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Aging is one of the most fundamental, yet least understood
biological processes that affect all forms of eukaryotic life.
Mitochondria are intimately involved in aging, but the underlying
molecular mechanisms are largely unknown. Electron cryotomog-
raphy of whole mitochondria from the aging model organism
Podospora anserina revealed profound age-dependent changes in
membrane architecture. With increasing age, the typical cristae
disappear and the inner membrane vesiculates. The ATP synthase
dimers that form rows at the cristae tips dissociate into monomers
in inner-membrane vesicles, and the membrane curvature at the
ATP synthase inverts. Dissociation of the ATP synthase dimer may
involve the peptidyl prolyl isomerase cyclophilin D. Finally, the
outer membrane ruptures near large contact-site complexes, re-
leasing apoptogens into the cytoplasm. Inner-membrane vesicula-
tion and dissociation of ATP synthase dimers would impair the
ability of mitochondria to supply the cell with sufficient ATP to
maintain essential cellular functions.

subtomogram averaging | cell death

Mitochondria are semiautonomous organelles with an outer
and an inner membrane, dedicated to ATP production in

all eukaryotes. The inner mitochondrial membrane is highly
folded into cristae (1–3), which contain the bulk of the respiratory
chain complexes and the mitochondrial F1Fo ATP synthase (4, 5).
At the cristae ridges, the ATP synthase self-assembles into long
rows of dimers, which maintain a high local membrane curvature
and normal cristae architecture (1, 6, 7). Respiratory chain com-
plexes at either side of the dimer rows (1) pump protons from the
mitochondrial matrix into the cristae space. The resulting proton-
motive force drives the production of ATP.
Mitochondria are implicated in aging and cell death in several

ways. In the course of electron-transfer reactions, complexes I
and III generate superoxide radicals (8), which inflict oxida-
tive damage on mitochondria and other cellular components.
Cells normally deal with this type of damage with various
responses, including a combination of mitochondrial fission
and fusion. Damaged or dysfunctional mitochondria are either
complemented with a healthy part of the mitochondrial network
by fusion or sorted out for mitophagy (9). The equilibrium be-
tween fusion and fission normally maintains a reticulate mito-
chondrial network (9, 10). During aging, fission overpowers
fusion and the mitochondrial network fragments (11). This
prevents complementation of damaged mitochondria by fusion
and thus accelerates their deterioration.
Cumulative oxidative damage promotes cellular and organis-

mal senescence (12). It can cause neurodegeneration (13), and
ultimately results in programmed cell death (14, 15). Programmed
cell death is triggered by the release of apoptogens, such as cy-
tochrome c (cyt-c), through pores that open in the outer mito-
chondrial membrane (16). Cyt-c activates a cascade of proteolytic
caspases, which degrade cellular proteins indiscriminately. Two
distinct pore types have been postulated: the mitochondrial per-
meability transition pore complex (mPTPC) (17) and the mito-
chondrial apoptosis-induced channel (16), which is thought to

occur mainly in vertebrates (18). In response to adenine nucle-
otide depletion, calcium, or oxygen radicals (19, 20), the mPTPC
is thought to form in the inner mitochondrial membrane upon
binding of cyclophilin D (CypD) on the matrix side. According to
current models (16), a small inner-membrane pore initially results
in the influx of water, ions, and small molecules. The mitochondria
swell and the outer membrane ruptures, releasing apoptogens
(17, 21). The exact protein composition of the putative mPTPC
and its mode of action are unknown (16, 19).
With a short, defined life span of 15–20 d and a fully se-

