
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Mitophagy is a key mechanism of mitochondrial quality 
and quantity control responsible for the autophagic 
degradation of aged, dysfunctional, damaged or 
excessive mitochondria [1-3]. A micromitophagic mode 
of mitophagy involves the engulfment of such 
mitochondria through direct invagination of the 
vacuolar/lysosomal boundary membrane [4, 5], whereas  
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its macromitophagic mode refers to the sequestration of 
targeted mitochondria into double-membrane-bounded 
structures known as autophagosomes [2, 5]. Following 
fusion of these autophagosomes with the vacuole/ 
lysosome, sequestered mitochondria are degraded by 
acid hydrolases [1, 6].  
 
Only the macromitophagic mode of mitophagy has been 
described in mammals [7, 8]. Macromitophagy in 
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assurance process underlying  the synergistic beneficial effects of CR and LCA on yeast  lifespan. Our analysis of how  the
atg32Δ  mutation  influences  mitochondrial  morphology,  composition  and  function  revealed  that  macromitophagy  is
required  to  maintain  a  network  of  healthy  mitochondria.  Our  comparative  analysis  of  the  membrane  lipidomes  of
organelles purified from wild‐type and atg32Δ cells revealed that macromitophagy is required for maintaining cellular lipid
homeostasis. We concluded that macromitophagy defines yeast longevity by modulating vital cellular processes inside and
outside of mitochondria.  
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mammalian cells is known to play essential roles in 
several vital biological processes underlying organismal 
aging, development and differentiation, including (i) 
selective degradation of depolarized mitochondria in 
dopaminergic neurons in the substantia nigra, a 
PINK1/Parkin-dependent process impaired in autosomal 
recessive forms of Parkinson’s disease; (ii) massive 
elimination of mitochondria driven by Nix, a protein in 
the outer mitochondrial membrane, during reticulocyte-
to-erythrocyte maturation; and (iii) selective clearance 
of surplus mitochondria during white adipose tissue 
differentiation in an Atg5/Atg7-dependent manner [2, 3, 
7-9].  
 
 The physiological role(s) of mitophagy in yeast 
remain(s) obscure. Exposure to rapamycin, starvation 
and mutations causing mitochondrial depolarization, 
swelling, fragmentation or biogenesis defects trigger a 
Uth1p-dependent process of micromitophagy in yeast 
cells cultured on lactate, a non-fermentable carbon 
source [4, 5].  
 
 In yeast grown on lactate, an Aup1p-dependent process 
of macromitophagy has been proposed to maintain cell 
survival following entry into a quiescent state [10]. 
Aup1p is a mitochondrial phosphatase. In pre-quiescent 
cells, it is abundant and confined to the intermembrane 
space in functional mitochondria organized into a 
network [10]. However, the level of Aup1p is 
significantly diminished in cells that entered quiescence 
[10]. This reduction in the cellular level of Aup1p 
during stationary phase coincides with mitochondrial 
network fragmentation in quiescent yeast, in which 
Aup1p is mainly cytosolic [10]. Based on these 
findings, it has been suggested that macromitophagy is 
an essential pro-survival process in yeast cells that 
entered quiescence following growth under conditions 
requiring a large numbers of functional mitochondria 
[10]. Noteworthy, Aup1p has been shown to promote 
the dephosphorylation and nuclear import of Rtg3p, a 
key transcriptional activator of the mitochondrial 
retrograde (RTG) signaling pathway [11]. The RTG 
pathway is one of the major longevity-defining 
signaling pathways in yeast cells; it governs 
transcription of numerous genes that regulate longevity 
by modulating carbohydrate and nitrogen metabolism, 
peroxisome proliferation, peroxisomal fatty acid ß-
oxidation and anaplerotic reactions, stress responses, 
and the stability of nuclear and mitochondrial genomes 
[12]. Furthermore, Aup1p is also known to 
dephosphorylate and activate Pda1p, the α-subunit of 
the mitochondrial pyruvate dehydrogenase complex 
essential for the tricarboxylic acid cycle, respiration and 
nitrogen assimilation in mitochondria [13]. Therefore, it 
is plausible that the demonstrated pro-survival function 

of Aup1p in yeast cells grown under respiratory 
conditions [10] does not necessarily imply that 
macromitophagy is essential for maintaining survival of 
these cells following entry into quiescence, but rather 
reflects the essential roles of Aup1p in (i) maintaining a 
network of polarized, functional mitochondria during 
stationary phase; (ii) activating the RTG signaling 
pathway that governs numerous longevity-defining 
processes outside of mitochondria; and (iii) sustaining 
high enzymatic activity of Pda1p, thereby supporting 
vital mitochondrial metabolic processes known to 
regulate yeast longevity.      
  
In yeast pre-cultured on lactate and then shifted to a 
medium that contains glucose (a fermentable carbon 
source) and lacks nitrogen source, macromitophagy 
eliminates mitochondria to minimize reactive oxygen 
species (ROS) formation and reduce the resulting 
mitochondrial DNA damage [14]. Atg32p has been 
shown to function as a mitochondrial receptor for 
selective macroautophagic removal of mitochondria 
under these nitrogen starvation conditions, as well as in 
yeast cells entered a quiescent state under respiratory 
conditions in lactate-based medium [15, 16]. Atg32p 
binding to an adaptor protein Atg11p is known to drive 
the recruitment of mitochondria to the phagophore 
assembly site, thereby initiating the macromitophagy 
process [15, 16]. In addition to Atg32p, numerous other 
proteins involved in this selective process have been 
identified in genome-wide screens [16, 17]. It needs to 
be emphasized that atg32Δ cells cultured in a non-
fermentable medium do not exhibit any growth or 
physiological defects indicative of mitochondrial 
dysfunction [16, 17]. Thus, the physiological role of 
Atg32p-driven macromitophagy in yeast remains to be 
established.     
 
