., 2024 ). Mitochondrial networks are characterized by their double
membrane architecture (Sjostrand, 1953), comprised of a semi-permeable outer
mitochondrial membrane (OMM) and an impermeable inner mitochondrial membrane (IMM).
The IMM features a vastly extended surface area due to cristal invaginations that extend from
the intermembrane space (IMS) into the matrix.

Cristae function as specialized microenvironments within the IMS and the IMM, where the
oxidative phosphorylation machinery is located (Davies et al., 2011; Wurm & Jakobs, 2006).
These regions are characterized by distinct protein and lipid compositions that coordinate the
intricate cristal membrane architecture and optimize mitochondrial adenosine triphosphate
(ATP) production (Ikon & Ryan, 2017; Mahleip et al., 2023; Venkatraman et al., 2023; Zheng
et al., 2024). ATP synthase dimer ribbons stabilize negative curvature at the cristal rim
(Strauss et al., 2008), while Optic Atrophy 1 (OPA1) forms ring-like assemblies essential for
maintaining the morphology of the cristal lumen (reviewed in Daumke & van der Laan, 2025;
Faelber et al., 2019; Nyenhuis et al., 2023; von der Malsburg et al., 2023). A critical
architectural component of cristae for establishing a distinct mitochondrial microenvironment
is the crista junction (CJ), which acts as a diffusion barrier between cristae and the IMS,
regulating the passage of proteins, metabolites, and ions (Frey & Mannella, 2000; Rampelt
et al., 2017).

The mitochondrial contact site and cristae organizing system (MICOS) complex localizes to
CJs and plays a crucial role in their formation and stability (Harner et al., 2011; Hoppins et
al., 2011; von der Malsburg et al., 2011). MICOS is a conserved multi-subunit protein complex
of approximately 700 kDa in size and can be biochemically separated into the Mic10
subcomplex (containing Mic10, Mic26 and Mic27) and the Mic60 subcomplex (containing
Mic60, Mic19 and its paralog Mic25 in vertebrates). The Mic12 subunit serves as a bridging

component between the subcomplexes in yeast (Anand et al., 2016; Guarani et al., 2015;
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John et al., 2005; Mun et al., 2010), although this was recently disputed for its putative
mammalian orthologue Mic13 (Naha et al., 2024). The Mic10 subcomplex is predominantly
membrane-embedded and is thought to form a curved scaffold essential for stabilizing CJs
(Barbot et al., 2015; Bohnert et al., 2015; Rampelt et al., 2022; Stephan et al., 2024). In
contrast, the Mic60 subcomplex is largely exposed to the IMS and anchored to the IMM by a
single N-terminal transmembrane helix (TM) of Mic60 (van der Laan et al., 2016). Deletion of
either Mic10 or Mic60 results in a near complete loss of CJs, with cristae forming lamellar
sheet-like structures that are disconnected from the IMS (Harner et al., 2011; Hoppins et al.,
2011; von der Malsburg et al., 2011). In addition to shaping the IMM, the Mic60 subcomplex
interacts with proteins of the OMM, such as the sorting and assembly machinery (SAM),
bridging the intermembrane space and contributing to mitochondrial protein import and
trafficking (Korner et al., 2012; Tang et al., 2020; Utsumi et al., 2018; Xie et al., 2007; Zerbes
et al., 2012).

Though MICOS is essential for regulating mitochondrial form and function, the molecular
mechanism by which it stabilizes CJs remains poorly understood. First structural and
biochemical insights on the Mic60 subcomplex were derived from thermophilic yeast
orthologues. They revealed that Mic60 exists in a dimeric, autoinhibited state (Hessenberger
et al., 2017), while Mic19 binding induces Mic60 tetramerization via a conserved interface in
the coiled-coil (CC) domain (Bock-Bierbaum et al., 2022). The C-terminal mitofilin domain
forms a domain-swapped dimer featuring a bent peripheral membrane binding site, which
may bind to the highly curved CJ membrane. The Mic60-Mic19 subcomplex was suggested
to span across the CJ and act as a mechanical strut preserving CJ diameter (Bock-Bierbaum
et al., 2022).

While the current Mic60-Mic19 model was derived from fungal MICOS components,
comparable data on the Mic60 subcomplex of higher eukaryotes have remained scarce.
However, such data are crucial to understand the function of the Mic60-Mic19 complex in
human mitochondria, particularly since both CJ morphology and Mic60 size vary between
animals and fungi (Collins et al., 2002; Zick et al., 2009). The lack of structural data for the
human complex may be attributed to Mic60’s high structural flexibility and the intricate
oligomerization network of the Mic60-Mic19 complex, which hinders structural
characterization by conventional structural biology techniques. Recent efforts sought to

investigate the structure of the subcomplex by AlphaFold predictions (Jumper et al., 2021)
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97  andto further validate these models through a subset of cross-links from human mitochondria

98 (Bartolec et al., 2023) or to characterize them in large-scale molecular dynamics simulations

99 of mitochondrial cristae (Brown et al., 2025). However, AlphaFold predictions of
100 homo-oligomeric coiled-coils, such as the core of Mic60, are often problematic (Madaj et al.,
101 2025). In addition, these models did not consider the hetero-octameric stoichiometry of the
102  Mic60-Mic19 complex. Accordingly, the structural predictions remained incomplete and the
103 role of the Mic60-Mic19 subcomplex in the control of CJ architecture and function was not
104  addressed in these studies.
105 Here, we present an integrative structure biology approach to model the human Mic60-Mic19
106 complex in its assembled form in a CJ-like environment, combining a novel experimental
107  dimeric crystal structure of human Mic60 with in vitro, in silico, and in organello data.
108 Experimentally solved and biochemically validated structures of nearly all folded regions of
109 Mic60 across multiple organisms provide the foundation for this model, which was further
110 refined through molecular dynamics simulations and validated by cross-linking mass
111 spectrometry of intact mitochondria. The high dynamics of the Mic60-Mic19 complex
112 facilitates its function as a diffusion barrier, as analysed by coarse-grained molecular
113  dynamics simulations. Our approach highlights the pivotal and multifaceted role of the Mic60-
114  Mic19 subcomplex in maintaining CJ architecture and function and serves as an exemplary
115  pipeline for studying dynamic multi-domain protein assemblies which have so far escaped
116  structural characterization due to limitations of conventional structural biology methods.
117

118 Results

119  Human Mic60 features an N-terminal dimeric helical bundle

120  While previous structural studies of MICOS were based on fungal Mic60 and Mic19
121  orthologues (Bock-Bierbaum et al., 2022), structural data on the human MICOS complex
122  have remained limited. Animal Mic60 harbours a predicted helical bundle (HB) situated
123  between the intrinsically disordered region (IDR) and the CC domain, which is not present in
124  the fungal Mic60 counterparts (Figure 1A, Supplementary Figure 1). An evolutionary analysis
125 Dbased on the framework presented by Huynen et al. (2016) indicates that the Mic60 HB has
126  emerged during animal evolution as the organisms acquired more complex multicellularity

127  (Supplementary Figure 1A).
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128 We recombinantly expressed the HB domain of human Mic60 (homo sapiens (hs) Mic60,
129 residues 198-378, hereafter referred to as Mic60 HB, Figure 1A) and purified it to
130  homogeneity (Supplementary Figure 2). Crystals of this construct diffracted to 2.78 A
131  resolution, and the structure was solved by molecular replacement using an AlphaFold
132  prediction of the HB domain as a template (PDB ID: 9QWR, see Supplementary Table 1 for
133 data collection and refinement statistics). The structure of the HB domain comprises an
134  elongated three-helix bundle of helices a1"8- a3"8 (Figure 1B). It features a hydrophobic,
135 conserved core, pointing to stable domain architecture (Supplementary Figure 1B).