quenced genome (10), the wild-type “s” strain of P. anserina is an
excellent model to investigate the causes and effects of aging at
the organellar and molecular level. P. anserina shares many age-
related phenomena with mammals, including the generation or
scavenging of oxygen radicals, instability of mitochondrial DNA,
and the role of protein quality control in aging (10). In P. anserina
and yeast knockout mutants lacking the mitochondrial dynamin-
like protein Dnm1 that promotes fission, fragmentation of the
mitochondrial network is delayed, which in P. anserina results in
a ninefold longer life span (11). Conversely, yeast strains lacking
the dynamin-like fusion protein Mgm1 [mitochondrial genome
maintenance 1; corresponding to OPA1 (optic atrophy 1) in
mammals] are incapable of mitochondrial fusion and have a re-
duced replicative and chronological life span (22).
In an earlier electron cryotomography (cryo-ET) study (23),

we found that P. anserina mitochondria undergo a major mor-
phological change during senescence, whereby the inner mem-
brane fragments into vesicles. Because cristae formation depends
on assembly of the ATP synthase dimers into rows (6), we
asked whether we could detect any age-dependent changes of
this arrangement.
Overexpression of the gene encoding the mPTPC component

CypD accelerated inner-membrane fragmentation and senes-
cence by a factor of 3 (23), suggesting that mitochondrial per-
meability transition plays a fundamental role in aging. P. anserina
cultures have been found to die by mPTP-induced apoptosis
(24), and the mPTPC also seems to be involved in mammalian
aging. Mitochondria in the brain of aged rodents are more
sensitive to Ca2+-induced permeability transition compared with
the young mature rodent brain (25).
Here we report a series of profound changes of membrane

structure and macromolecular organization in mitochondria of
aging P. anserina. The changes include the retraction of cristae
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lamellae into the inner boundary membrane, fragmentation of
the mitochondrial matrix, and disassembly of ATP synthase di-
mer ribbons into monomers. Finally, the inner-membrane vesi-
cles swell and the outer membrane ruptures. These changes
would have a major impact on the energy supply and cellular
fitness in the senescent organism.

Results and Discussion
The Mitochondrial Inner Membrane Vesiculates with Age. We per-
formed cryo-ET on mitochondria isolated from young (6 d),
middle-aged (9 d), or senescent (15 d or older) P. anserina. In
young cultures, 63% of the mitochondria had well-separated
lamellar cristae projecting 400 nm or more into a single, con-
tinuous matrix (Fig. 1A). This is the typical, standard mito-
chondrial morphology. In the remaining 37% of mitochondria,
the matrix had broken up into a number of separate, irregular
vesicles. The fraction of mitochondria with vesicular morphology
increased to 48% in middle-aged and to 86% in senescent cul-
tures (Fig. 1 B–D), indicating a substantial shift from the
standard morphology to the vesicular morphology within the
P. anserina life span. We did not observe matrix vesiculation in
mitochondria from a range of other organisms that do not un-
dergo synchronized aging (1). Therefore, the observed changes
were not due to the isolation procedure.
Closer inspection revealed three different types of vesicular

mitochondria. The morphology we refer to as “partly lamellar”
(Fig. 1B) was often found in middle-aged cultures. In these mi-
tochondria, the inner membrane formed a small number of large
(>350 nm) vesicles with short lamellar cristae. The remainder
of the inner membrane was fragmented into separate <350-nm
vesicles, which lacked cristae entirely. With increasing age, the

fragmentation of the inner membrane progressed to a morphology
we refer to as “early-vesicular” (Fig. 1C). As before, vesicles of
different shapes and sizes were contained within the outer mem-
brane, but none of them had cristae. Instead, there were shallow
ridges that extended ∼20 nm into the matrix. The gap between the
outer membrane and the inner boundary membrane had widened
from typically 12 ± 2.5 nm to 40 nm or more. Finally, in senescent
cultures, the morphology we refer to as “late-vesicular” pre-
dominated (Fig. 1D). The fragmentation into irregular or spheri-
cal vesicles was complete. Vesicles were rarely larger than ∼200
nm and the membrane curvature was almost entirely concave.
Age-dependent vesiculation of the inner membrane is most

likely due to accumulating oxidative damage. When the number
of dysfunctional mitochondria in aging organisms passes a cer-
tain threshold, the cellular surveillance and repair processes fail
and programmed cell death ensues (9, 26). In P. anserina and
similar organisms with short life cycles that spend most of their
available energy on reproduction, mechanisms of mitochondrial
maintenance, such as fission and fusion, may be less well de-
veloped than in longer-lived multicellular organisms. Alternatively,