To provide further insight into the physiological 
functions of selective macroautophagic mitochondrial 
removal in the yeast Saccharomyces cerevisiae, in this 
study we examined how the atg32Δ-dependent 
mutational block of macromitophagy affects the 
chronological lifespan of yeast cultured in a nutrient-
rich medium initially containing low (0.2%) 
concentration of glucose. It has been shown that under 
these longevity-extending CR conditions yeast cells 
limited in calorie supply are not starving but undergo an 
extensive remodeling of their metabolism in order to 
match the level of ATP produced under longevity-
shortening non-CR conditions [18]. Our recent data also 
demonstrated that LCA, a bile acid, is a potent anti-
aging natural compound that acts in synergy with CR to 
enable a significant further extension of yeast lifespan 
under CR conditions [19]. Therefore, in this study we 
evaluated the role of macromitophagy in yeast lifespan 
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extension by LCA. Furthermore, we also examined how 
the atg32Δ mutation influences mitochondrial 
morphology, protein and lipid compositions, oxidative 
damage, and function. Moreover, because mitochondria 
are known to be dynamically integrated into a network 
governing lipid metabolism and transport not only 
within these organelles but also within the endoplasmic 
reticulum (ER) and the plasma membrane (PM) [20-27], 
in this study we used mass spectrometry to compare the 
membrane lipidomes of these organelles purified from 
wild-type (WT) and atg32Δ cells that were cultured 
under CR on 0.2% glucose. Our findings provide 
evidence that macromitophagy defines longevity of 
chronologically aging yeast limited in calorie supply, 
underlies the synergistic beneficial effects of CR and 
LCA on lifespan, modulates a compendium of vital 
processes confined to mitochondria, and maintains 
cellular lipid homeostasis. 
 
RESULTS 
 
Macromitophagy is a longevity assurance process 
 
As a first step towards addressing a role of selective 
macroautophagic mitochondrial removal in sustaining 
essential biological processes in yeast, we evaluated the 
importance of macromitophagy in longevity assurance. 
We compared the chronological lifespan (CLS) of wild-
type (WT) strain to that of the single-gene-deletion 
mutant strain atg32Δ, which is impaired only in the 
mitophagic pathway of selective macroautophagy but 
not in other pathways of selective or non-selective 
macroautophagy [15, 16]. Both yeast strains were 
cultured in the nutrient-rich YP (1% yeast extract and 
2% peptone) medium initially containing low (0.2%) 
concentration of glucose, a fermentable carbon source. 
Importantly, yeast cells grown under these longevity-
extending caloric restriction (CR) conditions are not 
starving [18]. We found that the atg32Δ mutation 
substantially shortens both the mean and maximum 
CLS of yeast limited in calorie supply (Figure 1). Thus, 
macromitophagy is an essential longevity assurance 
process in chronologically aging yeast grown under CR 
on 0.2% glucose.  
 
The essential role of macromitophagy in regulating 
yeast longevity under CR conditions is limited to this 
form of selective macroautophagy. Indeed, the single-
gene-deletion mutation atg36Δ, known to impair only 
the pexophagic pathway of selective macroautophagy 
but not mitophagic or any other pathways of selective or 
non-selective macroautophagy [28], did not influence 
the mean or maximum CLS of yeast limited in calorie 
supply (Figure 2). 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Macromitophagy is required for longevity extension 
by an anti-aging compound 
 
Our recent study revealed that lithocholic acid (LCA), a 
bile acid, extends the CLS of yeast grown under CR on 
0.2% glucose [19]. To assess a role of selective 
macroautophagic mitochondrial removal in longevity 
extension by LCA, we tested if this bile acid added to 
growth medium at the time of cell inoculation is able to  
extend longevity of the macromitophagy-deficient 
atg32Δ mutant. As we found, the atg32Δ mutation 

Figure  1. Under  CR  conditions,  the  atg32Δ‐dependent
mutational block of macromitophagy substantially shor‐
tens  yeast  CLS  and  abolishes  the  longevity‐extending
effect  of  LCA. WT  and  atg32Δ  strains  were  cultured  in  the
nutrient‐rich YP medium  initially containing 0.2% glucose  in the
presence  or  absence  of  50  µM  LCA.  Effect  of  the  atg32Δ
mutation  and  LCA  on  survival  (A)  and  on  the  mean  (B)  and
maximum  (C)  lifespans  of  chronologically  aging  yeast  grown
under  CR  conditions  on  0.2%  glucose.  Data  are  presented  as
means  ±  SEM  (n  =  6‐8;  *p  <  0.01).  Abbreviations:  Diauxic  (D),
logarithmic (L), post‐diauxic (PD) or stationary (ST) growth phase. 
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abolishes the ability of LCA to increase both the mean 
and maximum CLS of yeast limited in calorie supply 
(Figure 1). Hence, macromitophagy is required for 
longevity extension by LCA in chronologically aging 
yeast grown under CR on 0.2% glucose. 
 
Unlike macromitophagy, the pexophagic form of 
selective macroautophagy is not obligatory for the 
ability of LCA to extend longevity of chronologically 
aging yeast under CR conditions. In fact, the exclusive 
impairment of macropexophagy by the single-gene-
deletion mutation atg36Δ did not compromise the 
longevity-extending efficacy of LCA in yeast limited in 
calorie supply (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Macromitophagy defines the size and number of 
mitochondria, their shape and morphology, and 
their ability to exist as a network  
 
To provide a mechanistic insight into the demonstrated 
essential role of macromitophagy in defining longevity of 
chronologically aging yeast under CR conditions, we 
used electron microscopy (EM) to compare the age-
related dynamics of changes in the size, number and 
morphology of mitochondria in WT cells to that in 
macromitophagy-deficient atg32Δ cells. We found that in 
cells grown under CR on 0.2% glucose and recovered at 
different periods of CLS, the atg32Δ mutation (i) results 
in accumulation of greatly enlarged mitochondria 
(Figures 3A and 3B); (ii) substantially increases the 
number of mitochondria (Figures 3A and 3C); (iii) alters 
mitochondrial morphology by elevating the proportion of 
round-shaped mitochondria, especially in cells entered 
post-diauxic (PD) growth phase and recovered on day 4 
of cell culturing (Figure 3A); and (iv) reduces the length 
of mitochondrial cristae and alters their morphological 
appearance (Figure 3A). Furthermore, our indirect 
immunofluorescence microscopy analysis of cells grown 
under CR on 0.2% glucose and recovered at different 
periods of CLS revealed that the atg32Δ mutation also 
causes massive fragmentation of the elaborate mito-
chondrial network seen in WT cells (Figures 3B and 3E). 
 