136 Interestingly, the two HB domain monomers in the asymmetric unit self-associated into a two-
137 fold symmetric antiparallel dimer (Figure 1B). Dimerization is mediated primarily by helix
138  a1"® with the interface spanning an area of 1060 A2, stabilized by a symmetric loop insertion
139  (Supplementary Figure 3A). Residues W274 and R275 of the inserting loop embed into a
140  hydrophobic groove composed of helices a1"® and a3"8 of the opposite Mic60 HB monomer.
141  Notably, W274 and R275 are surface-exposed and highly conserved in vertebrate Mic60
142  (Supplementary Figure 1B, C), pointing to their functional importance.

143  We characterized the assembly status of the Mic60 HB by size-exclusion chromatography
144  coupled to right angle laser scattering (SEC-RALS), in which the protein eluted as a monomer
145  (Figure 1C). To identify a possible transient dimer, we engineered a structure-based disulfide
146  bond by introducing the A244C mutation in the centre of the hydrophobic dimerization
147  interface (Supplementary Figure 3A). Indeed, Mic60 HB A244C predominantly formed dimers
148 under oxidative conditions (Figure 1C). When the disulfide-stabilizing variant was combined
149  with mutations either within the loop (W274D, R275A) or in the hydrophobic groove of the
150 opposite monomer (A232W), the combinatorial mutants showed markedly reduced dimer
151  formation. These data are in agreement with a model indicating that W274 and R275 mediate
152  transient dimerization of Mic60 HB (Figure 1D, Supplementary Figure 3B, C). Accordingly,
153 the HB domain may act as a novel oligomerization domain in animal Mic60.

154  Despite low sequence similarity, a FoldSeek (van Kempen et al., 2024) homology search
155 revealed that the Mic60 HB possessed highest structural similarity to the IMS protein
156  Smac/DIABLO, which is a known apoptosis regulator (Chai et al., 2000) (Supplementary
157  Figure 3D). Like Mic60 HB, Smac/DIABLO also forms a dimer; however, it employs a distinct
158 dimerization interface and lacks a structural equivalent to the insertion loop observed in Mic60

159 HB (Supplementary Figure 3E). These observations indicate an unexpected evolutionary
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160 relation of the MICOS complex and apoptosis regulators in animalia.
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162  Figure 1: Animal Mic60 orthologues possess an N-terminal helical bundle with a conserved fold

163 A Domain architecture of hsMic60 and hsMic19, with residue numbers annotated below the domains. Solved
164  orthologue crystal structures are indicated by arrows and PDB ID (helical bundle (HB) in cyan (PDB ID: 9QWR),
165  coiled-coil (CC) in dark green (PDB ID: 7PUZ), mitofilin domain in pink and CHCH domain in blue (PDB ID:
166  7PV1)). B Cartoon representation of the hsMic60 N-terminal helical bundle (Mic60 HB). N- and C- termini of
167  each monomer are labelled. Close-up view of the dimerization interface via an antiparallel loop insertion of
168  residue W274, coordinated by R275, into an interface composed of helices a1 and a3"® of the opposite
169 moiety. C Size-exclusion chromatography and Right-Angle Light Scattering (SEC-RALS) profile of wild-type
170  Mic60 HB (cyan) and the A244C variant in a reduced (grey) and oxidized (red) state captures transient dimer
171 formation. D Non-reducing SDS PAGE of Mic60 HB cysteine mutants before and after CuSO4 oxidation. For
172  quantification, see Supplementary Figure 3C.
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174  Assembling a homology-based structural model of the human Mic60-Mic19 complex
175  Three crystal structures cover the assembly of nearly all folded regions of Mic60: the dimeric
176  Mic60 HB domain presented here, the tetrameric CC domain of Lachancea thermotolerans
177  Mic60 (PDB ID: 7PUZ) and a fusion construct containing the dimeric Mic60 mitofilin domain
178 and the Mic19 CHCH domain from Chaetomium thermophilum (PDB ID: 7PV1). Building on
179 these structures, we constructed a homology-based model of the human Mic60-Mic19
180 hetero-octameric complex. As structural prediction algorithms failed to accurately reproduce
181 the known biochemical interactions, we assembled the complex manually. To this end,
182  human homology models of the tetrameric coiled-coil region and the mitofilin domain were
183 generated using SWISS-MODEL (Waterhouse et al., 2018) and combined with AlphaFold
184  predictions of disordered or loop regions to construct a tetrameric model of human Mic60
185  (Jumper et al., 2021). The CHCH domain of human Mic19 was positioned on the human
186 Mic60 mitofilin region based on the previously published structure of the Chaetomium
187  thermophilum complex, while the remaining Mic19 regions were excluded from the model
188 due to ambiguous conformations in AlphaFold predictions. To characterize the assembly of
189 the human Mic60 CC domain, we employed blue native gel polyacrylamide (BN-PAGE) and
190 SEC-RALS analysis of two CC constructs with different C-terminal truncations. Consistent
191  with results previously obtained for Lachancea thermotolerans Mic60 CC, the human Mic60
192 CC domain appeared in dimeric or tetrameric forms, where the assembly was controlled by
193 its adjacent regions (Supplementary Figure 4A, B).

194 The assembled human Mic60-Mic19 model aligns with prior biochemical and structural
195 observations and centres around a tetrameric CC core (Figure 2A, box 1). Importantly, the
196 tetrameric CC supports the formation of the two C-terminal dimeric mitofilin-CHCH modules,
197  which were described to form a highly curved membrane-binding region (Figure 2A, box 2)
198 (Bock-Bierbaum et al., 2022). Surrounding the core, the Mic60 HB dimers and the highly
199 flexible IDR occupy the remaining space (Figure 2A, box 3; IDR not shown). Short inter-
200 domain linkers result in a mostly planar configuration of the complex, oriented perpendicularly
201  tothe CJ neck.

202 Due to missing structural data describing the interactions between the folded domains within
203 the Mic60-Mic19 complex, linkers were initially added in an extended conformation to prevent
204 domain clashes. As a result, the initial homology-based model adopted an overstretched,

205 energetically strained conformation, with a lateral width exceeding the average CJ diameter
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206 of 17 nm observed in human mitochondria (Fry et al., 2024; Rabl et al., 2009) (see red dotted
207 line in Figure 2A).
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209 Figure 2: MD simulations of a homology-based structural model of the human Mic60-Mic19 complex on
210  a CJ mimic

211 A Homology-based model of the human Mic60-Mic19 complex based on known crystal structures, displayed as
212  cylinders and surface. Mic60 monomer one is coloured according to annotated domains in Figure 1A, monomers
213 two, three and four in sand, grey and pink, respectively. The IDR is not displayed for illustration purposes. For
214 Mic19, only the CHCH domains could be modelled confidently, shown here in blue. Known oligomerization
215  domains of Mic60 are displayed in boxes 1 (tetrameric CC, here only one dimer displayed for illustration
216 purposes, PDB ID: 7PUZ, monomer 1 in forest green), 2 (mitofilin dimer, PDB ID: 7PV1, monomer 1 in orange
217  and hot pink) and 3 (dimeric Mic60 HB, monomer 1 in cyan). Dashed lines indicate the width of a human CJ
218 (17 nm) and the perpendicular placement of the complex in the CJ. A graphical sketch of the model is presented
219  on the right, with monomer 1 coloured in green and other monomers coloured as in A (sand, grey and pink). B
220 Root-Mean-Square deviation (RMSD) average and standard deviation from the 30 all-atom simulations is shown
221 over the time course of the simulation. C Diameter convergence of the human Mic60-Mic19 complex during the
222 30 all-atom simulations, prior to the attachment to the catenoid. D Final snapshots of the Ca structure-based
223 MD simulations of the homology-based model represented as cylinders and surface. The base diameter of the
224  catenoid, indicated in a red dashed line, is 17 nm.