Fig. 1. Age-dependent morphology changes in P. anserina mitochondria.
(A) Mitochondria of standard morphology, typical for young (6-d-old)
P. anserina, have lamellar cristae studded with ATP synthase dimer rows
visible in cross-section (yellow arrowheads). The distance between the inner
and outer membranes is ∼12 nm. (B–D) Mitochondrial morphologies typical
for senescent P. anserina cultures. (B) In partly lamellar mitochondria, the
inner membrane begins to break up into vesicles. Only vesicles >350 nm
contain cristae and ATP synthase dimer rows (yellow arrowheads). (C) In the
early-vesicular morphology, shallow membrane ridges carry ATP synthase
dimers (yellow arrowheads). The cristae junctions and intermembrane space
have widened to ∼40 nm. (D) In the late-vesicular morphology, the curvature
of the inner membrane is mostly concave without cristae ridges or ATP
synthase dimers. C, cristae; M, matrix. (Scale bars, 200 nm.) Mitochondria
were isolated from 6-d-old (A), 9-d-old (B), and ∼15-d-old cultures (C and D).

Fig. 2. Three-dimensional tomographic volumes of mitochondria with
standard or early-vesicular morphology. Segmented tomographic volume of
mitochondria with standard (A) and early-vesicular morphology (B). In A, the
ATP synthase dimers are arranged in rows along highly curved apices of
inner-membrane cristae. In B, ATP synthases dimer rows are arranged along
shallow inner-membrane ridges in matrix compartments with diameters
>350 nm. Smaller inner-membrane vesicles show no evidence of ATP syn-
thase dimers or dimer rows. Outer membrane, transparent gray; inner
membrane, transparent blue; cristae, light blue. ATP synthase F1 heads are
shown as yellow spheres. (Scale bars, 200 nm.)
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a short life span may be genetically programmed so that long-
lived individuals and their offspring do not compete for the same
resources (27).
Membrane remodeling resembling inner-membrane vesicula-

tion in aging P. anserina has been observed in mitochondria
during induced apoptosis, such as in etoposide-treated HeLa
cells (28, 29) or in isolated mouse mitochondria after addition of
the pro-apoptotic protein tBID (truncated BH3 interacting do-
main death agonist) (30). Similar changes in inner-membrane
organization have been found to occur in at least 25 different
disease conditions, including severe neurodegenerative diseases
(31). These changes have so far not been investigated at the level
of membrane organization or macromolecular structure. Vesic-
ulation of the inner membrane has been found to result in a loss
of mitochondrial membrane potential (29) and strongly reduced
respiratory activity (32). Aging cells in which the inner mem-
brane vesiculates are likely to be affected in the same way.

ATP Synthase Dimers Dissociate in Aged Mitochondria. Because
cristae formation depends on assembly of the ATP synthase into
dimer rows (6), we asked whether there were any age-dependent
changes in molecular organization of the inner membrane, in
particular of the ATP synthase. Mitochondria from juvenile
cultures with standard morphology showed numerous 11-nm
particles arranged in pairs that formed long rows along the highly
curved cristae tips (Figs. 1A and 2A). Each particle was con-
nected to the membrane by a 4-nm stalk. Subtomogram aver-
aging of the same particle pairs in yeast (6) and other organisms
(1) has shown that they are dimers of the mitochondrial ATP
synthase. Dimer rows were always present along the highly
curved cristae tips in the partly lamellar morphology (Fig. 1B)
and along shallow membrane ridges in early-vesicular mito-
chondria (Figs. 1C and 2B; Movie S1). Dimer rows were found
only in large, >350-nm vesicles. No dimers were evident in the
smaller (200- to 350-nm) vesicles at the partly lamellar or early-
vesicular stage (Fig. 1 B and C). Instead, these vesicles contained
numerous monomeric 11-nm particles. Late-vesicular mitochon-
dria, where the entire matrix was fragmented into smaller vesicles,
completely lacked dimer rows (Fig. 1D).
Distances between particles protruding 15 nm from cristae tips