In sum, our microscopical analyses suggest that under 
CR conditions macromitophagy is required to maintain a 
network of mitochondria, perhaps by selectively 
eliminating individual mitochondria segregated from this 
network due to certain changes in the morphology of 
their cristae. One could envisage that the inability of 
macromitophagy-deficient atg32Δ cells to eliminate these 
morphologically distinct (and possibly dysfunctional) 
mitochondria following their segregation from the 
mitochondrial network may result in their progressive 
accumulation with age, thereby leading to the 
establishment of a pro-aging cellular pattern and 
ultimately shortening yeast longevity.   
 
Macromitophagy sustains a healthy population of 
functional mitochondria  
 
Based on our finding that macromitophagy plays an 
essential role in preserving the mitochondrial network 
in CR yeast, we hypothesized that this form of selective 
macroautophagy is required for sustaining a healthy 
population of functional mitochondria in chronological-
ly aging cells. To test the validity of our hypothesis, we 
assessed the age-related dynamics of changes in several 
vital mitochondrial functions during chronological 
aging of WT and atg32Δ yeast cells. We found that in 
cells cultured under CR on 0.2% glucose and  recovered  

Figure 2. Under CR conditions, the atg36Δ‐dependent mutational
block of macropexophagy does not alter yeast CLS and does not
compromise  the  longevity‐extending  efficacy  of  LCA.  WT  and
atg36Δ  strains  were  cultured  in  the  nutrient‐rich  YP  medium  initially
containing 0.2% glucose  in the presence or absence of 50 µM LCA. Effect
of the atg36Δ mutation and LCA on survival (A) and on the mean (B) and
maximum  (C)  lifespans  of  chronologically  aging  yeast  grown  under  CR
conditions on 0.2% glucose. Data are presented as means ± SEM (n = 5‐6;
*p < 0.01; ns, not significant). Abbreviations: Diauxic  (D),  logarithmic  (L),
post‐diauxic (PD) or stationary (ST) growth phase. 
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at different periods of CLS, the atg32Δ mutation (i) 
leads to accumulation of dysfunctional mitochondria 
exhibiting reduced respiration (Figure 4A); (ii) causes a 
build-up of dysfunctional mitochondria having a 
reduced electrochemical potential across the inner 
mitochondrial membrane (IMM) (Figure 4B); (iii) 
triggers a release of cytochrome c from the intermediate 
space of mitochondria into the cytosol (Figure 4C), 
known to be a hallmark event of mitochondrial outer 
membrane permeabilization (MOMP) [29]; and (iv) 
reduces the cellular level of ATP (Figure 4D), which 
under CR conditions is produced mainly in 
mitochondria [30]. All these changes in vital 
mitochondrial functions were observed in 
macromitophagy-deficient atg32Δ cells as early as after 
2 days of culturing (Figure 4).  
 
These findings suggest that under CR conditions 
macromitophagy  is  required  to  sustain  a  healthy  net- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
work of functional mitochondria that actively respire, 
exhibit high electrochemical potential across the IMM, 
maintain outer mitochondrial membrane impermeability 
to proteins and efficiently synthesize ATP. Thus, it is 
conceivable that in chronologically aging yeast limited 
in calorie supply macromitophagy selectively eliminates 
dysfunctional mitochondria impaired in vital 
mitochondrial functions that define longevity. 
 
Macromitophagy maintains a population of 
mitochondria whose inner membrane exhibits 
abundant respiratory and non-respiratory protein 
supercomplexes of distinct compositions  
 
A body of recent evidence supports the view that, 
instead of existing as separate units freely moving 
within the IMM, individual respiratory protein 
complexes are assembled into supramolecular structures 
known as respiratory supercomplexes or respirasomes 

Figure  3.  Under  CR  conditions, the  atg32Δ‐
dependent  mutational  block  of  macromito‐
phagy  alters  the  age‐related  dynamics  of
changes  in mitochondrial  size,  number,  shape,
morphology  and  network  appearance.  WT  and
atg32Δ  strains were  cultured  in  the  nutrient‐rich  YP
medium  initially  containing  0.2%  glucose.  (A)
Transmission electron micrographs of WT and atg32Δ
cells  recovered on day  1,  2 or  4 of  cell  culturing. M,
mitochondrion.  Bar,  1  μm.  (B)  Percentage  of
mitochondria  in  WT  and  atg32Δ  cells  having  the
indicated  relative area of mitochondrion  section. The
relative area of mitochondrion section was calculated
as (area of mitochondrion section/area of cell section)
×  100. Data  are  presented  as means  ±  SEM  (at  least
100  cells of each  strain were used  for morphometric
analysis  at  each  time‐point).  (C)  Numbers  of
mitochondria  in  WT  and  atg32Δ  cells.  The  data  of
morphometric analysis are expressed as the number of
mitochondria per  μm3 of  cell  section ±  SEM  (at  least
100  cells of each  strain were used  for morphometric
analysis  at  each  time‐point).  (D)  Morphology  of
mitochondria in WT and atg32Δ cells recovered on day
1, 2 or 4 of cell culturing. Mitochondria were visualized
by  indirect  immunofluorescence  microscopy  using
monoclonal  anti‐porin  primary  antibodies  and  Alexa
Fluor  568‐conjugated  goat  anti‐mouse  IgG  secondary
antibodies.  (E)  The  percentage  of  cells  exhibiting
fragmented mitochondria was calculated. At  least 800
cells of each strain were used for quantitation at each
time‐point. Data are presented as mean ± SEM (n = 3).
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[31, 32]. Some changes in such supramolecular 
organization of respiratory protein complexes may 
cause detrimental alterations of the mitochondrial 
respiratory chain, thereby eliciting certain age-related 
pathologies [33]. We therefore hypothesized that the 
observed inability of prematurely aging under CR 
conditions atg32Δ cells to sustain a healthy population 
of functional mitochondria (Figure 4) may be caused in 
part by some changes in the abundance and/or 
composition of certain respiratory protein super-
complexes. To validate this hypothesis, we purified 
mitochondria from WT and atg32Δ cells, used digitonin 
to solubilize protein complexes from the inner 
membrane of these mitochondria, and separated the 
solubilized protein complexes on a linear 4-13% 
acrylamide gradient gel for first-dimension blue native 
PAGE (1-D BN-PAGE). This gradient gel is known to 
resolve protein complexes within the mass range of 100 
kDa - 3 MDa [34]. Our 1-D BN-PAGE analysis 
revealed that in cells cultured under CR on 0.2% 
glucose and recovered on day 4 of culturing, the atg32Δ 
mutation reduces the levels of several protein complexes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in the IMM, including complexes 2, 3, 4 and 5 (Figure 
5A). Because the molecular masses of all these and 
other protein complexes resolved by 1-D BN-PAGE 
exceeded 545 kDa, a molecular mass of the largest 
commercially available urease tetramer marker protein 
(Figure 5A), they represent very large protein 
supercomplexes assembled from several protein 
complexes [35]. Noteworthy, our separation of 
denatured monomeric membrane proteins from purified 
mitochondria by SDS-PAGE and their subsequent 
quantitative analysis by immunoblotting revealed that 
the atg32Δ mutation does not cause significant changes 
to the total levels of the respiratory complexes III, IV or 
V (Figures 5B and C). Hence, the observed reduction of 
the levels of protein supercomplexes 2, 3, 4 and 5 in the 
IMM of atg32Δ cells (Figure 5A) was not due to a 
decrease in the total amounts of the respiratory 
complexes III, IV or V. It is conceivable therefore that 
in the IMM of atg32Δ cells a significant portion of these 
protein supercomplexes undergo a remodeling caused 
by their complete or partial dissociation into individual 
proteins or small protein subcomplexes.  
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Under CR conditions, the atg32Δ‐dependent mutational block of macromitophagy
alters the age‐related chronology of changes in vital mitochondrial functions. WT and atg32Δ
strains were  cultured  in  the  nutrient‐rich  YP medium  initially  containing  0.2%  glucose.  Effect  of  the
atg36Δ mutation on the rate of oxygen consumption by cells (A), electrochemical potential across the
IMM (ΔΨ) (B), level of cytochrome c in purified mitochondria (M) and the cytosolic fraction (C) (C), and
cellular level of ATP (D). Data in A, B and D are presented as means ± SEM (n = 6‐9). 
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To define the composition of each of the protein 
supercomplexes recovered by 1-D BN-PAGE (Figure 
5A), we resolved their individual protein components 
by second-dimension tricine-SDS-PAGE (2-D SDS-

