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CELL BIOLOGY

Structural remodeling of the mitochondrial protein
biogenesis machinery under proteostatic stress
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Cells have evolved organelle-specific responses to maintain protein homeostasis (proteostasis). During proteos-
tatic stress, mitochondria down-regulate translation and enhance protein folding, yet the underlying mechanisms
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remain poorly defined. Here, we used cryo-electron tomography to observe the structural consequences of mito-
chondrial proteostatic stress within human cells. We detected protein aggregates within the mitochondrial ma-
trix, accompanied by a marked remodeling of cristae architecture. Concomitantly, the number of mitochondrial
ribosome complexes was significantly reduced. Mitochondrial Hsp60 (mHsp60), a key protein folding machine,
underwent major conformational changes to favor complexes with its co-chaperone mHsp10. We visualized the
interactions of mHsp60 with native substrate proteins and determined in vitro mHsp60 cryo-electron microscopy
structures enabling nucleotide state assignment of the in situ structures. These data converge on a model of the
mHsp60 functional cycle and its essential role in mitochondrial proteostasis. More broadly, our findings reveal struc-
tural mechanisms governing mitochondrial protein biosynthesis and their remodeling under proteostatic stress.

INTRODUCTION

Most mitochondrial proteins are encoded in the nuclear genome
and must be imported into the organelle upon cytosolic translation.
For proteins destined to the mitochondrial matrix, import requires
threading in an extended conformation through the narrow pores of
the translocases of both the outer and inner mitochondrial mem-
branes (TOM and TIM23 complexes, respectively) (I1). Once in the
matrix, these polypeptides must immediately fold into their native
conformation. Mitochondria harbor a dedicated protein quality
control network, encompassing chaperones of the mitochondrial
heat shock protein (mHsp) families mHsp60, mHsp70, mHsp90, and
mHsp100/Clp, which assist in folding nascent or stress-denatured
proteins, as well as proteases such as Lonp1, which degrade irrevers-
ibly misfolded polypeptides (2).

The mHsp60:mHsp10 chaperonin is a central protein folding
machine in this system (3-5). mHsp60:mHsp10 assists the folding
of approximately half of all mitochondrial matrix proteins and cor-
rects polypeptides misfolded under stress (6, 7). Reflecting its es-
sential role, deletion or inactivation of the mHsp60 gene (HSPD1) is
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lethal in yeast and mammals (4, 8), and mutations in HSPD]1 lead to
severe neurodegenerative diseases, including hereditary spastic para-
plegia and hypomyelinating leukodystrophy (9). Structurally, mHsp60
harbors an equatorial domain responsible for nucleotide binding, an
intermediate domain with two hinge regions that facilitate confor-
mational changes, as well as an apical domain involved in binding
substrate proteins (SPs) and the mHsp10 protein cofactor, coded by
the HSPEI gene (10). mHsp60 protomers assemble into heptameric
rings, which can be capped by heptameric dome-shaped mHsp10
lids to form nanocages for SPs to fold in confinement (10-12). Al-
though much of our current understanding of mHsp60:mHsp10
function is derived from the highly homologous bacterial GroEL:-
GroES system (13), biochemical and structural evidence indicates
key differences between the two (11, 12, 14). Thus, the mechanisms
of protein folding by mHsp60 warrant further investigation.

Mitochondria also have their own genome, which in mammals
codes for 13 proteins, 11 mRNAs, 22 tRNAs, and 2 ribosomal RNAs
(15). Dedicated molecular machines carry out the transcription and
translation of this genome, including a mitochondrial ribosome
complex with substantial structural and functional differences com-
pared to its cytosolic counterpart (15). Nuclear- and mitochondrial-
encoded proteins are coassembled into large complexes of the
oxidative phosphorylation machinery, and nuclear-encoded chap-
erones and proteases are also essential for the folding and degrada-
tion of mitochondrially translated polypeptides (2, 15). Therefore,
mitochondrial protein biosynthesis depends on an intricate coordi-
nation between nuclear- and mitochondrial-encoded factors, many
aspects of which remain only partly understood.

Disruptions in mitochondrial proteostasis can activate protective
cellular pathways, most notably the so-called mitochondrial unfold-
ed protein response (UPR™). UPR™ is triggered among other stim-
uli by the accumulation of misfolded proteins in the mitochondrial
matrix and involves both local mitochondrial responses and nuclear
transcription programs (16). This profoundly affects the mitochon-
drial protein biosynthesis machinery by acutely down-regulating
protein translation and enhancing the expression of protein folding
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factors. Among the latter, mHsp60:mHsp10 is considered a canoni-
cal UPR™ responder (17-20). Chronic failure to restore the fine bal-
ance of mitochondrial proteostasis can lead to pathological conditions,
with proteostatic deficits associated to neurodegenerative diseases
such as Alzheimer’s and Parkinson’s (21-23), and excessive capacity
linked to tumor growth and metastasis (24). Thus, it is essential to
gain detailed understanding of the molecular and structural mecha-
nisms that safeguard mitochondrial protein homeostasis.

Here, we tackle this challenge using cryo-electron tomography
(cryo-ET), which enables three-dimensional (3D) visualization of
cellular machinery under close-to-native conditions within vitrified
cells (25). We have previously used cryo-ET to analyze the effects of
proteostatic challenges such as cytosolic protein aggregation (26-28)
and to investigate the functional cycle of GroEL:GroES in Escherichia
coli cells (29). Here, we capitalize on cryo-ET to study the structural
consequences of proteostatic stress in mitochondria by imaging
these organelles within human cells at subnanometer resolution.
Our data reveal the formation of protein aggregates in the mito-
chondrial matrix, accompanied by major morphological rearrange-
ments of the mitochondrial inner membrane, as well as remodeling
of the conformational landscape of mitochondrial ribosomes and
mHsp60:mHsp10 complexes. Analysis of mHsp60-SP interactions
in situ combined with single-particle cryo-electron microscopy
(cryo-EM) imaging of purified proteins converge on a working
model for the mHsp60:mHsp10 functional cycle in cells, and its ad-
aptation to impaired protein folding. Collectively, this work provides
structural insights of how mitochondria remodel their biosynthetic
machinery under proteostatic stress.

RESULTS

Mitochondria morphological remodeling under

proteostatic stress

Under proteostatic stress, damaged mitochondria may be cleared by
PTEN-induced kinase 1 (PINK1)-Parkin-mediated mitophagy (30-
33), complicating their analysis by cryo-ET. To circumvent this issue,
we studied mitochondrial proteostatic stress in HeLa cells, which
naturally lack Parkin and thus display low mitophagy levels (34, 35).
HelLa cells were genetically edited by CRISPR-Cas9 to introduce an
endogenous C-terminal green fluorescent protein (GFP) tag at the
PINK1 locus, enabling facile monitoring of mitochondrial stress by
imaging the mitochondrial accumulation of PINK1 (36). We induced
mitochondrial proteostatic stress by treating cells with gamitrinib-
triphenylphosphonium (G-TPP), a specific inhibitor of the mHsp90
chaperone TRAP1 that causes intramitochondrial protein aggrega-
tion, PINKI1 stabilization on mitochondria, and UPR™ activation
(17, 31-33, 37). Consistent with the induction of mitochondrial
stress, PINK1-GFP imaging (fig. SIA) and Western blot analysis
(fig. S1C) revealed robust PINK1 activation on mitochondria fol-
lowing 4 hours of G-TPP treatment, as well as activation of the
stress-regulated activating transcription factor 4 (16, 17, 32) and dif-
ferential proteolytic processing of the cristae-shaping guanosine
triphosphatase (GTPase) Optic Atrophy 1 (OPA1) (38-40). Cell via-
bility analyses showed that, whereas no significant changes appeared
upon a 4-hour G-TPP treatment, cell health began to significantly
deteriorate beyond 6 hours (fig. S1B). Thus, our cryo-ET imaging
focused on the 4-hour time point, where proteostatic responses have
been activated, but no major confounding effects from cell death
should be present. To that end, HeLa cells were cultured on EM
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grids, treated with G-TPP for 4 hours (“Proteostatic stress” condi-
tion) or left untreated (“Control” condition), vitrified by plunge
freezing, and thinned down to ~150-nm-thick lamellae using cryo-
focused ion beam milling (cryo-FIB; fig. S1D). Mitochondria were
visually located on the resulting lamellae (fig. S1E) and imaged by
cryo-ET. This revealed no overt changes in cellular architecture
upon 4 hours of G-TPP treatment (Fig. 1A and B; and fig. S1, F and
G), consistent with our cell viability measurements (fig. S1B). How-
ever, under these conditions, ~80% of mitochondria (n = 137; Fig. 1B
and fig. S1, E and G) contained dense accumulations within their
matrix, likely corresponding to protein aggregates (32, 37), which
appeared amorphous at our resolution. These aggregates were not
observed in any of the control mitochondria (n = 105; Fig. 1A and
fig. S1F). Thus, our experimental setup allowed cryo-ET investiga-
tions of the structural consequences of mitochondrial proteostatic
stress within native cellular environments.

At the morphological level, we observed substantial cristae re-
modeling under proteostatic stress. In control mitochondria, cristae
were generally planar and arranged parallel to each other, with cris-
tae junctions forming near 90° angles with the outer mitochondrial
membrane (Fig. 1A and fig. SIF). In contrast, upon proteostatic
stress, we observed numerous cristae at near-parallel angles to the
outer mitochondrial membrane, as well as circular cristae (Fig. 1B
and fig. S1G). Whereas proteostatic stress did not lead to global
changes in cristae density, this parameter was significantly reduced
in a subgroup of mitochondria with higher aggregate load (Fig. 1C).
In most cases, cristae alterations appeared local, with a reduction in
cristae density in the immediate vicinity of aggregates, but not in
more distal regions (Fig. 1 left, and D; and fig. S1G). However, some
mitochondria showed generalized cristae alterations (Fig. 1B right,
and fig. S1G), potentially corresponding to a more advanced stage of
damage. These data suggest that, upon proteostatic stress, aggregate
formation within the mitochondrial matrix leads to local cristae de-
formations and eventually their disappearance. This phenomenon
may extend throughout the entire organelle when stress persists, re-
sulting in a major disruption of cristae organization.