in the standard morphology (Fig. 3 A and B) or matrix vesicles
from the late-vesicular morphology (Fig. 3 D and E) were ana-
lyzed by weighted histograms (Fig. 3 C and F). Particles pro-
truding about 15 nm into matrix vesicles were either ATP synthase

monomers or the matrix arm of complex I, the only known
complexes of this size in the inner membrane. In mitochondria,
the ATP synthase outnumbers complex I by 3.6 to 1 (1). The
histograms are therefore dominated by distances between the ATP
synthase F1 heads in the membrane.
The four peaks in the histogram of standard, juvenile mito-

chondria (Fig. 3C) indicate the most frequently observed in-
terparticle distances. The first peak at around 17 (±2) nm is the
average nearest-neighbor distance between two ATP synthase F1
heads along the dimer rows (Fig. 4B). The peaks at 35 (±2) nm
and 50 (±2) nm are multiples of this distance by a factor of 2 or 3.
The peak at 30 (±2) nm corresponds to the distance between the
two F1 heads within the ATP synthase dimer (Fig. 4B) (1, 6, 33).
The histogram of late-vesicular, senescent mitochondria (Fig.

3F) shows no peaks at these distances. Instead, there is a roughly
even distribution of interparticle distances beyond a single broad
maximum at ∼14 nm, the average closest distance between two
monomeric ATP synthases in the membrane. The absence of peaks
in the 17- to 50-nm range indicates that matrix vesicles from sen-
escent P. anserina do not contain detectable numbers of ATP
synthase dimers. We conclude that the dimer rows disperse and the
ATP synthase dimers dissociate into monomers with increasing age.
We have shown previously that the formation of inner-mem-

brane cristae depends on the presence of ATP synthase dimers
(6). Computer simulations indicate that the dimers induce mem-
brane curvature, and not that, conversely, membrane curvature
induces dimer formation (6). Yeast mutants in which the dimer-
specific ATP synthase subunits e or g were knocked out lacked
ATP synthase dimers, dimer rows, and lamellar cristae. In these
mutants, the membrane potential is reduced by 40–70% (34), the
respiration rate drops by up to 50%, and the generation time
increases by about 50% (7, 34). This indicates that the ATP syn-
thase dimer rows are necessary for the formation of the inner-
membrane cristae. Aging in P. anserina is thus at least in part the
result of an insufficient energy supply to the cell, due to inner-
membrane vesiculation that would render the mitochondria un-
able to produce sufficient ATP to maintain vital cellular functions.

The Structure of the ATP Synthase Dimer Changes in Aging Mitochondria.
To find out whether and how the structure of the ATP synthase
itself changes during aging, we examined young, middle-aged, and
senescent mitochondria by subtomogram averaging (Fig. 4). The
averaged volume from juvenile samples shows two ATP synthase
monomers forming a V-shaped dimer in the membrane (Fig. 4A),