PAGE), visualized these components by silver staining 
and identified them by mass spectrometry. We found 
that, in addition to one or more kinds of individual 
respiratory complexes, many protein supercomplexes in 
the IMM of WT cells contain one or more proteins that 
have not been traditionally viewed as components 
associated (even transiently) with the mitochondrial 
respiratory chain. These novel protein components of 
respiratory protein supercomplexes in the IMM of WT 
cells include: (i) the ADP-ATP carrier protein Aac2p, a 
component of supercomplexes 1, 2, 4 and 6; (ii) the 
mitochondrial porin Por1p, a component of 
supercomplexes 1, 2 and 8; (iii) the Pda1p, Pdb1p, 
Lat1p and Lpd1p subunits of the mitochondrial 
pyruvate dehydrogenase complex, components of the 
supercomplex 1; (iv) the mitochondrial external NADH 
dehydrogenase Nde1p, a component of the 
supercomplex 1; (v) the Kgd1p subunit of the 
mitochondrial alpha-ketoglutarate dehydrogenase 
complex, a component of the supercomplex 2; (vi) the 
Ald4p isoform of acetaldehyde dehydrogenase, a 
component of the supercomplex 8; and (vii) the Idh1p 
and Idh2p isoforms of isocitrate dehydrogenase, a 
component of the supercomplex 8 (Figure 6A; Table 
S1). Moreover, the protein supercomplex 5 in the IMM 
of WT cells is a non-respiratory supercomplex 
composed of many molecules of Yme2p (Figure 6A; 
Table S1), an integral IMM protein with a role in 
maintaining mitochondrial nucleoid structure and 
number. It should be stressed that the atg32Δ mutation 
not only eliminates this non-respiratory supercomplex 5 
but also causes a dissociation of several proteins or 
protein complexes from supercomplexes 1, 2, 3, 4, 6, 7 
and 8. Some of these dissociated in atg32Δ cells 
proteins or protein complexes are known as components 
of the mitochondrial respiratory chain, including (i) 
Ndi1p, a dissociated from the supercomplex 1 
oxidoreductase that (akin to the mitochondrial 
respiratory complex I in higher eukaryotes) transfers 
electrons from NADH to ubiquinone in the respiratory 
chain but (unlike respiratory complex I in higher 
eukaryotes) does not pump protons; (ii) the respiratory 
complex III, which dissociates from supercomplexes 3, 
7 and 8; (iii) the respiratory complex IV, which 
dissociates from the supercomplex 7; and (iv) the 
respiratory complex V, which dissociates from 
supercomplexes 4, 6 and 8 (Figures 6A and 6B; Table 
S1). Other of the dissociated in atg32Δ cells proteins or 
protein complexes have not been traditionally viewed as 
components associated (even transiently) with the 
mitochondrial respiratory chain; they include (i) 
dissociated from the supercomplex 1 subunits Pda1p, 
Pdb1p, Lat1p and Lpd1p of the mitochondrial pyruvate 
dehydrogenase complex; (ii) a dissociated from the 
supercomplex 1 mitochondrial external NADH 

Figure  5.  Under  CR  conditions,  the  atg32Δ mutation
reduces  the  levels  of  several  large  protein  super‐
complexes in the IMM, likely due to their dissociation into
individual proteins or small protein subcomplexes. WT and
atg32Δ  strains  were  cultured  in  the  nutrient‐rich  YP  medium
initially containing 0.2% glucose. Mitochondria were purified from
WT and atg32Δ cells recovered on day 4 of culturing. (A) Digitonin‐
solubilized protein complexes  from the  inner membrane of these
mitochondria  were  separated  on  a  linear  4‐13%  acrylamide
gradient gel  for  first‐dimension blue native PAGE  (1‐D BN‐PAGE).
Arrows mark the positions of protein supercomplexes 2, 3, 4 and 5
whose  levels were reduced  in the  IMM of atg32Δ cells. (B and C)
Equal quantities (10 μg) of protein from these mitochondria were
subjected  to  first‐dimension  SDS‐PAGE  (1‐D  SDS‐PAGE)  and
analyzed by quantitative immunoblotting with antibodies to porin
(loading  control),  Cyt1p  (cytochrome  c1,  a  component  of  the
respiratory complex III), Cox2p (subunit II of cytochrome c oxidase,
a component of  the  respiratory complex  IV) or F1α/β  (alpha and
beta  subunits  of  the  mitochondrial  F1ATPase,  the  respiratory
complex V). Data in C are presented as means ± SEM (n = 3‐4; ns,
not significant). 
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dehydrogenase Nde1p; and (iii) a dissociated from the 
supercomplex 2 subunit Kgd1p of the mitochondrial 
alpha-ketoglutarate dehydrogenase complex (Figures 
6A and 6B; Table S1).    
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In sum, these data suggest that under CR conditions 
macromitophagy is required to sustain a population of 
mitochondria whose inner membrane exhibits abundant 
protein supercomplexes, each composed of a distinct set 
of respiratory and non-respiratory protein complexes. 
One could therefore foresee that in chronologically 