Proteostatic stress reconfigures the mitochondrial
biogenesis machinery

We investigated how proteostatic stress may affect the mitochon-
drial machineries for protein synthesis and folding. We first focused
on mitochondrial ribosomes as G-TPP treatment has been reported
to reduce mitochondrial protein translation and cause the seques-
tration of mitochondrial ribosome subunits into protein aggregates
(17, 32, 41, 42). We located mitochondrial ribosomes in cells under
control and stress conditions using template matching (TM), and
these initial hits were used to generate a data-derived template for
further extensive TM searches (fig. S2). Upon subsequent alignment,
averaging and classification (fig. S3, A and B), this process con-
verged to two structures, corresponding to the 39S large ribosomal
subunit and the fully assembled 555 mitochondrial ribosome (Fig. 2A).
The structures were determined at ~16- and ~23-A nominal resolu-
tion, respectively (fig. S3C), and showed a prominent density for the
membrane bilayer (Fig. 2A and fig. S3C), indicating that most ribo-
somal complexes detected were anchored to the inner mitochon-
drial membrane. Available atomic models of the 39S and 55S
mitochondrial ribosomes fitted well our subtomogram averaging
maps (fig. S3, D and E). Of note, our 39S map displayed a density
consistent with the anti-association module comprising MALSU1,
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Fig. 1. Proteostatic stress triggers cristae remodeling and aggregate formation within mitochondria. Representative tomographic slices and 3D segmentations
from untreated (“Control”) (A) and G-TPP-treated (“Proteostatic stress”) HeLa cells (B). In the 3D segmentations, mitochondria are depicted in gray and other cellular ele-
ments according to the color code in the figure. (C) Quantification of cristae density within mitochondria. For the proteostatic stress condition, data is shown for all cells
(“Total"), as well as separated by aggregate load into “Agg’"” (mitochondria with low aggregate load or no aggregates) and "Agghigh” (mitochondria with high aggregate
load). (D) Cristae density as a function of the distance to the nearest aggregate. Violin plots in (C) and (D) show the full data distribution, with the central white mark indi-
cating the median and the boundaries of the black box representing 25th and 75th percentiles. Whiskers extend to the most extreme data points that are not considered
outliers. Statistical significance of pairwise comparisons was assessed using a nonparametric Wilcoxon rank sum test and indicated by not significant (n.s.), P > 0.05;
#4P < 0.01; and ***P < 0.001. n = 105 control and 137 proteostatic stress tomograms (94 Agg"9" and 43 Agg'®” tomograms). In (D), a horizontal dotted line indicates the

minimum median mitochondrial membrane density beyond 40-nm distance to the nearest aggregate.

LOR8F8, and mtACP (fig. S3D), which has been reported to block
premature small subunit binding during ribosome assembly (43-46).
In contrast, the 558 mitochondrial ribosome displayed clear density
for the 28S small ribosomal subunit (fig. S3E), along with additional
densities consistent with components found exclusively in translation-
competent mitochondrial ribosomes, such as the RNA-binding pro-
tein PTCD3/mS39 (47, 48). Notably, proteostatic stress triggered a
highly significant reduction of both 39S and 55§ ribosomal complex-
es, which was even more pronounced for the latter (Fig. 2, B and C).
Thus, our data indicate that proteostatic stress strongly reduces the
number of translation-competent mitochondrial ribosome complexes.

We next focused on the mHsp60:mHsp10 chaperonin system, a
major responder to mitochondrial proteostatic stress and canonical
UPR™ effector (17-20). Multiple mHsp60 oligomeric species have
been observed in vitro, including mHsp60 single rings (mHsp60-)
and mHsp60 double rings (mHsp60,4), as well as various complexes
with its protein cofactor mHsp10, such as mHsp60:mHsp10 half-
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football (mHsp607:mHsp107), bullet (mHsp60,4:mHsp10;), and
football complexes (mHsp60,4mHsp10,4) (10, 11, 14,49-52). How-
ever, it remains uncertain which of these assemblies participate di-
rectly in the mHsp60 SP folding cycle within mitochondria. Thus,
we searched our tomograms for all the abovementioned mHsp60
and mHsp60:mHsp10 complexes using TM by cropping the relevant
portions (figs. S2A and S4) of our published cryo-EM structure of
the mHsp60:mHsp10 football (11). This search converged for
mHsp60 single rings, as well as for mHsp60:mHsp10 half-footballs
and footballs, but not for mHsp60 double rings and mHsp60:mHsp10
bullets. These results indicate that, in mitochondria of HeLa cells,
the predominant mHsp60 oligomeric species are single rings, half-
footballs, and footballs.

Following an analogous procedure to that used for mitochon-
drial ribosomes, we determined structures of the detected mHsp60
species using subtomogram averaging (Fig. 2D and fig. S5, A and B).
This resulted in maps at ~14-, ~14-, and ~8-A nominal resolution
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Fig. 2. In situ structures reveal the native structural landscape of mitochondrial ribosomes and mHsp60:mHsp10 complexes and its reorganization under pro-
teostatic stress. (A) Subtomogram averages of the 39S large mitochondrial subunit and fully assembled 555 mitochondrial ribosome. (B) Spatial density of mitochon-
drial ribosome complexes in control and proteostatic stress conditions. (C) Relative abundance of mitochondrial ribosomal complexes. n(control) = 1619 39S and 772 55S
particles. n(proteostatic stress) = 2028 39S and 642 55S particles. (D) Subtomogram averages of mHsp60 complexes. (E) Density of mHsp60 complexes in control and
proteostatic stress conditions. (F) Relative abundance of mHsp60 complexes. n(control) = 8389 single-ring, 1863 half-football and 6461 football particles. n(proteostatic
stress) = 9755 single-ring, 4267 half-football and 15,877 football particles. (G) 3D visualization of mitochondrial ribosomes and mHsp60 complexes within an aggregate-
containing mitochondrion in a cell under proteostatic stress. The inset illustrates the definitions of the proximal and distal areas relative to the aggregates used in the
quantifications shown in (H). The proximal area encompasses particles up to 50 nm away from the aggregates. The distal area extends further than the proximal area until
an equivalent volume is reached. (H) Spatial distribution of ribosomal (top) and mHsp60 (bottom) complexes in cells under proteostatic stress as a function of the distance
to the aggregate. Violin plots in (B), (E) and (H) show the full data distribution, with the central white mark indicating the median and the boundaries of the black box
representing 25th and 75th percentiles. Whiskers extend to the most extreme data points that are not considered outliers. Statistical significance of pairwise comparisons
was assessed using a nonparametric Wilcoxon rank sum test and indicated by n.s., P> 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001. n = 105 control and 137 proteostatic
stress tomograms.
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for the mHsp60 single rings, mHsp60:mHsp10 half-footballs, and
mHsp60:mHsp10 footballs, respectively (fig. S5C). In control
cells, mHsp60 single rings were the most abundant species, fol-
lowed by mHsp60:mHsp10 footballs, with mHsp60:mHsp10 half-
footballs constituting a minor fraction (Fig. 2, E and F). Proteostatic
stress led to a substantial rearrangement of this assembly landscape,
favoring mHsp60:mHsp10 complexes, especially mHsp60:mHsp10
footballs, and strongly reducing mHsp60 single rings (Fig. 2, E and F).
Therefore, protein aggregation favored the assembly of mHsp60:mHsp10
complexes, particularly football complexes containing two folding
chambers.

We then analyzed the distribution of the ribosomal and mHsp60
species detected as a function of their distance to the aggregates
by defining “proximal” and “distal” regions of equivalent volume
(Fig. 2G). 39S large ribosomal subunits, mHsp60 single rings, and
mHsp60:mHsp10 half-football complexes did not show a preferred
distribution across these regions (Fig. 2H). However, 558 ribosomes
were depleted within the proximal region (Fig. 2H), consistent with
a direct effect of protein aggregation in the reduction of mitochon-
drial translation upon proteostatic stress (17, 32, 41). In contrast,
mHsp60:mHsp10 footballs were enriched in the proximal region
(Fig. 2H), pointing to the preferential formation of these complexes
under high abundance of misfolded SPs. These data suggest that
protein aggregate formation may play a direct role in the structural
and spatial reorganization of the mitochondrial biosynthesis ma-
chinery observed under proteostatic stress.

mHsp60 single rings in mitochondria are bound to ADP
Available high-resolution structures from us and others, together
with molecular dynamics simulations, indicate that adenosine 5'-
triphosphate (ATP) binding and hydrolysis drive the conformation-
al and assembly dynamics of mHsp60:mHsp10 complexes during
their SP folding cycle (10, 11, 49-51, 53-55). Therefore, to under-
stand the functional status of the mHsp60 complexes detected in
our in situ tomograms (Fig. 2D), it is important to gain insight into
their nucleotide state. However, the resolution of our subtomogram
averaging maps did not allow direct identification of the nucleo-
tides. At the same time, ambiguities persisted upon fitting the avail-
able high-resolution structures (fig. S6), as reported structures of
wild-type (WT) and mutant mHsp60:mHsp10 complexes in differ-
ent nucleotide states (11, 49, 55) fitted similarly well our half-football
and football maps (fig. S6, C and D, table S1). Furthermore, neither
of the available structures of apo or ATP-bound mHsp60 single
rings (49, 51, 53, 55) adequately fitted the conformation of the
mHsp60 apical domains observed in situ (fig. S6, A and B), suggest-
ing that the in situ single-ring structure corresponded to a confor-
mation not previously observed in vitro.

To address these limitations, we carried out single-particle cryo-
EM studies of recombinant WT human mHsp60 and mHsp10 com-
plexes. Mixing mHsp60 with mHsp10 in a 0.8:1 ratio in the presence
of ATP resulted in cryo-EM maps of the following complexes (Fig. 3A;
fig. S7, A and B; and table S2): ATP-bound mHsp60:mHsp10 foot-
ball (1.9-A nominal resolution), ATP-bound mHsp60:mHsp10 half-
football (2.2-A nominal resolution), ATP-bound mHsp60:mHsp10
bullet (2.1-A nominal resolution), ATP-bound mHsp60 double ring
(2.2-A nominal resolution), adenosine 5’-diphosphate (ADP)-
bound mHsp60 single ring (2.9-A nominal resolution), and ATP-
bound mHsp60 single ring (2.5-A nominal resolution). The maps
compared well with available structures (table S1), except for the
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ATP-bound mHsp60:mHsp10 bullet and the ADP-bound mHsp60
single-ring structures, which were not reported before. These data
confirm that all possible combinations of heptameric mHsp60 and
mHsp10 assemblies can form in vitro, although only mHsp60 single
rings, mHsp60:mHsp10 half-football, and football complexes were
observed in situ within the mitochondria of HeLa cells.