225

226  We could not experimentally determine how the HB dimers are positioned relative to the
227 tetrameric CC. An alternative model was therefore generated which was significantly more
228 extended (Supplementary Figure 4C, D). Further in organello validation (see below)
229  supported the first, more compact model on which the following computational analyses were
230 focused.

231

232 Molecular dynamics simulations reveal the dynamic conformation of the human
233 Mic60-Mic19 complex

234  To relax the unfavourable conformation and obtain dynamic information of the Mic60 IDRs in
235 particular, we used the generated homology model as a starting point for molecular dynamics
236 (MD) simulations. Domains were stabilized to reflect their assembly in the crystals, while no
237  constraints were imposed on additional inter-domain contacts or unstructured regions.

238  Within 500 ns of initial all-atom MD simulations, an equilibration state was reached, as
239 indicated by root-mean-square deviation (RMSD) convergence (Figure 2B, Supplementary
240 Figure 5A). Notably, the simulations led to a compression of the structure along its
241  longitudinal size, ultimately converging to an average width of 17 nm, as measured between
242  the LBS regions (Figure 2C, Supplementary Figure 5B), which is consistent with previously
243 reported diameters of human CJs (Fry et al., 2024; Rabl et al., 2009). Notably, the alternative
244  model retained a higher average equilibrium width (Supplementary Figure 5C, D).

245 The initial main model was used in parallel to initiate machine-learned coarse-grained

246  (MLCG) simulations in order to explore faster conformational dynamics (Charron et al., 2025).
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247 The MLCG simulations accordingly exhibit faster convergence compared to the all-atom
248 simulations (Supplementary Figure 6A) while retaining a similar average secondary structure
249 content and overall architecture as the all-atom simulations, revealing a consistent fold for
250 the MD model of the Mic60-Mic19 complex (Supplementary Figure 6B).

251 To characterize the membrane interaction of the Mic60-Mic19 complex, we performed
252  coarse-grained MD simulations of the mitofilin-CHCH dimer using the Martini 3 force field,
253 embedding it in a lipid bilayer with composition and curvature representative of the IMM
254  environment. The mitofilin domain strongly bound to this membrane, with a substantial free
255 energy gain of approximately 100 kd/mol (Supplementary Figure 7A, B). This supports a
256  model in which the mitofilin domain dimer attaches with high affinity to the IMM.

257 To integrate the structural model into an environment mimicking the CJ architecture, we
258  attached the relaxed all-atom Mic60-Mic19 models to a catenoid surface with a base diameter
259  of 17 nm, using the first residue following the transmembrane domain (lle62) and the LBS2
260 in the mitofilin domain as surface attachment points (Supplementary Figure 7C, D). The
261 membrane interaction strength was modelled to reflect the ~100 kd/mol binding free energy
262 observed in the coarse-grained simulations of the mitofilin-CHCH dimer. Although the all-
263 atom model was free to move along the catenoid and, consequently, adapt to its width, it
264 maintained an average width of 17 nm, consistent with the value reached during the prior
265 unconstrained all-atom equilibration (Figure 2C).

266 Both the all-atom force field and the MLCG model led to an artificial compression of the IDRs
267 (Kasahara et al., 2019) (Supplementary Figure 7C, D). To more accurately capture IDR
268 dynamics, the final frames from each of the 30 all-atom runs were therefore converted into
269 coarse-grained Ca structure-based models (Clementi et al., 2000), leading to a refined final
270  structure (Figure 2D). Overall, the MD simulations revealed a more compact organization of
271  the inter-domain linker regions, with the dimeric Mic60 HB collapsing onto the tetrameric CC
272  on both sides. AlphaFold2 predicted an extended helical connection between the Mic60 HB
273 andthe CC (see Materials and Methods), which became sandwiched between these domains
274  during the simulations, forming a more compact core structure that covered almost the entire
275 pore of the CJ. This folded core remained stable throughout the simulation, while in the
276 coarse-grained Ca structure-based simulations, the IDRs were flexible, covering diverse
277  trajectories within the remaining CJ space. In this way, the IDRs formed an extended network
278 above and below the HB-CC core.
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279 To validate our MD simulations and obtain information on the Mic60-Mic19 structure in an
280 organellar context, we utilized a publicly available human mitochondrial cross-linking dataset
281 employing the enrichable and MS-cleavable cross-linker disuccinimidyl bis-sulfoxide
282 (DSBSO) (Zhu et al., 2024). The database contains 236 unique cross-links for hsMic60
283 distributed across the sequence (Figure 3A, Supplementary Figure 8). These data were used
284 to assess the ensemble of generated structures by quantifying the number of satisfied cross-
285 links. In these analyses, distance constraints of 40 A between the Ca of two lysines were
286 considered, imposed by the spacer arm length of the DSBSO cross-linker, while accounting
287 for some degrees of domain and side-chain flexibility (Zhu et al., 2024). Notably, 57% of the
288 observed cross-links were compatible with the initial model before the MD simulations, with
289 the alignment rising to 74% when the flexible IDR was excluded from the analysis (Figure 3B,
290 C, Supplementary Figure 9A). Compatible cross-links were primarily observed within the
291 domains, while intra-domain cross-links remained out of range due to the extended domain-
292 linker conformations (Figure 3C, yellow for in range, red for out of range). Multiple valid inter-
293 domain cross-links were detected between residues brought in proximity by domain homo-
294  oligomerization, thereby confirming the assemblies observed in the crystal structures
295 (Supplementary Figure 9B). After the MD simulations, the structural model and the
296 experimentally derived cross-links agreed further, as nearly all identified cross-links (97%)
297 were satisfied at some point during the MD simulations (Figure 3B). Notably, in both
298 scenarios, meaning whether all cross-links were considered or those involving the IDR were
299 excluded, MLCG simulations showed improved agreement with the experimental data at
300 shorter simulation times compared to all-atom simulations (Figure 3B, Supplementary Figure
301 6C).

302 The overall increase in agreement after the MD simulations compared to the initial model was
303 attributed on one hand to the collapse of the HB on the CC core during the all-atom
304 simulations, rendering multiple intra-domain cross-links valid. On the other hand, the Co-
305 based simulations reflecting the dynamic conformations of the IDR further improved the fit of
306 the model to the cross-linking data (Figure 3B, D). Thus, the in organello cross-linking results
307  further support the notion of a highly dynamic model, in which the dimeric HB tightly packs
308 against the Mic60 CC tetrameric core, with the flexible IDR surrounding them. The cross-

309 linking validation of HB-CC packing favours the model presented here over the alternative
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310 model, which showed markedly lower satisfied cross-links during all-atom simulations
311 (Supplementary Figure 5E, Supplementary Figure 10).
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313  Figure 3: In organello cross-linking as model validation