aging yeast limited in calorie supply macromitophagy 
selectively eliminates mitochondria whose inner 
membrane (i) has reduced levels of respiratory and non-
respiratory protein supercomplexes 2, 3, 4 and 5 due to 
their complete dissociation into individual proteins or 
small protein subcomplexes; (ii) accumulates 
respiratory and non-respiratory protein supercomplexes 
1, 3, 4, 6, 7 and 8 that lack one or more respiratory 
complexes; (iii) amasses respiratory and non-respiratory 
protein supercomplexes 1, 2 and 8 that lack proteins not 
traditionally viewed as components associated with the 
mitochondrial respiratory chain; and/or (iv) has 
diminished level of the non-respiratory protein super-
complex 5 composed of many molecules of Yme2p, an 
integral IMM protein involved in maintaining 
mitochondrial nucleoid structure and number.       
 
Macromitophagy preserves a population of 
mitochondria that efficiently couple electron 
transport to ATP synthesis and exhibit high and 
balanced activities of all five oxidative 
phosphorylation (OXPHOS) complexes 
 
We sought to investigate if the observed in 
macromitophagy-deficient atg32Δ cells reduced 
abundance and altered composition of the major 
respiratory and non-respiratory protein supercomplexes 
(Figures 5 and 6) have an impact on the functional state 
of the electron transport and OXPHOS system in the 
IMM of these prematurely aging mutant cells.   
  
To attain this objective, we used polarography of 
mitochondria purified from WT and atg32Δ cells for 
measuring the following three kinds of respiratory rate: 
(i) the rate of state III (also called ADP-stimulated state) 
respiration [36, 37], which was assessed immediately 
following addition of 50 µM ADP to mitochondria 
supplemented with a respiratory substrate; (ii) the rate 
of state IV (also known as resting, basal or ADP-
independent state) respiration [37, 38], which was 
monitored after the exogenously added ADP was 
entirely converted to ATP; and (iii) the rate of 
uncoupled (UC) respiration [37, 39], which was 
determined after addition of the uncoupler carbonyl 
cyanide m-chlorophenylhydrazone (CCCP) to 
mitochondria incubated with a respiratory substrate in 
the absence of exogenous ADP. In these polarographic 
assays, the rates of state III, state IV and UC respiration 
were measured using NADH as a respiratory substrate 
of external NADH:quinone oxidoreductase or succinate 
as a respiratory substrate of complex II.    
     
We found that the atg32Δ mutation significantly 
reduces the rates of state IV (Figures 7D and 7E) and 
UC (Figures 7G and 7H) respiration in the presence of 

Figure  6.  Under  CR  conditions,  the  atg32Δ  mutation
eliminates  the  non‐respiratory  protein  supercomplex  5
in  the  IMM  and  alters  compositions  of  other  protein
supercomplexes  recovered  by  1‐D  BN‐PAGE.  WT  and
atg32Δ  strains  were  cultured  in  the  nutrient‐rich  YP medium
initially  containing  0.2%  glucose.  Mitochondria  were  purified
from  WT  and  atg32Δ  cells  recovered  on  day  4  of  culturing.
Digitonin‐solubilized  protein  supercomplexes  from  the  inner
membrane of mitochondria purified  from WT  (A) or atg32Δ  (B)
cells were  separated  by  first‐dimension  blue  native  PAGE  (1‐D
BN‐PAGE)  and  then  resolved  by  second‐dimension  tricine‐SDS‐
PAGE (2‐D SDS‐PAGE). Following silver staining, the separated by
2‐D  SDS‐PAGE  proteins were  identified  by mass  spectrometry.
Arrows  in A mark  the  non‐respiratory  protein  supercomplex  5
lacking in the IMM of atg32Δ cells as well as individual proteins
or respiratory protein complexes dissociated from other protein
supercomplexes in the IMM of these mutant cells.    

  
www.impactaging.com                    241                                           AGING, April 2013, Vol.5 No.4



 

 
 

NADH or succinate as a respiratory substrate. Both 
these respiratory rates are known to reflect the capacity 
of the electron transport chain (ETC) in the IMM [36, 
37]. Thus, in cells grown under CR conditions on 0.2% 
glucose macromitophagy is required to preserve a 
population of mitochondria that exhibit high capacity of 
electron transport along the respiratory chain.   
    
We also found that the atg32Δ mutation considerably 
decreases (i) the rate of state III respiration (Figures 7A 
and 7B); (ii) the state III rate/state IV rate ratio (known as 
the respiratory control ratio, RCR) (Figures 7J and 7K); 
(iii) the state III rate/UC rate ratio (Figures 7M and 7N); 
and (iv) the ADP/O ratio (i.e., the number ATP 
molecules synthesized per oxygen atom reduced) 
(Figures 7P and 7Q). All these parameters are known to 
reflect the extent of the functional and  physical  integrity  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

of the IMM; the ADP/O ratio is also a direct measure of 
the efficacy of coupling between ADP phosphorylation 
and electron transport along the respiratory chain [36, 37, 
39]. We therefore concluded that in yeast cells limited in 
calorie supply macromitophagy is obligatory for 
sustaining a population of mitochondria that (i) preserve 
the functional and physical integrity of the IMM; and (ii) 
efficiently couple electron transport to ATP synthesis. 
 