Fig. 3. Age-dependent changes of the mitochondrial ATP synthase. (A and B) Tomographic slice (A) and segmented subvolume (B) of cristae vesicles from
a 6-d-old mitochondrion with standard morphology. ATP synthase dimer rows (yellow) project from the inner membrane. (C) Histogram of distances between
particles projecting from the cristae vesicles shown in A or B. Peaks d1, d3, and d4 correspond to multiples of the average distance between two consecutive
dimers within a row. Peak d2 indicates the distance between the two F1 heads in a dimer. IM, inner membrane. (D and E) Tomographic slice (D) and seg-
mented subvolume (E) of a matrix vesicle isolated from a fully vesicular mitochondrion. ATP synthase monomers (yellow) project from the membrane into the
interior of the vesicle without long- or short-range order. (F) Histogram of distances between all ATP synthase-like particles in D and E. (Scale bars, 100 nm.)
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with a center-to-center distance between the F1 heads of ∼30 nm
(Fig. 4B). Rigid-body superposition of the yeast dimer model (6)
on the P. anserina volume resulted in a perfect fit, indicating that
the two dimers were virtually identical (Fig. 4C). As in yeast, the
peripheral and central stalks of the ATP synthase were well-
resolved (Fig. 4A), indicating a comparable resolution of ∼4 nm.
The subtomogram average shows the neighboring ATP synthase
dimers in the row as fainter, blurred densities at a distance of ∼15
nm (Fig. 4B), consistent with the slightly irregular dimer spacing
along the row (6). In cross-section, the membrane describes
a sharply curved convex arc (red line in Fig. 4A), with the apex at
the twofold symmetry axis.
Next, we aligned and averaged ATP synthase dimers from the

shallow membrane ridges of early-vesicular mitochondria (Fig. 4D
and E). Again, the yeast atomic model fitted the map closely (Fig.
4F). However, in cross-section, the membrane now described
a shallow bell-shaped curve, with a convex apex between the Fo
rotor rings (red in Fig. 4D), gradually changing to concave cur-
vature at either side (blue in Fig. 4D). Strikingly, the dimer volume
indicated an additional density bridging the two peripheral stalks
(Fig. 4 D and F), which was absent in the averages of ATP syn-
thase dimers from young cultures. The extra density was found in
independent subtomogram averages from different mitochondria
at the same stage of aging. It was also found in individual
unsymmetrized dimers (Fig. S1 A–D) and in consecutive dimers
within a row (Fig. S1 C, D, and F), indicating that it was not due to
random noise. It is most likely a matrix protein that interacts with
the ATP synthase dimer before the dimers finally dissociate. This
protein may be a factor acting on the ATP synthase subunits that
are required for the formation of ATP synthase dimers (35), dimer
rows (1), and regular cristae (6, 7).
It has been found that overexpression of the gene encoding the

mPTPC component CypD in P. anserina induces inner-mem-
brane vesiculation and accelerates aging (23). Giorgio et al. (36)
reported that CypD association with the peripheral stalk mod-
ulates ATP synthase activity. Together, these observations suggest

that the extra density in Fig. 4 D and E may be CypD. We fitted
an atomic model of the C-terminal domain of P. anserina CypD
(residues 41–166) based on the human crystal structure (Protein
Data Bank ID code 2bit) to this part of the map volume (Fig. S2
A and B). The fit places CypD close to regions of the peripheral
stalk that are likely to contain the N-terminal part of subunit
b (Fig. S2 A and B, magenta) (37, 38), for which there is at
present no X-ray structure. However, more recently, Giorgio
et al. reported that CypD interacts with the ATP synthase sub-
unit OSCP (39), which is located on top of the F1 head (Fig. S2 A
and B, yellow), and that this causes the ATP synthase dimer to
form the mPTPC. Further investigation by electron tomography
and biochemistry is required to resolve this issue.
It is conceivable that the peptidyl prolyl isomerase CypD binds

to subunit b as well as OSCP, which both contain conserved
proline residues (Fig. S3). CypD might isomerize proline peptide
bonds in these proteins, which could result in conformational
changes. The N terminus of subunit b is known to stabilize the
ATP synthase dimer (40). cis–trans isomerization of prolyl bonds
by CypD may thus promote the dissociation of the dimers as
a prerequisite for complete inner-membrane vesiculation.