314 A Visualisation of the DSBSO mitochondrial cross-linking dataset on the Mic60 sequence, modified from xXiNET
315 (Combe et al., 2015). Cross-links between different lysines are indicated above whereas self cross-links are
316 indicated below the domain scheme. B The percentage of cross-links satisfied across the frames of the
317  simulation, shown for the all-atom and Ca pipeline (left) and the MLCG model (center). The MD simulations
318 were separated into the initial equilibration of the all-atom simulation prior to attachment to the crista (“all-atoms
319 free”, first 135 million steps), the equilibration of the all-atom model attached to crista (“all-atoms attached”, 25
320 million steps), and the Ca-based simulations attached to the crista (“Ca attached”, 200 million steps). Many of
321  the cross-links involve the flexible IDR and were therefore excluded and the dataset was reanalysed (“Excluding
322 IDR”). The rightmost panel shows the percentage of cross-links from the published DSBSO dataset observed
323 in the human Mic60-Mic19 model before (“Initial”), after the all-atoms simulations (“all-atoms”), after the
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324  subsequent Ca simulations (“Ca”), and using the MLCG model. Satisfied cross-links were computed considering
325 all parallel simulations cumulatively across the duration of the simulations (n=30 for all-atom and Ca and n=6
326  for MLCG simulations). C, D Closeup view of the homology-based model of the human Mic60-Mic19 complex
327  shown before (C, as in Figure 2A) and after (D, as in Figure 2D) the MD simulations. The cross-links annotated
328 in A are visualized as dashed lines connecting the corresponding lysine residues (yellow for in range, red for
329  outofrange, cut-off set to 40 A). All cross-links were visualized on the Mic60-Mic19 model using ChimeraX with
330  the XMAS tool (Lagerwaard et al., 2022; Meng et al., 2023).

331

332 The Mic60 subcomplex as a diffusion barrier in human mitochondria

333 CJs were suggested to function as a diffusion barrier that regulates the exchange of proteins
334 and metabolites between the cristae lumen and the IMS (Gottschalk et al., 2022; Rampelt et
335 al., 2017). While the Mic60 subcomplex is the largest assembly with a soluble moiety in the
336 CJ pore, direct experimental evidence supporting a role as a diffusion barrier has remained
337 elusive. To investigate this idea computationally, we leveraged our dynamic model of the
338 human Mic60-Mic19 complex to probe its capacity to restrict molecular diffusion. In these
339 simulations, we assessed the ability of spherical particles of varying radii to traverse the CJ
340 plane from the IMS into the cristae lumen (Figure 4A, Supplementary Video 1). The MD
341  simulations revealed a steady decrease in the flux of particles crossing the Mic60-Mic19-filled
342  protein pore with increasing particle size. Crossing was efficiently excluded for particles with
343 aradius larger than 2 nm (corresponding to a globular protein of ~27 kDa (Fischer et al.,
344  2004)). With smaller particle sizes, crossing was gradually observed (Figure 4B).

345  We previously suggested that the IDR of Mic60, a common feature across Mic60 orthologues,
346 may play a role in impeding the passage of larger molecules (Bock-Bierbaum et al., 2022).
347  To test this hypothesis, we analysed a heat map of crossing events for particles at a radius
348 of 1.5 nm, stratifying the complex into two functional regions: the folded core (displayed as a
349  coloured cartoon) and the IDR (grey contour lines) (Figure 4C). Projection of these regions
350 across all simulation frames demonstrated that the dynamic movement of the IDR enables it
351 tointermittently occupy wider sections of the catenoid-shaped membrane, thereby extending
352 its spatial coverage beyond that of the structured core. As a result, the IDR effectively limited
353 access through the CJ plane. When passing the IDR, particle passage was confined to the
354  narrow strait between the folded complex core and the CJ membrane, severely restricting
355 diffusion. Our simulations therefore suggest that the dynamic nature of the Mic60-Mic19
356 subcomplex and particularly the dynamics of the IDRs facilitate its function as a diffusion
357  barrier.
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Figure 4: The human Mic60-Mic19 complex as a diffusion barrier in CJs

A Snapshot of the Ca-based diffusion experiments of the human Mic60-Mic19 model in the catenoid. 200
spheres, here with the radius of 1.5 nm, were allowed to pass through the junction. There were no repulsion
forces between the spheres, only between the spheres and the complex or the catenoid, allowing them to be
simulated simultaneously. B Fraction of frames exhibiting an above-to-below Mic60-Mic19 plane transition at
equilibrium, normalized by the total number of frames, plotted as a function of sphere radius. Grey bars indicate
the mean and standard deviation across all spheres. C Heat map depicting the density of sphere trajectories
(radius 1.5 nm) projected onto the xy-plane during crossing events through the CJ in the presence of the human
Mic60-Mic19 complex. Regions in black indicate the highest crossing density, while white indicates the lowest.
The position of the complex throughout each simulation frame is projected onto the CJ plane. The average
structure of the folded domains is displayed as a cartoon, while the IDR is illustrated as black contour lines to
better illustrate its movement. The dashed black line indicates the CJ diameter of 17 nm.

Discussion

Our study provides structural and mechanistic insight into the highly dynamic architecture of
the human Mic60-Mic19 subcomplex through an integrative structural biology approach
combining in vitro, in silico and in organello data. Our MD simulations further indicate that the
dynamic nature of the Mic60-Mic19 subcomplex is an important feature for its function as a
mitochondrial diffusion barrier.
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378 We identified the Mic60 HB as a previously uncharacterized oligomerization domain specific
379 to animal orthologues, thus completing the structural annotation of the folded domains in
380 human Mic60. Notably, the Mic60 HB forms an antiparallel dimer composed of three-helix
381 bundles, reminiscent of the architecture adopted by the apoptotic signalling protein
382 Smac/DIABLO (Chai et al., 2000; van Kempen et al., 2024). Smac/DIABLO localizes to the
383 IMS in non-apoptotic conditions and was identified as a MICOS interactor in the MINDNet
384 network (Adrain et al., 2001; Schaumkessel et al., 2025), suggesting that this fold may
385 represent a conserved structural domain in IMS proteins and function as an interaction
386 platform.

387 A direct physiological role of the Mic60 HB in establishing CJ architecture is supported by
388 observations in cardiomyocytes, which express a Mic60 splice variant lacking exon 6,
389 corresponding to a deletion of residues 176-208, which include the N-terminal part of the HB
390 (Zhu et al., 2021). While the missing residues do not directly contribute to HB dimerization
391  based on our structure, the deletion could disrupt interactions with adjacent IDR residues or
392 promote local unfolding and could therefore be linked to mitochondrial phenotypes observed
393 in these cells, including elongated morphology and densely packed cristae (Li et al., 2020;
394  Piquereau et al., 2013).

395 To fully leverage the available structural and biochemical information, we manually
396 constructed an initial model of the human Mic60-Mic19 complex using experimentally
397 determined crystal structures as basis. Each domain was assumed and modelled to form
398 homo-oligomers consistent with crystallographic and biochemical data: a HB dimer, a CC
399 tetramer, and a mitofilin dimer. While both HB dimerization and CC tetramerization were
400 experimentally addressed for the human orthologue, expression of the isolated human
401 mitofilin domain was not successful, precluding similar biochemical validation. However, in
402 organello cross-links from purified human mitochondria supported the proposed homo-
403 oligomerization of all three domains, in agreement with the corresponding crystal structures
404  of fungal homologues. We further assumed that the human Mic60-Mic19 complex spans
405 across the CJ neck, rather than spanning from the IMM to the OMM. A published
406 computational model proposed that Mic60 functions as a monomer, anchored to the IMM via
407 its TM domain and extending across the IMS to interact with the flat OMM with its mitofilin
408 domain (Brown et al., 2025). Contrasting this idea, the symmetric architecture required by

409 Mic60Q’s antiparallel tetrameric state and the inclusion of Mic60’s TM domain in the IMS are
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410 not compatible with a monomeric, asymmetric IMM-OMM bridging role. Furthermore, our in
411  silico analysis indicates that the mitofilin dimer exhibits strong binding to a curved membrane
412 surface mimicking the IMM. In line with the model suggested for the fungal MICOS
413 orthologues (Bock-Bierbaum et al.,, 2022), we therefore propose that the Mic60-Mic19
414  complex adopts a CJ-spanning architecture, with the tetrameric HB-CC core occupying the
415 CJ pore and the mitofilin domains contacting the IMM via their lipid binding sites. The HB
416 dimer, in the context of the fully assembled complex, significantly increases the CJ interface
417 occupied by the folded complex by packing against the tetrameric CC, thereby also
418  contributing to restricting diffusion in the tubular CJs of animalia.