To get insight into the effect of the observed in 
macromitophagy-deficient atg32Δ cells reduced 
abundance and altered composition of the major 
respiratory and non-respiratory protein supercomplexes 
on the functional state of each of the five OXPHOS 
protein complexes, we measured their enzymatic 
activities in mitochondria purified from WT and atg32Δ 
cells grown under CR conditions on 0.2% glucose.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  7.  Under  CR  conditions,  the  atg32Δ mutation
reduces capacity of the mitochondrial ETC,  lowers the
efficacy of coupling between ADP phosphorylation and
electron  transport,  compromises  the  integrity  of  the
IMM,  and  disproportionally  decreases  activities  of  all
OXPHOS enzymes. WT and atg32Δ strains were cultured  in
the nutrient‐rich YP medium  initially containing 0.2% glucose.
Mitochondria  were  purified  from  WT  and  atg32Δ  cells
recovered on day 4 of culturing. The rates of state III (A and B),
state IV (D and E) and UC (G and H) respiration were measured
using  NADH  (A,  D  and  G)  or  succinate  (B,  E  and  H)  as  a
respiratory substrate. The  ratios of state  III  rate/state  IV  rate
(RCR; J and K), state  III rate/UC rate (M and N) and ADP/O (P
and Q) were determined using NADH (J, M and P) or succinate
(K, N and Q) as a respiratory substrate. Enzymatic activities of
the OXPHOS enzymes NADH:decylubiquinone oxidoreductase
(NQR;  C),  succinate:decylubiquinone‐2,6‐dichlorophenolindo‐
phenol oxidoreductase  (complex  II)  (F), ubiquinol:cytochrome
c  oxidoreductase  (complex  III)  (I),  cytochrome  c  oxidase
(complex  IV)  (L) and F1F0‐ATP  synthase  (complex V)  (O) were
assessed.  For  each  of  these  OXPHOS  enzymes,  the  ratio
“activity  in  mitochondria  of  atg32Δ  strain/activity  in
mitochondria of WT strain” was calculated (R). 
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As we found, the atg32Δ mutation causes a significant 
reduction in enzymatic activities of NADH: decylubi- 
quinone oxidoreductase (NQR; an impaired in proton 
pumping across the IMM analog of the respiratory 
complex I in higher eukaryotes), succinate:decylubiqui- 
none-2,6-dichlorophenolindo-phenol oxidoreductase 
(the respiratory complex II), ubiquinol:cytochrome c 
oxidoreductase (the respiratory complex III), 
cytochrome c oxidase (the respiratory complex IV) and 
F1F0-ATP synthase (the respiratory complex V) 
(Figures 7C, 7F, 7I, 7L and 7O). Noteworthy, the extent 
of such reduction for the respiratory complexes IV and 
V substantially exceeded that for NQR as well as for the 
respiratory complexes II and III (Figure 7R). Hence, in 
yeast cells limited in calorie supply macromitophagy is 
needed for maintaining a population of mitochondria 
that display high and balanced activities of all five 
OXPHOS complexes. 
 
Altogether, our polarographic and enzymatic assays in 
mitochondria purified from WT and atg32Δ cells 
suggest that in chronologically aging yeast under CR 
conditions macromitophagy may selectively eliminate 
mitochondria whose inner membrane exhibits (i) a 
compromised functional and physical integrity of the 
IMM; (ii) disproportionally reduced activities of the 
five OXPHOS complexes; (iii) a low capacity of 
electron transport along the respiratory chain; and (iv) a 
reduced efficacy of coupling between ADP 
phosphorylation and electron transport.     
 
Macromitophagy sustains a population of 
mitochondria that generate low levels of ROS and 
exhibit only a minor oxidative damage to 
mitochondrial macromolecules 
 
A body of evidence supports the view that the 
multifactorial functional state of the mitochondrial ETC 
and OXPHOS system in the inner membrane of yeast 
mitochondria (rather than just the total number of 
electrons transported along the respiratory chain) 
determines the rate of mitochondrial ROS production, 
thereby modulating the extent of oxidative cellular 
damage and other vital processes defining yeast 
longevity [40-44]. It is well established that the 
functional state of the mitochondrial ETC and coupled 
OXPHOS system in yeast is influenced in part by the 
rate of mitochondrial respiration, capacity of electron 
flow through the respiratory chain, number and activity 
of individual OXPHOS enzymes, and relative levels of 
the five OXPHOS complexes [40-42, 44-46]. We 
demonstrated that in yeast limited in calorie supply the 
atg32Δ-dependent mutational block of macromitophagy 
reduces mitochondrial respiration, decreases capacity of 
the mitochondrial ETC, lowers the efficacy of coupling  

between ADP phosphorylation and electron transport, 
and disproportionally lessens activities of all OXPHOS 
enzymes (Figures 4A and 7). This observation prompted 
us to investigate if the longevity-shortening atg32Δ 
mutation alters the age-related dynamics of changes in 
mitochondrially generated ROS and/or impacts the extent 
of oxidative damage to mitochondrial macromolecules. 
We found that in chronologically aging yeast cultured 
under CR on 0.2% glucose and recovered at different 
periods of CLS, the atg32Δ mutation elevates the level of 
mitochondrially produced ROS (Figure 8A). 
Furthermore, our comparative analysis of mitochondria 
purified from WT and atg32Δ mutant cells limited in 
calorie supply revealed that this mutation increases the 
extent of oxidative carbonylation of mitochondrial 
proteins (Figures 8B and S1) and elevates the levels of 
oxidatively damaged mitochondrial membrane lipids 
(Figure 8C). We also observed that atg32Δ mutant cells 
grown under CR on 0.2% glucose exhibited augmented, 
as compared to WT cells, frequencies of deletion (rho- 
and rho0) and point (rib2 and rib3) mutations in 
mitochondrial DNA (mtDNA) (Figures 8D and 8E) - 
likely due to an elevated extent of oxidative damage to 
mtDNA in these mutant cells.  
 
Taken together, these findings suggest that under CR 
conditions macromitophagy is required to sustain a 
population of mitochondria that generate low levels of 
ROS and exhibit only a minor oxidative damage to 
mitochondrial proteins, membrane lipids and DNA. Thus, 
it is conceivable that in chronologically aging yeast 
limited in calorie supply macromitophagy selectively 
eliminates mitochondria producing excessively high 
concentrations of ROS and accumulating elevated levels 
of macromolecules oxidatively damaged due to their 
exposure to mitochondrial ROS. One could predict that 
the inability of macromitophagy-deficient atg32Δ cells to 
eliminate these oxidatively impaired (and therefore 
dysfunctional) mitochondria may result in their 
progressive accumulation with age, thereby shortening 
yeast longevity. 
 