We then analyzed in more detail the single-particle cryo-EM struc-
tures corresponding to the mHsp60 species visualized in cells. In-
spection of the mHsp60:mHsp10 half-football and football cryo-EM
density maps revealed the presence of ATP in all the nucleotide-
binding pockets, even when no symmetry was applied to the 3D re-
constructions (Fig. 3A and fig. S7, B and C). This is consistent with
available mHsp60:mHsp10 football structures, where the same nu-
cleotide occupies both rings of the football (10, 11, 49, 55). Atomic
models derived from the single-particle maps of ATP-bound
mHsp60:mHsp10 half-football and football accurately fitted our re-
spective subtomogram averaging maps (Fig. 3B and fig. S6, C and
D), leading us to tentatively assign the mHsp60:mHsp10 structures
obtained in cells to ATP-bound states.

Next, we investigated in depth the single-particle structures ob-
tained for mHsp60 single rings. Classification revealed two major
nucleotide-binding states, corresponding to ATP- and ADP-bound
conformations (Fig. 3A and fig. S7, A and B). The ATP-bound
mHsp60 single-ring structure was almost identical to those recently
described for each ring of the ATP-bound double-ring WT mHsp60
(55) and the V72I variant (49). These structures did not fit well the
apical domains of our in situ mHsp60 single-ring map and displayed
additional densities on the central pore (fig. S6A). In contrast, the
ADP-bound mHsp60 single-ring structure accurately fitted the
mHsp60 single-ring subtomogram averaging map, as confirmed by
molecular dynamics flexible fitting (MDFF) calculations (Fig. 3B;
fig. S6, A and B; and table S$3). Therefore, these data suggest that
mHsp60 single rings in cells largely correspond to the ADP-bound
species.

ADP-bound mHsp60 single rings had not been reported previ-
ously, thus warranting detailed analysis of this structure. The most
notable difference between the ATP- and ADP-bound mHsp60 single-
ring structures is the conformation of the apical domains, which are
much better defined in the ADP-bound structure (fig. S7B). We first
analyzed the conformation of helices H and I, responsible for bind-
ing SPs and mHsp10 (10, 11, 49, 55). In the ATP-bound mHsp60
single ring, helices H and I are facing the central cavity of the ring,
in a dynamic alternating up/down configuration that has been pro-
posed to help SP capture (49). In ATP-bound footballs, the mHsp60
apical domains undergo a vertical rigid-body rotation that elevates
helices H and I, thereby releasing the SP, enabling mHsp10 binding
and SP folding within the mHsp60:mHsp10 chamber (10, 11, 49, 55).
However, in the ADP-bound mHsp60 single rings, the apical do-
mains adopt a different orientation, undergoing a horizontal rigid-
body rotation relative to the ATP-bound single-ring form (Fig. 4A).
This positions helices H and I sideways from the central cavity, po-
tentially reducing their capacity to bind both SPs and mHsp10.

The analysis of the mHsp60 equatorial and intermediate domains
provided a rationale for these observations. Whereas, in the ATP-
bound football structure, D397 on helix M binds to the y phosphate
of ATP, this interaction is lost upon ATP hydrolysis (Fig. 4C). This
causes helix M to tilt upward, driving an allosteric conformational
change of the apical domain. As this conformation is not compatible
with mHsp10 binding (Fig. 4, B and D), ATP hydrolysis within football
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Fig. 3. Single-particle cryo-EM structures of purified mHsp60 complexes enable nucleotide state assignment of in situ mHps60 assemblies. (A) Ribbon represen-
tation of the atomic models derived from single-particle cryo-EM maps of the ATP-bound mHsp60:mHsp10 football (MHsp6014:mHsp1044), ATP-bound mHsp60:mHsp10
half-football (mHsp6014:mHsp10;), ATP-bound mHsp60 single ring (mHsp60;), and ADP-bound mHsp60 single ring, showing mHsp60 subunits in cyan and mHsp10
subunits in purple. The models are shown in side view (top) and in a top view omitting the mHsp10 lids to better visualize the mHsp60 apical domains (bottom). Space-
filling representations depict the nucleotides in Corey—Pauling—Koltun (CPK) color scheme. Insets show overlays of the density map (semitransparent) and atomic models
in the nucleotide binding pockets. Nucleotides are depicted as sticks, and Mg?* and K* ions are shown as green and purple spheres, respectively. (B) Rigid-body docking
of the single-particle-derived atomic models into the corresponding subtomogram maps obtained in situ (semitransparent). Overlays are shown in side view (top) and in
top view at the region corresponding to the apical domains (bottom).
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Fig. 4. The structure of the ADP-bound mHsp60 single ring reveals ATP hydrolysis-driven conformational changes. (A) Superposition of the mHsp60 monomer in
the ATP-bound (cyan) and the ADP-bound (yellow) single-ring (SR) structures. Exchange of ADP by ATP in the mHsp60 single ring results in a rigid-body horizontal rotation
of the apical domain [see helices H (aH) and I (al)] and downward pivoting of helix M (aM) in the intermediate domain indicated by arrows. (B) Superposition of the
mHsp60 monomer in the ATP-bound mHsp60:mHsp10 football (purple) and the ADP-bound mHsp60 single-ring structures. Arrows indicate the vertical movement of
helices H and | upon ATP hydrolysis. In (A) and (B), helices H and | in the apical domain and helix M in the intermediate domain are highlighted as ribbons, whereas cylin-
ders denote all other helices. (C) Close-up view of the nucleotide-binding pocket of the ATP-bound mHsp60:mHsp10 football and the ADP-bound mHsp60 single ring,
marked by a box in (B). ATP hydrolysis and the loss of the y-phosphate break the contact with residue D397, resulting in ~11° upward pivoting of aM indicated by an arrow.
(D) Top cartoon views of the ATP-bound mHsp60:mHsp10 football and ADP-bound mHsp60 single-ring structures showing only the apical domains with highlighted
helices H and I. Red circle: sites of interaction of the mHsp10 mobile loops with mHsp60 helices H and | in the mHsp60:mHsp10 football structure. In the ADP-bound
mHsp60 single ring, helices H and | move away from the mHsp10 landing sites, thus preventing the interaction. Note also the differences in the diameter of the central
pore. (E) Equatorial inter-ring interface in the ATP-bound mHsp60:mHsp10 football structure with the superimposed ADP-bound mHsp60 single-ring structure. In the
ATP-bound football, interactions between equatorial helices D (aD) and P (aP) stich the rings together. ATP hydrolysis causes conformational changes (arrows) altering the
positions of both helices and preventing the interactions between E460 and S462, as well as between K107 and E103 across the interface.

and half-football complexes is likely to trigger ejection of mHsp10.
Further comparison of the ATP-bound mHsp60:mHsp10 football
and the ADP-bound mHsp60 single ring also revealed differences in
theinter-ringinterface (Fig.4E). In the ATP-bound mHsp60:mHsp10
football, helices D and P form a smooth interface, allowing inter-
ring interactions between E460 and 5462, as well as E103 and K107
of an adjacent subunit (11, 55). In contrast, the equatorial interface

Ehses et al., Sci. Adv. 12, eaed3579 (2026) 4 March 2026

of the ADP-bound mHsp60 single-ring structure is incompatible
with these inter-ring interactions (Fig. 4E). Therefore, our structures
suggest that ATP hydrolysis within mHsp60:mHsp10 football com-
plexes leads to both mHsp10 ejection and equatorial split. Thus, the
abundant ADP-bound mHsp60 single rings observed in cells (Figs. 2D
to E and 3B) could result from the dissociation of mHsp60:mHsp10
complexes upon ATP hydrolysis.
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Interactions between mHsp60 single rings and SPs in situ

To further investigate the functional roles of the mHsp60 single
rings detected in cells, we analyzed their interactions with SPs. We
classified mHsp60 single-ring particles using a mask focused on
their central cavity (fig. S8A). This process revealed four different
groups: a class where no density was visible on the mHsp60 central
cavity, and another three classes where additional densities were
present at different heights of the cavity, either only at the equatorial
region or both at the apical and equatorial domains (Fig. 5A). The
classification was robust as similar classes were obtained upon inde-
pendent runs (fig. S8B). However, at the resolution obtained, it was
not possible to conclude with certainty whether the “no density”
class represented the absence of bound SP, dynamic SP interactions
that were lost by averaging, or a mixture of both. In any case, the “no
density” class was dominant in control cells, and proteostatic stress
did not cause major changes in the relative abundance of the differ-
ent classes (Fig. 5C). Therefore, although the relative proportions of
mHsp60 single rings and mHsp60:mHsp10 half-footballs and foot-
balls changed significantly upon stress (Fig. 2, E and F), proteostatic
stress may not affect the dynamics of the interactions between mHsp60
single rings and SPs.

Next, we investigated the regions of contact between mHsp60
single rings and their SPs. To that end, we first verified whether SP
binding induced any major structural change in the mHsp60 single
ring. However, the “no density” class was comparable to an average
of all SP-bound classes pooled (fig. S8C), and both classes fitted best
the ADP-bound single-particle cryo-EM structure (fig. S8E and ta-
ble $3). Thus, most of mHsp60 single rings detected in cells were
likely bound to ADP irrespective of whether or not they interacted
with SPs. Docking of the atomic model of the ADP-bound mHsp60
single ring into the in situ SP-bound structures of mHsp60 single
rings revealed the major sites of SP interaction (Fig. 5B). The “equa-
torial” class showed SP contacts with the mHsp60 C-terminal tails,
consistent with previous work (49). Similar equatorial densities
were also observed in the “apical + equatorial” classes, which also
displayed an additional contact in the apical domain, corresponding
to the loop region (L265-V271) at the end of helix I (Fig. 5, B and
D). Comparable contacts were observed also in C1 classes, ruling
out symmetry-induced artifacts (fig. S8D). Therefore, our in vitro
and in situ data suggest that most of mHsp60 single rings in cells are
bound to ADP and are able to engage in stable interactions with SPs.