419  According to our integrative model, the Mic60-Mic19 hetero-octamer spans across the CJ at
420 a diameter of 17 nm, with the flexible IDRs of Mic60 moving extensively in the CJ opening.
421  Our diffusion simulations suggest the exclusion of proteins with a hydrodynamic radius of
422  ~2 nm (~27 kDa). This would exclude larger assemblies like small TIM heterooligomers from
423 crossing the CJ, and possibly also smaller globular proteins such as cytochrome c (PDB ID:
424  1J3S) which are confined to the cristae (Mihlenbein et al., 2004; Scorrano et al., 2002). It
425 can be envisaged that the inclusion of further MICOS components into our model, such as
426  the coiled-coil domains of Mic19 or the membrane-embedded Mic10 subcomplex, will further
427  restrict the size of particles that can cross the CJ pore. We furthermore show that the flexibility
428 of the IDR is a prerequisite for its function as a diffusion barrier through the crista junction. In
429  our current simulations, the interaction of the IDR with the particles was repulsive. In contrast,
430 the IDR may contribute to cargo selectivity via low affinity interactions with the substrates. In
431 an analogous way, phenylalanine-glycine repeats of the nuclear pore complex have been
432 shown to bind to the human immunodeficiency virus allowing its efficient translocation into
433 the nucleus (Dickson et al., 2024).

434 The dynamic MICOS model introduced in this study could be integrated into larger-scale
435 simulations of IMM protein organization, a challenge noted in previous efforts to simulate
436 MICOS due to its inherent complexity and flexibility (Brown et al., 2025). The applied
437 integrative approach may provide a valuable benchmarking strategy for modelling proteins
438 with IDRs, which pose a persistent challenge in structural biology due to their conformational
439 heterogeneity. IDRs frequently mediate transient interactions and contribute to structural
440 flexibility — features especially relevant in dynamic, membrane-associated assemblies that

441 regulate diffusion, such as the nuclear pore (Winogradoff et al., 2022). Our approach builds
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442  on these insights by validating such simulations with in organello data, a concern often raised
443  about in silico measurements (Rush et al., 2023). By integrating experimental constraints with
444  flexible modelling, we offer a framework for capturing the structural and functional
445  contributions of disordered regions within large macromolecular complexes, while
446  physiological validation anchors the model in a relevant cellular context. Our integrative
447  human Mic60-Mic19 model therefore sheds light on the dynamic role of MICOS as a governor
448 of CJ dynamics through a pipeline combining structural, biochemical, computational, and
449  cross-linking data.

450

451 Materials and Methods

452

453 Cloning and plasmids

454  hsMic60 (UniProt ID: Q16891, cDNA synthesized by Eurofins Genomics) was used for
455  cloning. The hsMic60 helical bundle (Mic60 HB, residues 198-378) was cloned via restriction
456 sites Ndel and Xhol and subsequent ligation into pET SUMO vector encoding an N-terminal
457 Hiss-SUMO tag fusion protein. Mutations were introduced via site-directed mutagenesis (Ho
458 etal., 1989). The hsMic60 coiled-coil (hsMic60 CC, residues 473-542 and residues 473-617)
459 was cloned into a pET21b(+) vector encoding a human rhinovirus 3C (HRV-3C) cleavable N-
460 terminal MBP fused to a pMal_c2X linker using Gibson assembly.

461

462 Expression and purification

463  Expression plasmids were transformed into BL21(DE3) Escherichia coli cells and plated on
464 ampicillin-containing LB plates. Transformed bacteria were grown in terrific broth media
465 supplemented with 100 ug/ml ampicillin at 37 °C and 80 rpm until they reached an ODsoo of
466 0.8 and subsequently cooled to 18 °C and protein expression was induced with 300 uM
467  isopropyl-B-D-1-thiogalactopyranoside (IPTG) overnight. Cells were harvested via
468 centrifugation for 20 min at 4,000 g and cell pellets were stored at -20 °C.

469

470  Mic60 HB pellets were thawed and resuspended in lysis buffer (20 mM 4-(2-hydroxyethyl)-1-
471  piperazineethanesulfonic acid (HEPES/NaOH pH 7.5, 500 mM NaCl, 20 mM imidazole),
472  supplemented with 500 uyM 4-(2-aminoethyl)-benzolsulfonyfluorid hydrochloride (AEBSF,
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473 BioChemica) and 1 uyM DNase (Roche). Cells were lysed through sonication (5x 45 sec with
474 1 sec pulses at 70% power) and lysates were centrifuged at 40,000 g for 45 min. The
475 supernatant was filtered using a 0.45 uM filter and applied to Ni-NTA resin, equilibrated in
476 lysis buffer. The column was washed with 5 column volumes (CV) lysis buffer and 5 CV wash
477  buffer (20 mM HEPES/NaOH pH 7.5, 500 mM NacCl, 40 mM imidazole) and the protein was
478 eluted in 5 CV elution buffer (20 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 500 mM
479 imidazole). Hise-tagged SUMO Protease was added at a 1:50 ratio (w/w) and the protein
480 mixtures were dialyzed overnight at 4 °C to low imidazole buffer (20 mM HEPES/NaOH pH
481 7.5, 150 mM NaCl, 20 mM imidazole). The protein was subsequently applied to a
482  reequilibrated Ni-NTA column to remove the residual Hise-SUMO tag and SUMO protease.
483 The flow-through was collected, concentrated using an Amicon filter concentrator of 10 kDa
484  cut-off (Millipore) and applied on a HiLoad™ 16/600 Superdex™ 75 preparative grade
485 column connected to an AKTA Pure chromatography system (Cytiva). Protein was eluted at
486 a flow-rate of 1 ml/min and 1 ml fractions were collected. Pure protein fractions were pooled,
487 concentrated, flash-frozen in liquid nitrogen and stored at -70 °C. Point mutants were purified
488 using the same protocol, however for artificial cysteine variants IMAC column buffers were
489 complemented with 2 mM B-mercaptoethanol and the SEC buffer was complemented with 2
490 mM dithiothreitol (DTT) to hinder unspecific disulfide bridge formation.

491

492  Mic60 CC bacterial pellets were resuspended in lysis buffer (20 mM HEPES/NaOH pH 7.5,
493 500 mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA)), supplemented with 500 yM
494 AEBSF and 1 uM DNase, lysed through sonication and centrifuged as described for Mic60
495 HB. The filtered supernatant was applied on Dextrin Sepharose HP beads (Cytiva), washed
496  with 5 CV of lysis buffer and eluted using lysis buffer supplemented with 10 mM maltose. The
497 eluate was concentrated using an Amicon filter concentrator of 30 kDa cut-off and applied on
498 a Superose™ 6 Increase 10/300 GL column connected to an AKTA Pure chromatography
499 system (Cytiva). The protein construct CC_1 (hsMic60 residues 473-542) eluted in an earlier
500 shoulder peak at volume 14.2 ml and a main peak at volume 15.3 ml. The two peaks were
501 concentrated separately as samples “shoulder” (3 mg/ml) and “main” (20 mg/ml). For the
502 construct hsMic60 CC_2 (hsMic60 residues 473-617), only one peak was observed and
503 concentrated to 35 mg/ml.