Inner-Membrane Vesicles in Senescent Mitochondria Contain ATP
Synthase Monomers and Large Contact-Site Complexes. Finally, we
averaged the 11-nm particles projecting into the inner-membrane

Fig. 4. Age-dependent changes in ATP synthase structure. (A and B) Side (A)
and top view (B) of subtomogram-averaged ATP synthase dimer from 6-d-
old P. anserina mitochondria with standard morphology. (D and E) Sub-
tomogram-averaged ATP synthase dimer from shallow membrane ridges of
early-vesicular mitochondria. (G and H) ATP synthase monomer from an in-
ner-membrane vesicle of late-vesicular mitochondria. (C, F, and I) Sub-
tomogram averages with fitted X-ray models (6). Red lines indicate convex
membrane curvature (as seen from the matrix); blue lines indicate concave
membrane curvature. Red arrowheads mark a density connecting the pe-
ripheral stalks in ATP synthase dimers from early-vesicular mitochondria.

Fig. 5. Contact sites in senescent mitochondria. (A) An ∼45-nm protein com-
plex at a contact site between the inner and outer membranes (green ar-
rowhead). (B) Membrane contact sites (black arrowheads). (C) Three different
views of the segmented, surface-rendered subtomogram of the contact site
shown in A. The contact-site complex (red) consists of several discrete densities
spanning the inner (transparent blue) and outer membranes (OM) (transparent
gray). (D) Ruptures in the outer membrane (red arrowhead) frequently develop
next to contact-site complexes. (Scale bars, 200 nm.)
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vesicles at the late-vesicular stage (Figs. 1D and 3 D and E). The
resulting volume had the shape and dimensions of the ATP
synthase (Fig. 4G) and matched the atomic model of a single
ATP synthase monomer (6) (Fig. 4I). At either side, two fainter
densities appeared at a distance of 13.5 ± 2 nm, similar to the
closest interparticle spacing indicated by the corresponding his-
togram (Fig. 3F). Note that there were no F1 densities at a dis-
tance of 28–30 nm, characteristic of ATP synthase dimers. The
peripheral stalk was not visible, due to the random orientation of
the ATP synthase monomers in the membrane. The bilayer was
concave (Fig. 4G, blue), with no sign of the local convex mem-
brane curvature associated with the ATP synthase dimer rows.
Late-vesicular mitochondria frequently displayed several sites

of close contact between the inner and outer membranes, cov-
ering areas up to ∼6,000 nm2 (Fig. 5B and Movie S2). At these
membrane contact sites, the inner and outer membranes both
bulged outward (Fig. 5B and Movies S2 and S3). The membranes
were closely appressed and no aqueous intermembrane space
was resolved (Fig. 5B and Movies S2 and S3). Adjacent to these
appressed membrane regions, large assemblies of membrane
proteins spanning the inner and outer membranes were occa-
sionally observed (Fig. 5A and Movies S3, S4, and S5). Manual
segmentation revealed that these assemblies consisted of sev-
eral similar-sized parts (Fig. 5C). Overall, the complexes were
roughly disk-shaped, with diameters up to 45 nm and a thickness
of ∼20 nm, including both membranes (Fig. 5 A and B and Movie
S5. Their approximate molecular mass, estimated from their
dimensions, was in the range of 10–20 MDa. Usually, only one of
these large double-membrane–spanning assemblies was found
per mitochondrion. Occasionally, matrix vesicles were seen to
escape into the surrounding medium at breaks in the outer
membrane near these sites (Fig. 5D).
Apoptosis is widely assumed to involve the mPTPC (17), which

opens a small inner-membrane pore that leads to the influx of
water, ions, and small molecules (16), causing the mitochondrial
matrix to swell and the outer membrane to rupture (17, 21). It
has been postulated that the mPTPC forms at contact sites be-
tween the inner and outer mitochondrial membranes (41). The
extensive contacts between the inner and outer membranes we
observe at the final stage of inner-membrane vesiculation in
P. anserina may be these sites. Membrane rupture in the vicinity
of these sites would result in a sudden release of apoptogenic cyt-
c into the cytoplasm, which in turn would trigger programmed
cell death as the final step in cellular senescence.