SP interactions within mHsp60:mHsp10 complexes

Upon capture of SPs by mHsp60, mHsp10 binding leads to SP encap-
sulation for subsequent folding (10-12, 49). Therefore, our mHsp60:-
mHsp10 complexes detected in cells could have captured some of
these interactions. To analyze this possibility, we first pooled all
mHsp60:mHsp10 complexes detected in both footballs and half-
footballs to obtain an average half-football structure at ~11-A nominal
resolution (fig. S9, A and B). This strategy allowed a fair comparison
of SP occupancy of football and half-football complexes, given the
different abundance of these complexes (Fig. 2E). Next, we carried
out an analogous classification of mHsp60:mHsp10 complexes as for
mHsp60 single rings, using a mask focused on the central mHsp60:-
mHsp10 cavity (fig. S9C). Again, this resulted in four classes, one of
which displayed no SP density and another three where the SP was
visible at the different positions of the chamber (“equatorial’, “api-
cal + equatorial,” and “apical”; Fig. 6A and fig. S9, D to F). Similar
results were obtained upon independent rounds of classification

Ehses et al., Sci. Adv. 12, eaed3579 (2026) 4 March 2026

(fig. S9, D and E). As discussed above, the class with no visible SP
density may represent empty mHsp60:mHsp10 or SPs that are too
disordered to be captured by averaging, i.e., SPs in the initial stages
of the folding cycle. Whereas we cannot differentiate between these
possibilities here, our recent in situ cryo-ET work on bacterial
GroEL:GroES complexes would be consistent with the latter sce-
nario (29). In any case, the fraction of mHsp60:mHsp10 complexes
with defined SP densities (Fig. 6C) was approximately double than
for mHsp60 single rings (Fig. 5C). Thus, mHsp60:mHsp10 com-
plexes were generally found in a more advanced stage in the SP fold-
ing cycle than mHsp60 single rings.

Beyond the configuration of the SP, no major structural differ-
ences were observed between the classes (Fig. 6A and fig. S9, D and E).
Therefore, we docked the atomic model of the ATP-bound mHsp60:-
mHsp10 half-football derived from the single-particle cryo-EM
map into all in situ classes to investigate the sites of SP interaction.
This revealed that, equatorially, SPs contacted the mHsp60 C-terminal
tails, as well as the N-terminal W42 residue (Fig. 6B), which have
been implicated in SP binding (49). SPs contacted the apical domains
in a different location (helices ] and L; Figs. 5E and 6B) compared to
mHsp60 single rings, as helices H and I were no longer available for
SP interactions upon mHsp10 binding (49). As for mHsp60 single
rings, similar SP interactions were observed in mHsp60:mHsp10
complexes with or without the application of symmetry in the re-
constructions (fig. SOF).

No major differences in SP binding were found between cells un-
der control and proteostatic stress conditions (Fig. 6C), further indi-
cating that mHsp60-SP interactions were not affected by proteostatic
stress. SP-bound classes were similarly abundantin mHsp60:mHsp10
footballs and half-footballs, although footballs displayed a slightly
higher abundance of classes with ordered SP densities (Fig. 6C). These
findings suggest that, although mHsp60:mHsp10 half-footballs may
be able to carry out the complete folding cycle, they preferentially
associate into footballs, especially under proteostatic stress (Fig. 2E).
Therefore, mHsp60:mHsp10 footballs may be generally more ad-
vanced in the folding cycle than half-footballs.

Last, we investigated possible correlations in SP folding between
the two chambers of mHsp60:mHsp10 footballs. To that end, we
compared the experimentally observed distribution of SP classes on
each of the two halves of any given mHsp60:mHsp10 football to a
random distribution. This analysis did not reveal major differences
(Fig. 6D), suggesting that the two halves of mHsp60:mHsp10 foot-
balls operate independently from each other. Given that neither
mHsp60 double rings nor mHsp60:mHsp10 bullets were observed
in cells, our data imply that, within mitochondria, mHsp60:mHsp10
footballs are mainly formed by equatorial association of two ATP-
bound half-footballs. ATP hydrolysis in one of the halves may disas-
semble the football to initiate a new folding cycle (Figs. 4E and 7B).

DISCUSSION

Our cryo-ET analyses reveal in situ structural consequences of mi-
tochondrial proteostatic stress (Fig. 7). Our data suggest that pro-
tein aggregates in the mitochondrial matrix alter cristae organization,
first locally and eventually throughout the entire organelle (Fig. 7A).
Healthy mitochondria tightly regulate the geometry of their cristae,
which is compromised under various stress and pathological condi-
tions (39, 56). Cristae disruption by matrix protein aggregation is likely
a general phenomenon, stemming both from mHsp90 inhibition
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Fig. 5. In situ mHsp60-SP interactions in mHsp60 single rings. (A) In situ subtomogram averages from focused 3D classification of mHsp60 single rings (right) com-
pared to a single-particle cryo-EM (SPA) structure of the ADP-bound mHsp60 single-ring low-pass filtered to 15-A resolution (left). (B) Detailed views of SP interactions
with mHsp60. The atomic model of the ADP-bound mHsp60 single ring was docked by rigid-body fitting into the subtomogram averaging maps (semitransparent). SPs
are colored as in (A) (semitransparent). mHsp60 residues interacting with SPs are shown as spheres and indicated by arrowheads. Interactions are shown in side view (top)
and in top view at the level of the equatorial domains (bottom). (C) Relative abundance of SP-binding classes identified in situ. n(control) = 7280 single-ring particles.
n(proteostatic stress) = 8484 single-ring particles. (D) Atomic model of a mHsp60 monomer within the ADP-bound mHsp60 single ring, with SP-interacting mHsp60 resi-
dues highlighted as yellow spheres. The inset shows the atomic model of the ADP-bound single ring docked in the in situ subtomogram averaging map of the mHsp60
singlering, rotated 180°along the vertical axis. The C-terminal residue in this model is P527. (E) Atomic model of amHsp60 monomer within the ATP-bound mHsp60:mHsp10
half-football, with SP-interacting mHsp60 residues highlighted as purple spheres (see Fig. 6). The inset shows the atomic model of the ATP-bound mHsp60:mHsp10 half-
football docked into the in situ subtomogram averaging map of the mHsp60:mHsp10 half-football, rotated 180° along the vertical axis. The C-terminal residue in this
model is K528.

(this study) and the import of aggregation-prone proteins into mito-
chondria (41). Although the underlying molecular mechanisms are
not yet understood, proteostatic stress affected proteolytic processing
of the cristae-shaping GTPase OPAL (fig. S1C) (40) and is known to
promote the aggregation of respiratory complex components (32),
likely weakening their cristae-shaping capacity (57). Conversely,

Ehses et al., Sci. Adv. 12, eaed3579 (2026) 4 March 2026

alterations in cristae shape destabilize respiratory complexes (38),
possibly favoring their sequestration into aggregates. This suggests a
vicious cycle, in which the aggregation of respiratory complexes and
disruptions in cristae organization potentiate each other under pro-
teostatic stress, resulting in compromised mitochondrial respiratory
capacity (32, 41).
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Fig. 6. In situ mHsp60-SP interactions in mHsp60:mHsp10 complexes. (A) In situ subtomogram averages from focused 3D classification of SP-bound mHsp60:mHsp10
complexes rings (right) compared to a single-particle cryo-EM (SPA) structure of the ATP-bound mHsp60:mHsp10 half-football low-pass filtered to 15-A resolution (left).
(B) Detailed views of SP interactions with mHsp60. The atomic model of the ATP-bound mHsp60:mHsp10 half-football was docked by rigid-body fitting in the subtomo-
gram averaging maps (semitransparent). SPs are colored as in (A) (semitransparent). mHsp60 residues interacting with SPs are shown as spheres and indicated by arrow-
heads. (C) Relative abundance of SP-binding classes identified in situ. n(control) = 1746 half-football and 11,899 football particles. n(proteostatic stress) = 3909 half-football
and 29,136 football particles. (D) Analysis of possible cooperativity between the two halves of mHsp60:mHsp10 football complexes. The experimentally observed distribu-
tion of SPs in the two folding cages of footballs (left) is compared to a random distribution (right). The color scale represents the number of particles in each category from

a total of the 18,845 mHsp60:mHsp10 football complexes detected in the complete dataset.

Another general consequence of mitochondrial stress is the at-
tenuation of mitochondrial translation, which has been observed
upon, e.g., import blockage, membrane depolarization, transcrip-
tional defects, or UPR™ activation by proteostatic stress (17, 31, 32,
37, 58-61). Our cryo-ET data shed light into this phenomenon by
showing a strong reduction in mitochondrial ribosome complexes
under proteostatic stress (Fig. 2B). Furthermore, our analyses hint
to an active role of protein aggregation in mitochondrial ribosome
depletion as significantly lower numbers of fully assembled 558 ri-
bosomes were found in the vicinity of aggregates (Figs. 2H and 7A).
These data are consistent with recent evidence that mitochondrial
aggregates sequester mitochondrial ribosome components, especially
assembly factors and proteins of the small ribosomal subunit (41, 42).
Thus, mitochondrial ribosome assembly appears to be particularly
sensitive to proteostatic stress within the matrix.