504
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505 For all protein samples, purity was confirmed by mass spectrometry as described previously
506 (Bock-Bierbaum et al., 2022) and samples were flash-frozen in liquid nitrogen and stored at
507 -70 °C.

508

509 Crystallization, data collection, refinement and structural analysis tools

510 Mic60 HB crystallization trials were performed using the sitting-drop vapor-diffusion method
511 in a 96-well crystallization plate using a Gryphon pipetting robot (Matrix Technologies Co.)
512 by mixing 200 nl protein with 200 nl reservoir solution and equilibrating against 80 ul reservoir.
513 Commercial screens, namely JBScreen Basic HTS, JBScreen JCSG+ HTS, JBScreen
514 PEG/Salt (all Jena Bioscience), Classics |l Suite, pH Clear Suite | and Il, Protein Complex
515  Suite (Qiagen), were used for initial screening at 4 °C and 20 °C using a concentration of
516 13 mg/ml. The Rock Imager 1000 storage system (Formulatrix) was used for storing and
517 imaging the experiments. Initial hits were acquired for Mic60 HB (19-23 mg/ml) at 25% w/v
518 PEG 3350, 0.1 M Tris/HCI pH 8.5 after incubation at 4 °C for one day. Optimization of PEG
519  concentration (15.7-19.4% w/v) and pH (8.3-8.8) yielded protein crystals up to 300 uyM in
520 length, but with poor diffraction to 6-8 A. Low diffracting crystals were used as seeds by
521  mixing them with 120 pl 21.4% PEG 3350, 0.1M Tris/HCI pH 8.9 and 30 pl Mic60 HB (19
522 mg/ml) and crushing by vortexing using a microseeding bead for 1 minute (Shaw Stewart et
523 al.,, 2011). Microseeding crystal trials against commercially available screens were set up at
524 4 °C using 200 nl Mic60 HB (19 mg/ml), 300 nl reservoir solution and 100 nl of a 1:10 dilution
525 of the seeding solution in the sitting drop, equilibrated against 80 pl of reservoir solution. After
526 14 days, a crystal grown in 0.2 M ammonium citrate, 20% PEG 3350 was fished and flash-
527 frozen in liquid nitrogen in presence of 15% ethylene glycol as cryoprotectant.

528

529 Diffraction data were collected at a wavelength of 0.9184 A and -173 °C on beamline 14.1
530 operated by the Helmholtz-Zentrum Berlin at the BESSY Il synchrotron in Berlin Adlershof
531 (Mueller et al., 2025; Mueller et al., 2015). 1,600 images were collected using 0.25 s exposure
532 time, 426.6 mm detector distance and an oscillation increment of 0.1°. Data was automatically
533 indexed, integrated and scaled using XDSAPP V. 3.1.9c (Sparta et al., 2016). Mic60 HB
534  crystallized in space group P441212 (92). The crystallographic phase problem was solved by
535 molecular replacement with Phaser-MR implemented in the Phenix distribution
536 (V. 1.20.1_4487) using two copies of AlphaFold2 predicted hsMic60 residues 198-378
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537 (Jumper et al., 2021; Liebschner et al., 2019; McCoy et al., 2007). The Mic60 HB structure
538 was finally solved employing Phenix.autobuild (Terwilliger et al., 2008), followed by manual
539 model building in Coot V. 1.1.11 (Emsley et al., 2010) and iterative model refinement with
540 phenix.refine using non-crystallographic symmetry and Translation-Liberation-Screw rotation
541  (Afonine et al., 2012). The final model contains two copies of Mic60 HB in the asymmetric
542  unit, assembled in a dimer with non-crystallographic symmetry, with residues 210-261 and
543  271-377 visible for monomer 1 and 198-261 and 271-377 visible for monomer 2. Molprobity
544 V.4.0.2 (Williams et al., 2018) was used for final model validation, the according data statistic
545 can be seen in Supplementary Table 1. The structure was deposited and validated in the
546 PDB database under PDB ID 9QWR.

547  Figures of the Mic60 HB and of the Mic60-Mic19 model were generated using PyMol
548 (V. 2.5.5) (Schrédinger & DelLano 2020). PDBePISA was used for interface analysis of the
549  Mic60 HB dimer (Krissinel & Henrick, 2007). The FoldSeek server was employed to perform
550 protein structure alignments of the Mic60 HB, using the construct amino acid sequence as
551 input (van Kempen et al., 2024). For evolutionary conservation analysis of the Mic60 HB,
552  Mic60 orthologues postulated to possess a HB were initially identified based on their
553 AlphaFold2 predictions. From these orthologues, eight representative organisms for the
554  kingdom of animalia were identified (UniProt accession number in brackets: Homo sapiens
555 (Q16891), Mus musculus (Q8CAQS8), Danio rerio (Q6PFS4), Xenopus laevis (AOA1L8HKP3),
556  Apis mellifera (AOA7TM7GMI1), Drosophila melanogaster (P91928), Caenorhabditis elegans
557  (IMMT-1 Q22505, IMMT-2 Q9XXN2), Hydra vulgaris (AOA8B7DIZ7)) and their amino acid
558 sequences were aligned using the ConSurf Web server using default parameters (Yariv et
559 al., 2023). It was manually confirmed that the sequence segments aligned to the Mic60 HB
560 were the ones predicted by AlphaFold2 to form the HB of each orthologue. The aligned HB
561 sequence segments were extracted and imported to Jalview (Waterhouse et al., 2009) to
562 generate a conservation score plot and a phylogenetic tree for the Mic60 HB after Huynen et
563 al. (2016). The ConSurf Server was then used, with the structure of the Mic60 HB dimer and
564 the Mic60 HB sequence alignment as input, to generate structure conservation plots (Yariv
565 etal., 2023).

566

567 Oxidation of cysteines and non-reducing SDS electrophoresis

568 For the generation of fully reduced protein samples for disulfide bond analysis, the sample
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569 buffer was exchanged and DTT concentration was increased to 10 mM (20 mM Tris/HCI
570 pH 7.5, 150 mM NaCl, 10 mM DTT). For the oxidation reaction, protein samples were
571 dialyzed overnight to CuSO4 oxidation buffer (20 mM Tris/HCI pH 7.5, 150 mM NaCl). 0.1 mM
572 CuSOswas added to the samples (5 mg/ml) and then incubated on ice for 1 min. The reaction
573 was quenched by addition of 50 mM EDTA and residual CuSO4 and EDTA were removed
574  using a PD-10 column (Cytiva). 10 yl sample (0.5 mg/ml) was added to 2.5 pl non-reducing
575  SDS loading buffer (250 mM Tris pH 6.8, 10% SDS, 30% glycerol). Gels were stained using
576 Coomassie Brilliant Blue and imaged using a Gel Doc™ XR+ Gel Documentation System.
577  Protein bands were quantified by pixel count using ImagedJ (V. 1.53k) (Schneider et al., 2012).
578  For statistical analysis out of three replicates t-test was used, assuming normal distribution,
579 and standard deviation was calculated.