Macromitophagy is required for maintaining the 
homeostasis of membrane lipids in mitochondria, the 
ER and the PM 
 
Mitochondria are known to be the only site within a 
yeast cell where cardiolipin (CL), the signature 
glycerophospholipid of these organelles, is synthesized 
[25, 26]. Furthermore, yeast mitochondria house the 
synthesis of the glycerophospholipid phosphatidy-
lethanolamine (PE), minor quantities of which are also 
formed in the Golgi apparatus [26]. It should be 
emphasized that both CL and PE are synthesized in the 
the inner membrane of yeast mitochondria from their 
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precursor lipid species formed exclusively in the ER; 
cytidine diphosphate-diacylglycerol (CDP-DAG) serves 
as a precursor for CL, whereas the glycerophospholipid 
phosphatidylserine (PS) is a precursor for PE (Figure S2) 
[25]. Thus, the confined to mitochondria synthesis of CL 
and PE in yeast cells relies on a delivery of their CDP-
DAG and PS precursors from the ER to the IMM [21, 25, 
47]. Moreover, the mitochondrially synthesized PE 
serves as a precursor for the glycerophospholipid 
phosphatidylcholine (PC), which is synthesized only in 
the ER (Figure S2) [26, 27]. Hence, following its 
synthesis in the ER, PC must be transported to 
mitochondria incapable of synthesizing this essential 
glycerophospholipid constituent of both mitochondrial 
membranes (Figure S2) [25, 47]. In addition, the 
glycerophospholipids phosphatidic acid (PA) and 
phosphatedylinositol (PI) are synthesized  in  the  ER  but  
not in mitochondria  of  yeast  cells;  therefore,  these two  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

lipid species playing essential roles in mitochondrial 
membranes need to be translocated to these membranes 
from the site of their synthesis in the ER (Figure S2) [25, 
26]. Altogether, these findings imply that the normal 
functioning of yeast mitochondria requires a bidirectional 
lipid exchange between the mitochondrial and ER 
membranes. Such an exchange occurs via zones of close 
apposition, known as membrane contact sites or 
junctions, between the outer mitochondrial membrane 
and the mitochondria-associated membrane (MAM) 
domain of the ER; from 80 to 110 of these mitochondria-
ER junctions are believed to exist per yeast cell (Figure 
S2) [20, 21, 27]. Of note, following their synthesis within 
the ER and inner mitochondrial membranes, lipids can be 
translocated to the PM; as many as 1,100 PM-ER 
junctions per yeast cell are involved in lipid transport 
from the PM-associated membrane (PAM) domain of the 
ER to the PM (Figure S2) [21-24]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Under CR conditions, the atg32Δ mutation increases the level of mitochondrially produced ROS, elevates
the  extent  of  oxidative  damage  to mitochondrial  proteins  and membrane  lipids,  and  rises  the  frequencies  of
mutations in mtDNA. WT and atg32Δ strains were cultured in the nutrient‐rich YP medium initially containing 0.2% glucose. (A)
The dynamics of age‐dependent changes in the intracellular levels of ROS during chronological aging of yeast. ROS were visualized
using dihydrorhodamine 123  (DHR). At  least 1,000 cells were used  for quantitation of DHR staining  for each of 4  independent
experiments. Data are presented as mean ± SEM. (B and C) Carbonylated proteins (B) and oxidatively damaged membrane lipids
(C)  in purified mitochondria were determined as described  in Methods. Data are presented as mean ± SEM  (n = 2‐3).  (D) The
percentage of  respiratory‐deficient  cells unable  to grow  in medium  containing 3% glycerol because  they  carried  large mtDNA
deletions  (rho‐) or  lacked mtDNA  (rhoo). Data are presented as mean ± SEM  (n = 5).  (E) The  frequencies of rib2 and rib3 point
mutations in mtDNA caused resistance to erythromycin. Data are presented as mean ± SEM (n = 4). 
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Considering such intricate integration of mitochondria 
into a network governing lipid dynamics not only within 
these organelles but also within the ER and the PM, we 
hypothesized that the observed inability of prematurely 
aging under CR conditions atg32Δ cells to eliminate 
morphologically distinct, dysfunctional and oxidatively 
damaged mitochondria may compromise lipid 
metabolism and movement within the entire network. 
One could therefore envisage that the atg32Δ-dependent 
mutational block of macromitophagy may alter 
membrane lipid composition not only in mitochondria 
but also in the ER and the PM.  
 
To test the validity of our hypothesis, we used mass 
spectrometry to compare the membrane lipidomes of 
mitochondria, ER and PM purified from WT and 
atg32Δ cells that were cultured under CR on 0.2% 
glucose and recovered on day 1, 2 or 4 of culturing. We 
found that (i)  the atg32Δ  mutation  considerably  alters  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
levels of several membrane lipid species in 
mitochondria, ER and PM; and (ii) the effect of atg32Δ 
on the membrane lipidomes of mitochondria, the ER 
and the PM is different in cells recovered on day 1, 2 or 
4 of culturing  - and, thus, is age-related (Figure 9).    
 
Indeed, in cells recovered at logarithmic growth phase 
on day 1, the atg32Δ mutation (i) increased the levels of 
PE (a glycerophospholipid delivered to the ER after its 
synthesis in the IMM) in mitochondria and the PM, and 
reduced its level in the ER; (ii) lowered the level of CL 
(a mitochondrially synthesized and accumulated 
glycerophospholipid) in mitochondria; (iii) decreased 
the level of PC (a glycerophospholipid synthesized in 
the ER membrane and then delivered to other 
membranes) in the PM, but did not alter its abundance 
in mitochondria or the ER; (iv) elevated the levels of PI 
(a glycerophospholipid synthesized in the ER 
membrane and then delivered to other membranes) in 

Figure 9. Under CR  conditions,  the atg32Δ mutation alters  levels of  several membrane  lipid
species in mitochondria, the ER and the PM. WT and atg32Δ strains were cultured in the nutrient‐rich
YP medium initially containing 0.2% glucose. Mitochondria, the ER and the PM were purified from WT and
atg32Δ cells recovered on day 1, 2 or 4 of culturing. Following extraction of membrane lipids from purified
mitochondria, ER and PM, various  lipid species were  identified and quantitated by mass spectrometry as
described in Methods. Data are presented as means ± SEM (n = 3; *p < 0.01; ns, not significant).   
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mitochondria and the ER, but did not alter its abundance 
in the PM;  (v) lowered the level of TG (neutral lipid 
species synthesized in the ER but not in mitochondria or 
the PM) in the ER; and (vi) did not affect the levels of 
PA and PS (two glycerophospholipids synthesized in 
the ER membrane and then delivered to other 
membranes) in mitochondria, the ER and the PM 
(Figures 9A, 9D and 9G).       
 