The mitochondrial chaperonin mHsp60:mHsp10 assists the
folding of about half of the matrix proteome, is crucial for the as-
sembly of mitochondrial ribosomes, and is a key UPR™ effector

Ehses et al., Sci. Adv. 12, eaed3579 (2026) 4 March 2026

(6, 17-20, 41). Building on our combination of in situ and in vitro
structural analyses, we propose a model for the mHsp60 functional
cycle within cells and its modulation by misfolding stress (Fig. 7B).
We find that, under basal conditions, mHsp60 single rings predom-
inate (Fig. 2, E and F), in most cases without a defined density for SPs
(Fig. 5C) and likely bound to ADP (Fig. 3B; figs. S6, A and B, S8E;
and Fig. 7B, stage 0). Consistently, our cryo-EM structures suggest
that ADP-bound mHsp60 single rings display lower affinity for SPs
than ATP-bound mHsp60 single rings, given the positioning of SP-
interacting helices H and I away from the central cavity of the ring,
as well as the reduced dynamics of the apical domains in the ADP-
bound form (Figs. 3 and 4 and fig. S7B) (49, 55). We suggest that the
abundance of ADP-bound mHsp60 single rings in cells may reflect
(i) the relatively long residency time of ADP (62) and (ii) the rapid
binding dynamics of SPs and the mHsp10 protein cofactor following
ADP exchange by ATP (Fig. 7B, stages 1 and 2). In this framework,
ATP-bound mHsp60 single rings in cells are likely too transient
to be detected by our approach, and the next stable (and thus
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well as a potential.

detectable) assembly is the ATP-bound mHsp60:mHsp10 half-football
encapsulating an SP (Fig. 7B, stage 3). Most mHsp60:mHsp10 half-
football particles displayed ordered SP densities within their central
cages (Fig. 6), indicating that these SPs were at least partly folded.
This implies that mHsp60:mHsp10 half-footballs are competent for
SP folding in mitochondria, consistent with early reports (63) and
our previous findings that obligated half-football mHsp60:mHsp10
variants can complement GroEL:GroES-deficient E. coli strains (11).
After an attempted folding event, ATP hydrolysis by the mHsp60:-
mHsp10 half-footballs may trigger mHsp10 release (63), and two
outcomes may follow: If folding is successful, then the folded SP
would be released along with mHsp10, regenerating an ADP-bound
mHsp60 single ring ready to reinitiate the cycle (Fig. 7B, stage 0).
This pathway represents the single-ring folding cycle (Fig. 7B, green
rectangle).

Ehses et al., Sci. Adv. 12, eaed3579 (2026) 4 March 2026

However, it is known that SPs often require multiple rounds of
chaperonin engagement to achieve full folding (64, 65). Releasing
partially misfolded SPs after each cycle would be inefficient as it
would necessitate repeated SP capture events and could promote
deleterious aggregation (13). We therefore propose that, if SPs re-
main incompletely folded upon ATP hydrolysis and mHsp10 re-
lease, then a fraction of them may remain bound to the ADP-bound
mHsp60 single ring, awaiting nucleotide exchange and mHsp10 re-
binding for another folding cycle (Fig. 7B, stage 4'). In this model,
the ~35% of mHsp60 single rings observed bound to an ordered SP
(Fig. 5C) would primarily represent SPs undergoing refolding (Fig. 7B,
pink rectangle). The visible SP densities suggest that SPs are already
partially ordered and may thus have experienced previous folding
rounds. Thus, these densities are less likely to arise from newly captured
SPs, which would generally be more disordered and preferentially
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bind to empty ATP-bound mHsp60 single rings. This “refolding
route” may be favored for SPs with intrinsically slow folding kinetics.

Under proteostatic stress, most mHsp60:mHsp10 complexes de-
tected in cells corresponded to footballs with two folding cages
(Fig. 2, E and F). Therefore, although mHsp60:mHsp10 half-footballs
are likely folding competent, they appear to preferentially associate
equatorially into footballs (Fig. 7B, stage 4). This is consistent with
the ability of ATP to flatten the mHsp60 equatorial interface (Fig. 4E)
and promote inter-ring dimerization (52, 55). Ordered SP densities
were slightly more abundant within mHsp60:mHsp10 footballs than
within half-footballs (Fig. 6C), in agreement with footballs resulting
from the association of two half-footballs in which folding had al-
ready started. The enrichment of football complexes within the im-
mediate vicinity of mitochondrial aggregates (Figs. 2H and 7A)
suggests that the abundance of misfolded SPs promotes football as-
sembly. Our analyses of the two halves of mHsp60:mHsp10 footballs
indicated that each folding cage operates independently without de-
tectable cooperativity, unlike GroEL:GroES (13, 29).

Because mHsp60:mHsp10 footballs form through association of
ATP-bound half-footballs at different stages of the folding cycle, ATP
hydrolysis is likely to occur first in one half. This would convert ATP
to ADP, destabilizing the equatorial interface and triggering the split
of the football (Fig. 7B, stage 5). This event marks the end of the
double-ring folding cycle (Fig. 7B, blue rectangle). The resulting ADP-
bound half-football would then release mHsp10 as discussed above
and either discharge its folded SP to restart the cycle (Fig. 7B, stage 0)
or retain a partially folded SP for subsequent refolding (Fig. 7B, stage
4'). The other half-football remains ATP bound (Fig. 7B, stage 3) and
may thus continue the folding cycle either as an independent half-
football or by associating into a new football complex.

An alternative pathway for football assembly could involve pre-
formed mHsp60 double rings binding two mHsp10 complexes. Giv-
en that simultaneous binding of both mHsp10 lids is unlikely, this
route would probably proceed via a “bullet” intermediate, where one
ring is capped by mHsp10 and the other is not. Although we resolved
the structures of such double-ring and bullet complexes in vitro
(fig. S7), neither species was detected in cells despite a targeted
search. Thus, while transient formation of mHsp60 double rings and
mHsp60:mHsp10 bullets cannot be excluded, our data indicate that
they are unlikely to represent a major pathway for mHsp60:mHsp10
football formation in cells.

These findings contrast with our recent cryo-ET study of GroEL:-
GroES in E. coli cells, where we detected only double-ring GroEL
species, predominantly bullets (29). We proposed that, unlike mHsp60,
the GroEL double ring does not dissociate during its duty cycle and
acts as the main SP acceptor complex. SP and subsequent GroES
binding to one of the GroEL rings lead to SP encapsulation within a
bullet structure. Following an “asymmetric” cycle, SPs and GroES
could be released upon ATP hydrolysis by GroEL, resulting in a new
GroEL double ring ready to capture SPs again. In an alternative
“symmetric” cycle, a second SP followed by GroES may bind the
vacant GroEL ring of an SP-loaded bullet complex, leading to foot-
ball formation. ATP hydrolysis in one of the GroEL rings results
then in a new bullet that can proceed through either symmetric or
asymmetric cycles. Thus, despite their high sequence and structural
homology, bacterial GroEL:GroES and human mHsp60:mHsp10
populate distinct assembly landscapes throughout their SP folding
cycles. More distantly related chaperonins follow different principles.
For example, a recent cryo-ET study on the group II chaperonin
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TRiC in mammalian cells identified only complexes with both cavi-
ties either open or closed (66). However, one potential commonality
for mHsp60 (this study), GroEL (29) and TRiC (66) seems to be a
robust functional cycle that is not fundamentally affected by proteo-
static stress, which, in turn, only modulates SP occupancy and/or
the chaperonin conformational equilibrium.

Limitations of this study

Collectively, our work sheds light into the functional mechanisms of
key mitochondrial machineries for protein biogenesis and their re-
modeling in response to proteostatic stress. While here we focused
on the mitochondrial ribosome and the mHsp60 chaperonin, mito-
chondrial proteostatic responses also engage various other protein
quality control factors, including mHsp70, mHsp90, and proteases
whose structural transitions upon stress are yet to be elucidated. The
nature of 3D classification gives us confidence that mHsp60 single
rings, mHsp60:mHsp10 half-footballs, and mHsp60:mHsp10 foot-
balls are the most populated mHsp60 assemblies in our cells, but we
cannot exclude small populations of other mHsp60 assemblies. Sim-
ilarly, although we detected only ADP-bound mHsp60 single rings
in cells, other nucleotide states likely exist, albeit transiently. Fur-
thermore, given that mHsp60:mHsp10 half-footballs are likely com-
petent for folding SPs, it remains to be determined why football
formation is favored and whether a football is more folding-competent
than two separate half-footballs. The structural bases for the diver-
gent functional cycles of the otherwise highly homologous human
mHsp60 and bacterial GroEL systems also require further investiga-
tion. Last, our data complement recent cryo-ET analyses of mito-
chondrial alterations in the context of mitochondrial depolarization
that also induce PINKI1 activation (56). Future studies directed at
visualizing PINK1 accumulation at the TOM complex under mito-
chondrial stress may aid in understanding how these alterations sig-
nal mechanistically to PINK1 activation.

MATERIALS AND METHODS
Protein expression and purification
mHsp60 is translated in the cytosol as a 573-amino acid polypep-
tide containing a 26—amino acid-long mitochondrial matrix targeting
signal, which, upon cleavage, yields a mature 547-amino acid-long
mitochondrial protein beginning with the sequence AKDVKFG. For
recombinant mHsp60 production, the WT human mHsp60 gene
(HSPD1), lacking the N-terminal mitochondrial targeting sequence,
was expressed in E. coli as a construct bearing an N-terminal HisTag
followed by a Tobacco Etch Virus (TEV) protease cleavage site. The
protein was purified by sequential Ni-affinity and anion-exchange
chromatography, as previously described (11, 67, 68). After TEV
cleavage, the resulting mHsp60 used for cryo-EM retained an addi-
tional Gly-Ser at the N terminus that does not affect the final struc-
ture or function of the reconstituted protein (11). For consistency
with recent cryo-EM studies (49, 50, 53), amino acid numbering on
our structures refers to the mature WT mitochondrial mHsp60.
Monomeric mHsp60 was concentrated and incubated at 30°C for
2 hours in the presence of 4 mM ATP, 20 mM KCl, and 20 mM mag-
nesium acetate to promote oligomer assembly. The sample was then
loaded onto a Superdex 200 gel-filtration column equilibrated in
50 mM tris-HCI (pH 7.7), 300 mM NaCl, and 10 mM MgCl,. Fractions
containing active oligomeric mHsp60 were pooled, concentrated,
and flash frozen in liquid nitrogen for storage. WT human mHsp10
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(HSPE1) was expressed in E. coli without a HisTag and purified by
sequential anion-exchange and cation-exchange chromatography
followed by gel filtration, as previously reported (10, 11). Purified
mHsp10 in 50 mM tris-HCI (pH 7.7) and 100 mM NaCl was con-
centrated and flash frozen in liquid nitrogen for storage. A detailed
protocol for these procedures was published by Weiss et al. (67).