580

581 Analytical size-exclusion chromatography coupled to right angle light scattering (SEC-
582 RALS)

583 Analytical SEC-RALS was performed using an Agilent HPLC system equipped with an
584  autosampler G1329B and an Omnisec Reveal (Malvern). A Superdex 75 Increase 5/150 GL
585 column and a Superose 6 Increase 5/150 GL were used for Mic60 HB and Mic60 CC
586 measurements accordingly. The column and RALS instrument were equilibrated overnight
587  with SEC buffer (20 mM HEPES/NaOH pH 7.5, 150 mM NaCl). 100 yl sample (Mic60 HB
588 1 mg/ml, Mic60 CC 2 mg/ml) was injected using the autosampler and eluted at a flow rate of
589 0.2 ml/min at 20 °C. UV absorption at 280 nm, 260 nm, 210 nm and light scattering were
590 measured and analysed by the Agilent Offline and Malvern Omnisec software.

591

592 Blue Native polyacrylamide gel electrophoresis (BN-PAGE)

593 Recombinant proteins were analysed by BN-PAGE as described previously (Bock-Bierbaum
594 et al., 2022). Briefly, 10 ug of purified protein were applied on a 4-16% acrylamide gradient
595 BN-PAGE gel which was run at 150 V for 2 h on ice and subsequently stained using
596 Coomassie Brilliant Blue.

597

598 Assembly of the initial Mic60-Mic19 model
599 A model of the Mic60-Mic19 complex was assembled in order to study it using molecular

600 dynamics simulations. Three solved structures were used as the basis for this model: the
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601 Mic60 HB (residues 198-378, described in this paper), the CC domain of Lachancea
602 thermotolerans Mic60 (PDB ID: 7PUZ, residues 207-382, equivalent residues in hsMic60 are
603 residues 443-603) and a fusion construct of the Mic60 mitofilin domain with the Mic19 CHCH
604 domain from the organism Chaetomium thermophilum (PDB ID: 7PV1, ctMic60 565-586-GS-
605 622-691 and ctMic19 residues 116-164, equivalent residues are hsMic60 residues 627-751
606 and hsMic19 residues 180-222).

607 To utilize the previously published fungal orthologue structures in assembling the human
608 Mic60 model, homologous structures were generated using SWISS-MODEL, covering the
609 residue range included in the experimental models (Waterhouse et al., 2018). According to
610 AlphaFold2 (Jumper et al., 2021), the remaining sequence segments were predicted to be
611  the N-terminal intrinsically disordered region (residues 1-197, including the transmembrane
612  helix), an extended helical connection between the Mic60 HB and the CC (residues 379-442),
613  short unfolded linker regions and the flexible LBS2 (residues 649-685). The majority of these
614 segments, apart from the helical connection, was predicted to be unstructured and included
615 in the final model according to the AlphaFold2 prediction of full-length hsMic60.

616  Structural information for hsMic19 is only available for the CHCH domain, leading us to
617 exclude the remaining protein sequence in the final Mic60-Mic19 model to omit inaccurate
618 model building. The SWISS-MODEL generated homologue was modelled on the mitofilin
619 domain of the hsMic60 model according to the previously published structure on their
620 interaction (PDB ID: 7PV1).

621

622 The SWISS-MODEL orthologues and AlphaFold2 predictions were manually integrated using
623 Coot and spatially adjusted using iterative cycles of ChimeraX V. 1.9 (Meng et al., 2023),
624 ultimately assembling a model of the human Mic60-Mic19 hetero-octamer. During this
625 process, particular attention was paid that the structural elements retain their experimentally
626 determined characteristics, e.g. their oligomerization state. Some short structural segments
627 between the CC and the LBS1 (residues 527-536, 555-561, 584-591 and 603-607) predicted
628 by AlphaFold2 to be helical were reconstructed as flexible linkers in the molecular dynamic
629 simulations.

630  While the model reflects the known structural information on individual domains of hsMic60,
631 there is no experimental data on the relative positioning of these domains to one another.

632 The oligomeric state of the individual domains results in the CC forming a tetrameric core, as
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633 illustrated previously for fungal Mic60 (Bock-Bierbaum et al., 2022). The short linker length
634 to the LBS-mitofilin domain as well as the directionality of the LBS domains pointing away
635 from the complex and towards the hypothetical inner membrane lead to a planar orientation
636 for these domains of the tetramer. Neither experimentally nor computationally could it be
637  determined how the hsMic60 CC tetramer is connected to the hsMic60 HB dimers and how
638 the HB dimers are positioned relative to the tetrameric CC. Therefore, two models were
639 generated. In model 1, the HB domains and mitofilin domains dimerized via different Mic60
640 molecules, whereas in model 2, the same molecules mediate dimerization of the two domains
641  (Supplementary Figure 4C, D).

642

643 Molecular dynamics simulations of the Mic60-Mic19 model

644  For all the simulations, the N-terminal region of Mic60 exposed to the matrix as well as the
645 transmembrane domain, corresponding to the first 61 residues, was removed, making lle62
646 the N-terminus of cristae-soluble Mic60. To fill the sequence gaps and the overstretched
647 regions, a homology modelling process was performed using Modeller (Webb & Sali, 2016)
648 and a 4-fold structural symmetry was subsequently applied to the initial model, using a
649 custom protocol to apply symmetry restraints to the Ca atoms. The Modeller MD refinement
650 protocol was performed at the slow level. A total of 300 models were generated, picking the
651 one with the lowest DOPE score (Shen & Sali, 2006).

652

653 All-atoms molecular dynamics simulations of the Mic60-Mic19 complex were set up using
654 OpenMM (Eastman et al.,, 2024). The system was aligned along its principal axis and
655 immersed in solvent within a simulation box measuring 27.5 x 19.8 x 15.3 nm?3. The solvent
656 consists of TIP3P water molecules neutralized with Na* and ClI" ions at 0.15 M ionic strength
657 (Jorgensen et al.,, 1983). Non-bonded interactions are treated with Particle Mesh Ewald,
658 cut-off of 1 nm and a 0.75 nm switching distance. Hydrogen bonds are constrained, and
659 hydrogen mass was set to 4 atomic mass units (amu) for stability. The force filed employed
660 is the Amber14SB force field (Maier et al., 2015). The system was slowly equilibrated using
661 a multi-step protocol to ensure stability under physiological conditions. The system was
662 subjected to energy minimization before gradual thermal and pressure equilibration with
663 Langevin Middle Integrator and a 2 fs timestep. Harmonic positional restraints of

664 500 kJ/mol/nm? were initially applied to the protein heavy atoms. Equilibration began with an
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665 NVT warm-up phase (NVT for number (N), volume (V), and temperature (T)) lasting 200 ps,
666 during which the temperature was gradually increased from 10 K to 300 K over 100,000
667 steps. The system then underwent NPT equilibration for 400 ps with a Monte Carlo barostat
668 set at 1 bar and 300 K, maintaining the initial restraints throughout 200,000 steps. To
669 progressively relax constraints, the harmonic restraint force was then reduced from 500
670 kJ/mol/nm?to 100 kd/mol/nm? over 400 ps gradually. Positional restraints were removed from
671 side chains and applied exclusively to the backbone, maintaining a force constant of 100
672  kJ/mol/nm? for 400 ps. Finally, the backbone restraints were gradually reduced to zero over
673 600 ps. Positional restraints were removed from side chains and applied exclusively to the
674 backbone, maintaining a force constant of 100 kd/mol/nm? for 400 ps. Finally, the backbone
675 restraints were gradually reduced to zero over 600 ps.