Conclusion
Electron cryotomography of mitochondria isolated from aging
P. anserina revealed a sequence of events that includes progres-
sive vesiculation of the mitochondrial inner membrane, collapse
of the cristae, disassembly of ATP synthase dimers, and formation

of large contact sites between the inner and outer mitochondrial
membranes, as summarized in Fig. 6.
Initially, in normal mitochondria of young cells, the cristae

protrude deep into the matrix (Fig. 6A). The cristae contain the
respiratory chain complexes and the mitochondrial F1Fo ATP
synthase (4, 5). Whereas the ATP synthase is located at the
highly curved cristae ridges, respiratory chain complexes reside
in the membrane regions at either side (1). Cristae formation
depends both on the rows of ATP synthase dimers at the tips or
ridges and on a complex at the cristae junctions (42–44). This
cristae junction complex presumably prevents the diffusion of
proteins from the cristae into the boundary membrane and
anchors the inner membrane locally to the outer membrane. This
complex has to come apart to enable the cristae to collapse and
the intermembrane space to widen (Fig. 6B). At this stage, the
inner membrane begins to break up into vesicles within the outer
membrane. As the cristae shorten and collapse, the respiratory
chain complexes are pushed into the inner boundary membrane
and thus previously segregated protein populations of the inner
membrane become intermixed (Fig. 6C). Eventually, the cristae
disappear completely and the protein composition of the inner
membrane is randomized (Fig. 6D). At the final stage of mito-
chondrial senescence, the outer membrane ruptures near, these
contact sites. As a result, inner membrane vesicles, along with the
apoptogenic cytochrome c, escape into the cytoplasm (Fig. 6E).
The lateral segregation of respiratory chain complexes and the

membrane curvature induced by the ATP synthase dimers at the
cristae tips in normal mitochondria are thought to be important
for effective ATP synthesis under physiological conditions (1,
33). The disruption of this arrangement would impair the ability
of mitochondria to produce ATP at a rate sufficient to keep the
organism healthy and competitive. Mitochondria of the sen-
escent, vesicular morphology that lack cristae and ATP synthase
dimers cannot maintain a sufficient supply of ATP to the cell.
Aging cells with an increasing proportion of dysfunctional mi-
tochondria are less fit and eventually die.

Methods
Mitochondriawere isolated from young (6-d), middle-aged (9-d), or senescent
(15-d or older) individual P. anserina cultures and prepared for electron
cryotomography. Tomographic tilt series were recorded using an FEI Polara
transmission electron microscope equipped with a postcolumn energy filter,
reconstructed into tomographic volumes with IMOD (45), and segmented
using the program AMIRA (Mercury Systems). Subtomogram averaging was
performed with IMOD (45) and PEET (46). Atomic models were fitted with
UCSF Chimera (47). Distances between particles projecting from inner mi-
tochondrial membranes as well as membrane curvature were analyzed by
MATLAB (MathWorks). See SI Methods for details.
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Fig. 6. Model of age-dependent membrane reorganization in mitochondria. (A) In the standard morphology, the inner-membrane cristae carry rows of ATP
synthase dimers (yellow) at the apex. For simplicity, the dimer row is drawn in cross-section through one ATP synthase dimer. Respiratory chain complexes
(green) occupy the membrane regions at either side. The membrane turns sharply into the matrix at the cristae junction complex (blue). (B) At an early stage
of mitochondrial aging, the inner membrane partly vesiculates and the cristae recede, which requires the cristae junction complex to disassemble. (C) At the
next stage, the inner membrane forms shallow ridges carrying rows of ATP synthase dimers. The cristae junction complex no longer maintains a sharp
membrane bend. (D) At the final aging stage, the cristae have disappeared completely and the inner membrane is fully vesicular. The ATP synthase dimers
dissociate into monomers and the membrane curvature with respect to the ATP synthase is concave. The previously segregated membrane protein complexes
of the cristae and the inner boundary membrane are intermixed. (E) Finally, the inner-membrane vesicles swell and attach to the outer membrane near large
contact-site complexes. Eventually the outer membrane ruptures, releasing matrix vesicles and cyt-c into the cytoplasm.
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