Sample preparation and data collection for

single-particle cryo-EM

To capture mHsp60:mHsp10 assembly intermediates as a function
of ATP binding and hydrolysis, mHsp60 and mHsp10 were mixed at
a final concentration of 10 pM and 8 pM, respectively (molar ratio,
1:0.8), in reaction buffer containing 20 mM tris-HCI (pH 7.7), 20 mM
KCl, 10 mM MgCl, and 2 mM ATP. After mixing, samples were
incubated for defined time intervals ranging from 30 s to 30 min. At
each time point, a 4-pl aliquot of the reaction mixture was applied to
glow-discharged Quantifoil R 2/1 300 mesh grids. Grids were blot-
ted from the front side for 2.4 to 2.7 s under 95% relative humidity
and vitrified in liquid ethane using a Leica GP2 cryo-plunger (Leica
Microsystems). A detailed protocol for plunge freezing of purified
protein samples was published by Chen et al. (69).

Specimens were imaged on a 300-kV Krios G4 (Thermo Fischer
Scientific) cryo-electron microscope equipped with a BioContinu-
um energy filter and a K3 direct detector camera (Gatan) operating
in counting mode at a calibrated 0.8238 A/pixel. Using a 0.8- to 1.6-pm
defocus range, six movies were recorded per hole, each with a total
accumulated dose of 50 electron (e7)/A? over 50 frames. Movies
were recorded automatically using EPU 2 (Thermo Fischer Scien-
tific) with aberration-free image shift and fringe-free imaging. A
detailed protocol for these procedures is available at dx.doi.org/10.
17504/protocols.io.14egn3m5ql5d/v1.

Cryo-EM data processing and 3D reconstruction

Initial processing for datasets collected at different time points fol-
lowed an analogous general strategy (fig. S7). Frame alignment and
contrast transfer function (CTF) estimation were performed in
cryoSPARC Live (70). Micrographs were evaluated on the basis of
CTF fits and total motion, and the best movies were selected for
further processing. For each dataset, automatic particle picking was
carried out in cryoSPARC using templates generated from an initial
blob-based picker. Several rounds of reference-free 2D classification
were used to remove poorly aligning particles.

Ab initio reconstruction was performed to generate initial 3D
models. Particles contributing to mHsp60 single-ring classes in
the ab initio reconstructions were further subjected to additional
ab initio reconstructions to obtain distinct initial mHsp60 single-
ring models. Heterogeneous refinement was then performed to
sort particles among the different conformational states. For each
of the resulting classes, homogeneous refinements were carried out
separately.

After processing the datasets individually, particles assigned to
the same structural state across different time points were combined.
The merged particle stacks were further cleaned by additional rounds
of 2D classification and heterogeneous refinement to remove outli-
ers. Final refinements were performed in RELION 3.0 with per-
particle CTF refinement enabled (71). The local resolution of the
reconstructions was estimated in cryoSPARC. A detailed protocol
for these procedures was published by Dilorio and Kulczyk (72).
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Model building

For model building of the ATP-bound mHsp60:mHsp10 football,
mHsp60:mHsp10 half-football, and mHsp60 double-ring complexes,
we used as starting models our previously deposited structures with
Protein Data Bank (PDB) IDs 9ESO, 9ES1, and 9ES2, respectively
(55). For the ATP-bound mHsp60 single-ring complex, we generat-
ed an initial model by extracting one ring from the mHsp60 double-
ring ATP structure (PDB 9ES2). The mHsp60:mHsp10 bullet-shaped
complex was assembled by combining a mHsp60:mHsp10 half-
football models (PDB 9ES1) with one ring of the ATP-bound mHsp60
double-ring structure. For the ADP-bound mHsp60 single-ring
complex, we used the mHsp60:mHsp10 half-football model as the
starting template.

Rigid-body fitting of the initial models into the corresponding
cryo-EM density maps was performed using UCSF ChimeraX (73).
Subsequent rounds of real-space refinement were carried out in
Phenix (74) with secondary structure and geometry restraints. Man-
ual model correction and rebuilding were performed in Coot (75) to
improve the fit and stereochemistry before final refinement. Root
mean square deviation (RMSD) calculations were performed using
MAXIMOBY/MOBY (CHEOPS, Germany), considering all com-
mon Ca atoms between the models for alignment and RMSD calcu-
lation. Low RMSD values indicate similarity between the structures.

In the ATP-bound mHsp60 single rings, intermediate and equa-
torial domains were well resolved, while apical densities were weak,
in line with previous results (49, 55). Gaussian filtering of the cryo-
EM map in Chimera (76) allowed visualization of the apical region
density (fig. S7B). Thus, the structure of the equatorial and interme-
diate domains of the ATP-bound mHsp60 single ring was built de
novo on the basis of the high-resolution density features of the cryo-
EM map in this region, whereas, for the apical region, the analogous
region of an apo mHsp60 single-ring structure (PDB 9ES3) (55) was
docked and refined.

Generation of HeLa PINK1-GFP knock-in cell line

using CRISPR-Cas9

A HeLa cell line expressing PINK1 fused to GFP at the C terminus
from the endogenous locus was generated via CRISPR-Cas9. A
double-strand break was introduced in exon 1 of the PINKI1 gene
using two single guide RNAs delivered on Cas9-nickase plasmids
(DU64062 and DU64072), along with a donor plasmid (DU64119)
encoding full-length PINK1-GFP, a stop codon, and a polyadenyl-
ation sequence. The donor was flanked by ~500-base pair homology
arms. C-terminal tagging was chosen to preserve the N-terminal
mitochondrial targeting sequence.

HeLa cells (~60% confluency) were transfected in 10-cm dishes
using polyethylenimine in antibiotic-free Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum and 2 mM -
glutamine. A total of 1 pg each of the CRISPR plasmids and 3 pg of
the donor plasmid were mixed in 1 ml of Opti-MEM with 20 pl
polyethylenimine, incubated for 30 min at room temperature, and
added to the cells. After 24 hours, puromycin (2 pg/ml) was applied
for 48 hours. A second transfection was performed without selec-
tion, followed by a 10-day culture period to eliminate residual donor
expression.

To boost PINK1 accumulation and enhance GFP detection, cells
were treated with 5 pM antimycin A and 0.63 pM oligomycin for 18
hours, then washed, and cultured for another 24 hours. GFP-positive
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cells were sorted by fluorescence-activated cell sorting (530/540-nm
filter) using a low GFP threshold to exclude clones with off-target
integration or defective PINK1 turnover. Sorted cells were plated in
96-well plates coated with 0.1% gelatin. Single colonies were expand-
ed (5 to 6 weeks) and screened by immunoblotting with anti-PINK1
and anti-GFP antibodies. A detailed protocol for these procedures is
available at dx.doi.org/10.17504/protocols.io.dm6gpm38pgzp/v1.

Whole-cell lysate preparation

For biochemical experiments, HeLa GFP-PINK1 cells were cultured
in DMEM supplemented with 10% fetal bovine serum, 1% penicil-
lin/streptomycin, and 1% L-glutamine and used for experiments at
90% confluency. Cells were treated with 10 pM G-TPP, and PINK1
activation was assessed at 1, 2, 3, 4, 5, and 6 hours. Dimethyl sulfox-
ide was used as control. HeLa GFP-PINK1 cells were sonicated in
lysis buffer containing 50 mM tris-HCI (pH 7.5), 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100 (w/v), 0.1% SDS (w/v), 1 mM sodium
orthovanadate, 10 mM sodium glycerophosphate, 50 mM sodium
fluoride, 10 mM sodium pyrophosphate, 0.25 M sucrose, 0.1 mM
phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Roche),
phosphatase inhibitor cocktails 2 (Sigma-Aldrich) and phosStop
(Roche), and 200 mM chloroacetamide. After sonication, lysates were
incubated on ice for 30 min. Samples were centrifuged at 17,000g for
30 min at 4°C using an Eppendorf 5417R centrifuge. The supernatants
were collected, and protein concentration was determined using bicin-
choninic acid assay (BCA) (Pierce). A detailed protocol for these pro-
cedures is available at dx.doi.org/10.17504/protocols.io.bswanfae.

Ubiquitin capture using Halo-m-DSK

Halo-tagged m-DSK, a yeast Dskl-derived ubiquitin-binding pro-
tein, was immobilized by incubating with 200 pl of HaloLink resin
(Promega) in binding buffer [50 mM tris-HCI (pH 7.5), 150 mM NaCl,
and 0.05% NP-40] overnight at 4°C. Whole-cell lysates (1 mg) were
then incubated with 20 pl of Halo-m-DSK-bound resin overnight at
4°C. Beads were washed three times with lysis buffer containing 0.25 M
NaCl, and bound proteins were eluted by resuspending in 20 pl of
2% lithium dodecyl sulfate (LDS) sample buffer. The eluates were
incubated at 37°C for 15 min with shaking (2000 rpm), followed by
the addition of 2.5% 2-mercaptoethanol. This method was adapted
from a previously described m-DSK ubiquitin capture protocol (77).

GFP-PINK1 immunoprecipitation and immunoblotting
Whole-cell lysates (1 mg) were incubated overnight at 4°C with 10 pg
of GFP beads (DU61915 Agarose, MRC Reagent & Services). Beads
were washed three times with lysis buffer containing 250 mM NaCl,
and bound proteins were eluted in 10 pl of 2x LDS sample buffer.
Eluates were heated at 70°C for 10 min, followed by the addition of
2.5% 2-mercaptoethanol. This protocol was adapted from dx.doi.org/
10.17504/protocols.io.eq2ly7kxqlx9/v1.

Samples were resolved by SDS—polyacrylamide gel electropho-
resis (PAGE) using 4 to 12% bis-tris gels and transferred to 0.45-pm
polyvinylidene difluoride membranes (Protran, Immobilon-P).
Membranes were blocked for 1 hour at room temperature in 5%
skimmed milk in TBS-T [50 mM tris-HCI, 150 mM NaCl, and
0.1% Tween 20 (pH 7.5)] and incubated overnight at 4°C with the
indicated primary antibodies. Detection was performed using
horseradish peroxidase-conjugated secondary antibodies and en-
hanced chemiluminescence. A detailed protocol for PINK1-Parkin
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signaling immunoblotting is available at dx.doi.org/10.17504/
protocols.io.bswanfae.