676  Starting from the equilibrated structure, 30 simulations were run to maximize the exploration
677 of the conformational space, increasing the timestep to 4 fs and saving frames every 0.04 ns.
678 Simulations were run for around 500 ns until RMSD equilibration with respect to the common
679 initial structure, as shown in Figure 2C.

680 For the alternative model, the same procedure described above was applied. The system
681 was solvated in a 36.6 x 27.6 x 20.2 nm simulation box, larger than that used for the main
682 model, to accommodate its increased longitudinal dimension. Three independent simulations
683  were subsequently performed, each extending for approximately 170 ns.

684

685 Using OpenMM’s CustomExternalForce, each of the 30 final structures was gradually
686 coupled to an external potential that emulates a crista junction, modelled as a concatenation
687 of a cylindrical and catenoid geometry (Eastman et al., 2024). The CJ was defined with a
688 diameter of 17 nm. Attachment of Mic60 was achieved at the N-terminus by linking the Ca
689 atom of the first residue (162) to the potential. For the C-terminus, two attachment points per
690 chain were selected, corresponding to the Ca atoms of residues flanking the LBS2 region
691  (Arg652, Pro670). These points were tethered via a harmonic potential with a force constant
692 0of 200 kd/mol/nm? applied perpendicular to the crista surface, allowing free tangential mobility
693 along the crista. The coupling was implemented incrementally, with the force constant
694 ramped from 0.1 kd/mol/nm? to 200 kJ/mol/nm? over 10 steps of 5 ns each. Following the
695 equilibration phase of the attachments, a production simulation of 100 ns was conducted.
696
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697 MLCG simulations were performed using the chemically transferable model published in
698 (Charron et al., 2025). This model employs a coarse-grained representation with a resolution
699 of five beads per residue. All information required to run simulations with the mlcg package
700 is publicly available in the Code Availability section of (Charron et al., 2025). For the Mic60—
701 Mic19 complex, four independent simulations were conducted, each consisting of 2,000,000
702 timesteps. Simulations were carried out using a Langevin integrator at a temperature of
703 300 K, with a friction coefficient of 1.0 and a timestep of 4 fs. Positions were saved every 10
704  timesteps.

705

706  In silico force calculation of Mic60-Mic19 binding to the IMM

707 To evaluate the interaction strength of the complex with the IMM, we conducted coarse-
708 grained molecular dynamics simulations using the Martini force field (Souza et al., 2021) and
709 performed umbrella sampling to quantify the free energy of binding. We focused on the
710  Mic60-Mic19 C-terminal mitofilin-CHCH lobe, which was prepared using the martinize2 script
711 with the Martini 3 force field, incorporating a Go-like network to preserve secondary structure
712  and native contacts (Souza et al., 2024). The system was solvated using the insane script
713  (Wassenaar et al., 2015), with a simulation box size of 17 x 23 x 35 nm?*® and a lipid
714 composition of POPC:POPE:CDLO:POPS in a 40:40:15:5 ratio to mimic the IMM (Basu Ball
715 etal., 2018). Na* and CI” ions were added to achieve an ionic concentration of 0.15 M. The
716  system was then simulated for 1 ys using martini_openmm (MacCallum et al., 2023) at 300
717 K, with a friction coefficient of 10 ps™, a timestep of 20 fs, a nonbonded interaction cut-off of
718 1.1 nm, and a barostat set to 1 bar. To simulate the curvature of the crista membrane, we
719  first removed the solvent and applied membrane bending using the expression described in
720 (Mahmood et al.,, 2019), with a y factor of 0.05. The system was then re-solvated to
721 accommodate the new membrane dimensions. To preserve the membrane curvature, the
722  barostat was set to 1 bar, acting exclusively along the z-dimension. Additionally, an OpenMM
723  CustomExternalForce was implemented to apply a harmonic potential with a force constant
724 0of 200.0 kd-mol™"-nm~2 on the headgroups of the lower leaflet. The system was subsequently
725  equilibrated for 1000 ns using the same simulation parameters as described above.

726

727  The initial window frames for umbrella sampling were generated using steered molecular

728 dynamics. The protein was pulled 10 nm away from the membrane using a
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729 CustomCentroidBondForce between the center of mass (COM) of the protein and the
730 membrane, with a force constant of 1000.0 kJ-mol™"-nm™ and a pulling speed of
731 1 x107° nm/ps. To constrain lateral motion, a harmonic restraint was applied along the x and
732 vy directions to the COM of the protein, with a force constant of 200.0 kJ-mol™"-nm™, Initial
733  configurations along the reaction coordinate were extracted by defining umbrella sampling
734 windows separated by 0.1 nm. Starting from the equilibrated position, five windows were
735 placed in the direction of the protein closer to the membrane, while the remaining 50 were
736  positioned progressively further away. Each window was then simulated for 1000 ns. The
737 COM distance time series was analyzed using the weighted histogram analysis method
738 (WHAM) (Grossfield, Alan, “WHAM: the weighted histogram analysis method”, V. 2.1.0,
739  http://membrane.urmc.rochester.edu/wordpress/?page_id=126). As shown in
740  Supplementary Figure 7A, the free energy difference upon binding is approximately
741 100 kJ/mol, which was used to parameterize the interaction strength of the attachment points
742 in the crista potential described above.

743

744  In organello cross-linking as validation for the Mic60-Mic19 model

745  Cross-linking mass spectrometry data from Zhu et al. (2024) (accessible through PRIDE
746  accession number PXD046382) were employed to validate the ensemble of generated
747  structures. Cross-link identifications derived from the standalone version of XlinkX (Liu et al.,
748  2017) were filtered to an n_score of < 1e7'° and only intra-links within IMMT were retained if
749 they were confirmed by at least 2 spectral evidences. The search engine output was
750 converted into a ChimeraX XMAS compatible output (Lagerwaard et al., 2022) using R and
751  then visualized on protein models. To speed-up conformational explorations, Ca structure-
752  based simulation were started from the 30 all-atoms final structures (Clementi et al., 2000).
753 The standard Ca structure-based angle potential was replaced with a restricted angle
754  potential for stability (Bulacu et al., 2013). Native contacts were computed for each starting
755  configuration using Shadow algorithm (Noel et al., 2012). Native contacts formed involving
756 the IDR part for all the chains were excluded. Simulations were run for 100 ns with a timestep
757 of 0.5 fs and a reduced temperature of 0.5 (Jackson et al., 2015). Cross-links were plotted
758  on the hsMic60 sequence using xXiNET (Combe et al., 2015).

759  The cross-link satisfaction of the alternative model was lower than that of the main model

760  (Supplementary Figure 5E), leading us to prioritize the main model in subsequent analyses.
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761  In silico CJ diffusion experiments

762  The trajectory that satisfied the highest number of cross-linkers was selected for diffusion-
763  like simulations. In the Ca structure-based system, 200 identical spheres, each with the same
764 radius, were introduced above the Mic60-Mic19 plane. A harmonic potential was applied to
765 confine the spheres within the crista junction potential. To impose additional constraints,

766  upper and lower planes were set to restrict the spheres within a closed space. No interaction

Tsphere
riz ?

767 was set between the spheres, while a Lennard-Jones repulsion term, proportional to

768  was introduced with Mic60-Mic19 and with the crista potential. The crossing event frequency
769 was defined as the fraction of frames exhibiting an above-to-below Mic60-plane transition at
770  equilibrium, normalized by the total number of frames, and was studied in correlation to the
771  sphere radius. To approximately correlate particle radius to protein molecular weight we used

772  the spherical approximation with a density of 1.35 g/cm?® (Fischer et al., 2004).
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