Fluorescence microscopy

Fluorescence microscopy was performed following the manufac-
turer’s protocol (www.biolegend.com/fr-ch/products/mitospy-red-
cmxros-13890?GroupID=GROUP22) for the mitochondrial dye
MitoSpy Red CMXRos (BioLegend). In brief, cells were seeded onto
poly-L-lysine-coated glass coverslips placed in 24-well plates and al-
lowed to adhere overnight. The following day, cells were either left
untreated or treated with 10 uM G-TPP for the indicated durations.
Thirty minutes before the end of the incubation period, 300 nM Mi-
toSpy Red CMXRos was added to stain mitochondria. Cells were
then washed with PBS and fixed with 4% paraformaldehyde for
15 min at room temperature. After three washes in PBS to remove
residual fixative, cells were permeabilized with 0.1% Triton X-100
and incubated for 5 min with Hoechst 33342 to stain nuclear DNA.
Coverslips were extensively washed with PBS and mounted on glass
slides using a compatible mounting medium.

Fluorescence imaging was performed on a DMi8 microscope
(Leica) equipped with an HC PL APO 63%/1.40 oil immersion ob-
jective and a Leica K5-14401415 detector. Image acquisition was
carried out as 2 X 2 binned Z-stacks comprising 20 steps and three
channels corresponding to the respective signals [MitoSpy Red CM-
XRos in the TXT channel, PINK1-GFP in the GFP channel, and
4’,6-diamidino-2-phenylindole (DAPI) in the DAPI channel]. Fur-
ther processing, including histogram adjustment and denoising
with THUNDER, was performed using the LAS X software platform
(Leica).

Cell viability assay

Cell viability was assessed using the CellTiter-Glo 2.0 assay (Pro-
mega) according to the manufacturer’s instructions (www.promega.
com/-/media/files/resources/protocols/technical-manuals/101/
celltiterglo-2-0-assay-protocol.pdf). In brief, cells were seeded into
96-well flat-bottom white opaque plates and allowed to adhere over-
night. Following treatment with 10 pM G-TPP for the indicated du-
rations, CellTiter-Glo reagent was added directly to the wells and
incubated for 10 min at room temperature. Luminescence was then
measured using a plate reader (Tecan). Experiments were performed
in triplicate.

Cryo-ET sample preparation

Electron microscopy 200-mesh R 2/2 gold UltrAuFoil grids (Quanti-
foil) were glow discharged and immersed in cell culture medium.
Cells were plated directly onto the grids with a target confluency of
~30 to 50% and allowed to adhere overnight. The following day, cells
were either left untreated or treated with 10 pM G-TPP for 4 hours
before vitrification. Immediately before freezing, grids were incu-
bated in 10% glycerol for ~30 s. The grids were then mounted on a
Vitrobot Mark IV (Thermo Fisher Scientific). Blotting was per-
formed from the back under the following conditions: 37°C cham-
ber temperature, blot force of 0, blot time of 5 s, drain time of 1 s,
and without humidification. The grids were plunge frozen into a
liquid ethane/propane mixture and stored in liquid nitrogen in
cryo-EM storage boxes until further use. A detailed protocol de-
scribing these procedures is available at dx.doi.org/10.17504/protocols.
i0.261ge5pxyg47/vl.
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Cell thinning by FIB/SEM
Grids were clipped into autogrids featuring FIB-compatible cutouts
and mounted onto a cryo-FIB/scanning electron microscopy (SEM)
transfer shuttle. Lamella preparation was performed using an Aquilos
2 cryo-FIB/SEM dual-beam microscope (Thermo Fisher Scientific).
Before thinning, samples were sequentially coated with protective
platinum layers in the following order: an initial sputter-coated layer
of inorganic platinum, followed by an organometallic platinum de-
position, and a final sputter-coated layer of inorganic platinum. Full-
grid SEM montages were acquired to identify suitable cells for
lamella preparation. A detailed protocol describing these procedures
is available at dx.doi.org/10.17504/protocols.io.kqdg3xpyqg25/v3.
Automated rough milling down to a lamella thickness of ~400 nm
was performed using the AutoTEM 5 software (Thermo Fisher
Scientific) in a stepwise fashion with decreasing ion beam currents
(1 nA to 300 pA) at a milling angle of 10°. Final polishing was carried
out manually using currents ranging from 100 to 30 pA to achieve
a final lamella thickness of <250 nm. After thinning, grids were re-
tracted from the microscope and stored in cryo-EM boxes under
liquid nitrogen until further use.

Cryo-ET data collection

Cryo-ET data were acquired on a Titan Krios G4 transmission elec-
tron microscope (Thermo Fisher Scientific) operated at 300 kV. The
instrument was equipped with an XFEG electron source, a Selectris
postcolumn energy filter, and a Falcon 4i direct electron detector
(Thermo Fisher Scientific). Low-magnification full-grid montages
were acquired at X135 nominal magnification to locate lamellae. For
each lamella, overview montages were recorded at X6500 magnifica-
tion (18.89 A/pixel) to identify mitochondria on the basis of their
characteristic morphology. Tomographic tilt series were acquired
using SerialEM (78) with the PACEtomo implementation (79) at a
nominal magnification of X53,000 (2.3124 A/pixel). Tilt series were
collected using a dose-symmetric tilt-scheme (80), starting from a
pretilt of 9° and proceeding in 3° increments over a range of +54°.
The dose per micrograph was set to ~4 e/A? yielding a cumulative
electron dose of <150 e™/A? per tilt series. Defocus was cycled be-
tween —3 and —5 pm in 0.25-pm steps. An energy filter slit of 20 eV
width was applied during acquisition to improve contrast. A de-
tailed protocol describing these procedures is available at dx.doi.
org/10.17504/protocols.io.6qpvr3442vmk/v1.

Cryo-ET tilt-series reconstruction

Preprocessing was performed in a semiautomated manner using
PROCMAN, a collection of MATLAB (MathWorks) scripts (https://
doi.org/10.5281/zen0do.17292571) partially based on the TOMO-
MAN suite (81). In brief, dose-fractionated movies were first motion cor-
rected and aligned using MotionCor2 (82). Frames exhibiting blurring
or acquisition artifacts (e.g., dark frames) were manually excluded fol-
lowing visual inspection. Curated tilt series were then aligned by patch
tracking in IMOD (83), and tomographic volumes were reconstructed
using weighted back projection with binning 4, resulting in a final
pixel size of 9.25 A. For subsequent integration into the M/WARP pipe-
line (84), motion-corrected frame stacks and corresponding IMOD
alignment models were imported into WARP for CTF estimation.

Tomogram segmentation and membrane density analysis
To enhance contrast and improve visibility of cellular structures, re-
constructed tomograms were processed using CTF deconvolution
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implemented in IsoNet (85). Initial membrane segmentations were
generated with MemBrain using its pretrained model as described
(86). Protein aggregates in the mitochondrial matrix were identi-
fied by their amorphous appearance and protein-like electron den-
sity, in contrast to much denser calcium phosphate granules.
Aggregates were segmented using the deep learning framework in
Dragonfly (Comet Technologies Canada Inc.). For model training,
tomograms were prepared following the protocol described by
Heebner et al. (87). In brief, 15 tomograms containing aggregates
were manually annotated using a local Otsu thresholding filter in
Dragonfly to accurately define aggregate boundaries. These curat-
ed annotations were then used to train a 2.5D U-Net model, which
was subsequently used to automatically generate initial aggregate
segmentations. The outputs from both MemBrain and Dragonfly
were manually reviewed and refined using Amira (Thermo Fisher
Scientific) to remove false-positives and include missing regions.
Segmentations of the full mitochondrial volume were generated
manually in Amira.

For the analysis of volumetric membrane density (Fig. 1, C and
D), the number of aggregate-associated voxels was quantified rela-
tive to the segmented mitochondrial volume on a per tomogram ba-
sis. To classify tomograms into high-aggregation and low-aggregation
groups, k-means clustering was performed in MATLAB using both
the relative proportion and absolute volume of aggregate voxels
(100,000 replicates). For distance-dependent analysis, the Euclidean
distance between each annotated membrane voxel and its nearest
aggregate voxel was computed. Voxels within defined distance bins
were pooled across tomograms, and the mean membrane density
per distance range and tomogram was determined.

Particle localization and subtomogram averaging
To generate data-derived reference maps for TM and to test the de-
tectability of specific protein complexes, an initial screen was per-
formed on a subset of 15 control and 15 G-TPP-treated tomograms.
As a reference for the mitochondrial ribosome, a density map of the
human 55§ mitochondrial ribosome [Electron Microscopy Data
Bank (EMDB) 3784] (88) was used, after manually removing the
membrane signal using UCSF Chimera (76) and low-pass filtering
the map to 60 A. For mHsp60 complexes, a map of the human
mHsp60:mHsp1010 football complex (EMDB 9195) (11) served asa
basis. Specific substructures (mHsp60 single rings, mHsp60 double
rings, as well as mHsp60:mHsp10 half-footballs, bullets, and foot-
balls) were obtained by targeted masking. All maps were subse-
quently low-pass filtered to 40 A for TM.

TM was performed in DYNAMO (89) with an angular sampling
of 15° on bin 4 tomograms for mHsp60 complexes and on bin 8
tomograms for the mitochondrial ribosome. To reduce false positives,
cross-correlation (CC) maps were masked using the mitochondrial
volume segmentation before peak extraction. The top-scoring 600
CC peaks (for mHsp60:mHsp10 footballs) or 500 (for all other spe-
cies) per tomogram were selected. Subvolumes were reconstructed
in WARP with a pixel size of 9.25 A and subjected to two to three
rounds of 3D classification in RELION 4.0 (90). If the classification
yielded structurally consistent classes (mHsp60 single rings,
mHsp60:mHsp10 half-footballs, and mHsp60:mHsp10 footballs),
then a 3D refinement was performed to generate a data-derived ref-
erence for a second round of TM. Targets that did not yield reliable
reconstructions (mHsp60 double rings and mHsp60:mHsp10 bul-
lets) were excluded from further analysis.
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In the second round of TM, the same parameters were used as for
the initial TM round, but the full dataset of 242 tomograms was
searched using the data-derived templates. On the basis of particle
yields from the first TM round, the following numbers of top-scoring
coordinates were extracted per tomogram: 1000 (mHsp60:mHsp10
football), 120 (mitochondrial ribosome), 500 (mHsp60:mHsp10half-
football), and 350 (mHsp60 single ring). Subvolumes were again
reconstructed in WARP (9.25 A/pixel) and subjected to iterative 3D
classification in RELION 4.0. This process was then repeated at
higher resolution (4.6248 A/pixel). Given the high degree of crowd-
ing of the mitochondrial matrix, a second round of particle extrac-
tion was performed using the same CC maps, but after masking out
all previously verified particle localizations to avoid double picking.
The newly extracted subvolumes were processed as before and pooled
with the original sets after distance-based cleaning.

To further improve picking accuracy, a deep learning-based meth-
od was applied using DeepFinder (91). For each species, coordinates
and density maps derived from subtomogram averaging were used
to train a model on the basis of shape-based target recognition, with
95% of the particles used for training and 5% for validation. The
model was trained for 70 epochs with 200 training and 20 validation
steps per epoch. Coordinates were extracted from clusters with a
minimum size of 30 voxels and subjected to the same classification
pipeline using WARP and RELION 4.0. DeepFinder-derived parti-
cles were then combined with the TM-derived sets, followed by
distance-based cleaning to avoid double picking.

To prevent early-stage misidentification of particle species, all
coordinates from mHsp60 complexes were merged into a single set
and subjected to a final round of 3D classification in RELION 4.0.
The same procedure was applied to all ribosomal coordinates. This
yielded a final curated dataset comprising 22,338 mHsp60:mHsp10
footballs, 6130 mHsp60:mHsp10 half-footballs, 18,144 mHsp60
single rings, 1414 558, and 3647 39S mitochondrial ribosomes. Final
subvolumes were reconstructed in Warp at 4.6248 A/pixel and refined
in RELION 4.0. Particle poses were further optimized in M using
successive geometric and CTF refinement steps, resulting in con-
sensus maps at the following resolutions: 7.76 A (mHsp60:mHsp10
football), 14.30 A (mHsp60:mHsp10 half-football), 13.67 A (mHsp60
single ring), 22.89 A (55S), and 15.92 A (3959).

Distance-based enrichment analysis

To assess the spatial enrichment of particles in the proximity of ag-
gregates, a proximal region was defined as the volume within 50 nm
of the nearest aggregate surface in 3D segmentations. For compari-
son, a distal region was defined to comprise an equivalent volume,
beginning from 50-nm distance to the aggregate and extending out-
ward. The mitochondrial volume segmentation was used to compute
the available volume within each region, and the Euclidean distance
from each particle coordinate to the nearest aggregate voxel was cal-
culated. The number of particles within the proximal and distal re-
gions was normalized to their respective volumes to calculate the
mean particle density per region and per tomogram. This allowed us
to compare particle localization independently of the differing avail-
able space, enabling a direct assessment of particle enrichment near
aggregates. These analyses were implemented in MuRePP (Multidi-
mensional Representation of Particle Properties), a collection of
MATLAB scripts for quantitative analysis of subtomogram averag-
ing particle lists, compatible with RELION-style .star files (https://
doi.org/10.5281/zenodo.17292571).
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SP-focused classification and analysis of mHsp60

single rings

To investigate the occupancy states of the central cavity in mHsp60
single rings, we applied focused classification using a cylindrical mask
centered on the cavity while minimizing inclusion of surrounding
mHsp60 density. Unbinned subvolumes (2.3124 A/pixel) were re-
constructed in WARP following M-refinement and subjected to 3D
classification in RELION 4.0 without alignment. Classification was
performed with a regularization parameter of T = 4, restricted to
25-A resolution, and C7 symmetry imposed. Four classes were com-
puted over 35 iterations using the focused mask. The resulting classes
displayed distinct densities within the central cavity, localized either
at the equatorial domain, the apical domain, or both. To validate the
reproducibility of these classes, the classification procedure was in-
dependently repeated with identical parameters. Particles consis-
tently assigned to the same class across both runs were grouped for
downstream analysis. Four reproducible classes were identified: one
featuring additional density in the equatorial region (3015 particles),
two with density in both the equatorial and apical regions (1795 and
679 particles, respectively), and one with no additional cavity den-
sity (10,275 particles).

To assess potential conformational differences associated with SP
binding, all particles from the three classes displaying additional
densities were pooled and compared to the unoccupied class. A
spherical mask was used to perform 3D refinement in RELION 4.0
followed by M-refinement. Atomic models of the ADP-bound, ATP-
bound, and apo forms of the mHsp60 single ring were docked into
the resulting maps using rigid-body fitting in ChimeraX (92), with
the ADP-bound model consistently providing the best fit, as con-
firmed by MDFF (see below).

Application of C7 symmetry enhanced the rotational signal and
enabled localization of recurring SP interaction regions. Rigid-body
docking of the ADP-bound model into each map allowed identifica-
tion of contact sites between the additional density and the mHsp60
ring at contour levels corresponding to initial interaction. To control
for potential artifacts introduced by symmetry, the classification was
repeated in C1. Although the resulting classes exhibited high hetero-
geneity and did not fully converge, inspection of individual classes
confirmed the interaction sites previously observed under C7 symmetry.

Molecular dynamics flexible fitting

To quantitatively assess the fit of the mHsp60 single-ring atomic
models in different nucleotide states into the in situ subtomogram
averaging maps, we performed MDFF (93) following a previously
developed strategy (27). In this approach, the conformational space
of the atomic model is sampled by a force field-based molecular me-
chanics simulation that is biased toward the energy potential of the
subtomogram averaging density map. MDFF runs were initiated by
the atomic models of the mHsp60 single ring in ATP-bound (this
study), ADP-bound (this study), and apo (PDB 9ES3) forms, using
the subtomogram averaging maps for the mHsp60 single ring before
(“global” map) and after SP-focused classification (fig. S8; “no den-
sity” and “SP-bound” maps). To that end, we first removed the water
molecules from the atomic models and docked them as rigid bodies
into the subtomogram averaging density maps using ChimeraX.
The docked structures were prepared for MDFF runs using the soft-
ware package MAXIMOBY/MOBY as follows. The structures were
protonated on the basis of the local pK, (where Ka is the acid
dissociation constant) values of each residue calculated at a pH 7
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using the MAXIMOBY protonation algorithm on the basis of previous
work (94). Water molecules of the first solvation shell of the protein
complex were set using a Vedani-like algorithm (95) implemented
in MAXIMOBY. MDFF simulations of these structures were pre-
pared in VMD 1.9.4 (96) using the MDFF plugin of QwikMD (97)
and performed with NAMD 2.13 (98) using the CHARMM36 force
field (99). An initial 800-step energy minimization phase was fol-
lowed up by a 40-ns simulation phase at 300 K with implicit solvent.
During both phases, existing secondary structure elements (x helix
and f sheet), peptide isomerism (cis/trans), and center chirality were
restrained. Thus, only conformational changes of side chains and
subunit movements were allowed within the MDFF runs. To assess
the quality of the fit of the atomic models into the subtomogram
averaging maps, we calculated the RMSD of the initial atomic mod-
el versus the output of MDFF using the RMSD calculation algorithm
implemented in MAXIMOBY, considering all Ca atoms. The lower
the RMSD values, the better the initial model explains the subtomo-
gram averaging map. The MDFF output atomic models are available
at https://doi.org/10.5283/EPUB.78309. A detailed guide to carry
out MDFF simulations was published by Trabuco et al. (93).

SP-focused classification and analysis of mHsp60:mHsp10
half- and full footballs

To investigate chamber occupancy in mHsp60:mHsp10 complexes,
we used a focused classification strategy adapted from (29). Full
mHsp60:mHsp10 football complexes were computationally split at
the inter-ring interface, generating two mHsp60:mHsp10 half-footballs
per complex. These artificially generated half-footballs were combined
with bona fide half-footballs and jointly aligned using 3D refine-
ment in RELION 4.0 followed by M-refinement. Unbinned subvol-
umes were reconstructed in WARP at a pixel size of 2.3124 A, and a
cylindrical mask was designed to isolate the chamber interior while
minimizing inclusion of surrounding mHsp60 density. To exclude
unoccupied chambers, an initial 3D classification was performed in
RELION 4.0 without alignment, using the chamber-focused mask, a
regularization parameter of T = 4, C7 symmetry, and a resolution
limit of 30 A over 35 iterations. The classification was repeated to
assess reproducibility, and particles consistently assigned to the un-
occupied class were designated as such. The remaining particles were
pooled and subjected to a second round of classification under iden-
tical conditions but restricted to three classes only and a resolution
limit of 25 A to improve convergence. This round was also repeated
independently, and particles stably classified in both runs were as-
signed to their respective class identities. This procedure yielded
four major SP occupancy classes: one showing density localized to
the equatorial region (20,279 particles), one with density primarily
in the apical region (9861 particles), one with density spanning both
equatorial and apical regions (3990 particles), and one unoccupied
class (12,560 particles).

SP contact sites were identified following the same approach as
used for mHsp60 single rings. Briefly, the atomic model of the
mHsp60:mHsp10 half-football was rigid body fitted into the subtomo-
gram averaging density map upon application of C7 symmetry using
ChimeraX, and contour levels were adjusted to visualize the initial
contact points between the additional density and the mHsp60:-
mHsp10 complex. To exclude potential artifacts introduced by impos-
ing symmetry, the entire classification was repeated under C1 symmetry.

To assess whether specific combinations of SP localization within
a full mHsp60:mHsp10 football complex occurred more frequently
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than expected by chance, we modeled a null distribution of expected
pairings. The relative abundance of each class within the full-football
set was treated as its marginal probability, and the expected frequen-
cy of all possible class pairings was calculated under the assumption
of random association (i.e., as the product of their marginal proba-
bilities). The 18,845 mHsp60:mHsp10 football complexes detected
in the complete dataset were used as total.

Visualizations

All 3D renderings of segmentations, cryo-EM maps, and composite
views were generated using ChimeraX with the ArtiaX plugin (100).
Violin plots were generated in MATLAB using scripts available at
https://doi.org/10.5281/zenodo.4559847.

Statistics

Statistical analyses for pairwise comparisons of membrane densities
(Fig. 1, C and D) and particle densities (Fig. 2, B, E, and H) were per-
formed using the nonparametric Wilcoxon rank sum test. For the
cell viability assay (fig. S1B), significance of pairwise comparisons
was assessed using a two-sample t test. Significance was indicated as
follows: *P < 0.05, **P < 0.01, and ***P < 0.001. For violin and box
plots, outliers were defined as data points beyond 1.5 times the in-
terquartile range.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Tables S1to S3
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