Furthermore, in cells recovered at diauxic growth phase 
on day 2, the atg32Δ mutation (i) reduced the level of 
PE in the ER membrane but not in mitochondria or the 
PM; (ii) elevated the level of CL in mitochondria; (iii) 
decreased the levels of PC in mitochondria and the PM, 
but did not alter its abundance in the ER; (iv) reduced 
the level of PI in mitochondria and elevated the level of 
this glycerophospholipid in the ER, but did not alter its 
abundance in the PM; (v) lowered the level of TG in the 
ER; (vi) increased the level of PA in the ER membrane, 
but did not alter its abundance in mitochondria or the 
PM; and (vii) reduced the level of PS in the ER and 
elevated the level of this glycerophospholipid in the 
PM, but did not alter its abundance in mitochondria 
(Figures 9B, 9E and 9H).   
     
Moreover, in cells recovered at post-diauxic growth 
phase on day 4, the atg32Δ mutation (i) elevated the 
levels of PE in mitochondria and the PM, and reduced 
its abundance in the ER; (ii) decreased the level of CL 
in mitochondria; (iii) reduced the level of PC in the ER 
and increased the level of this glycerophospholipid in 
the PM, but did not alter its abundance in mitochondria; 
(iv) lowered the levels of PI in mitochondria and the 
ER, but did not alter its abundance in the PM; (v) did 
not alter the level of TG in the ER; (vi) elevated the 
levels of PA in mitochondria and the ER, and reduced 
its abundance in the PM; and (vii) decreased the level of 
PS in mitochondria, but increased the levels of this 
glycerophospholipid in the ER and the PM (Figures 9C, 
9F and 9I). 
 
Altogether, these findings imply that under CR 
conditions macromitophagy is essential for sustaining 
the homeostasis of membrane lipids in mitochondria, 
the ER and the PM. It is plausible that the observed in 
macromitophagy-deficient atg32Δ cells age-related 
changes in the membrane lipidomes of mitochondria, 
the ER and the PM may shorten yeast longevity by 
establishing a pro-aging cellular pattern. 
 
DISCUSSION 
 
CR is a diet in which only calorie availability is limited 
but the supply of amino acids, nucleotides, vitamins and 
other nutrients is not compromised [48]. This dietary 

intervention is known for its robust longevity-extending 
and health-improving effects across species [48-52], 
although recent findings in mice and primates initiated 
an intense debate over some of the beneficial effects 
attributed to CR [53, 54]. In this study, we provide the 
first evidence that selective macroautophagic 
mitochondrial removal plays a pivotal role in longevity 
extension by a CR diet in chronologically aging yeast; 
such a diet was implemented by culturing yeast cells in 
a nutrient-rich medium initially containing low (0.2%) 
concentration of glucose, a fermentable carbon source. 
It should be emphasized that under these longevity-
extending CR conditions yeast cells are not starving but 
undergo an extensive remodeling of their metabolism in 
order to match the level of ATP produced under 
longevity-shortening non-CR conditions [18, 55]. 
Moreover, our study also reveals that in chronologically 
aging yeast limited in calorie supply macromitophagy is 
essential for longevity extension by LCA. This bile acid 
is a potent anti-aging intervention previously shown to 
act in synergy with CR to enable a significant further 
extension of yeast lifespan under CR conditions by 
modulating so-called “housekeeping” longevity 
pathways [19, 56]. In sum, these findings imply that 
macromitophagy is a longevity assurance process that in 
chronologically aging yeast underlies the synergistic 
beneficial effects of anti-aging dietary and 
pharmacological interventions (i.e., CR and LCA) on 
lifespan.    
 
Our data suggest that macromitophagy can maintain 
survival of chronologically aging yeast limited in 
calorie supply by controlling a compendium of vital 
cellular processes known for their essential roles in 
defining longevity, as outlined below.  
 
First, the observed in short-lived atg32Δ cells 
significant reduction in the level of ATP implies that 
macromitophagy can selectively eliminate mitochondria 
incapable of producing this universal energy source in 
quantities sufficient to drive pro-longevity cellular 
processes. The diminished ATP production by 
mitochondria accumulating in macromitophagy-
deficient atg32Δ cells is likely due to their demonstrated 
inability to sustain a population of mitochondria whose 
inner membrane exhibits abundant protein super-
complexes, each composed of a distinct set of 
respiratory and non-respiratory protein complexes. It is 
conceivable that such an inability causes the observed in 
atg32Δ cells build-up of mitochondria that exhibit (i) a 
decreased respiration rate; (ii) a reduced electro-
chemical potential across the IMM; (iii) an impaired 
functional and physical integrity of the IMM; (iv) 
disproportionally lowered activities of all five OXPHOS 
complexes; (v) a reduced capacity of electron transport 

  
www.impactaging.com                    246                                           AGING, April 2013, Vol.5 No.4



 

 
 

along the respiratory chain; and (vi) a low efficacy of 
coupling between ADP phosphorylation and electron 
transport. The build-up of these dysfunctional 
mitochondria can be progressively accelerated by the 
demonstrated in prematurely aging atg32Δ cells age-
related accumulation of mitochondria that (i) generate 
high levels of ROS; (ii) display a major oxidative 
damage to mitochondrial proteins and lipids; and (iii) 
exhibit increased frequencies of mtDNA mutations 
likely caused by excessive levels of mitochondrial ROS. 
 
Second, the observed in prematurely aging atg32Δ cells 
substantial rise of ROS in mitochondria, the major 
cellular site of ROS formation as by-products of 
respiration [57-59], implies that macromitophagy can 
selectively eliminate mitochondria incapable of 
maintaining intracellular ROS concentration below a 
toxic threshold. Because both mitochondrial membranes 
are permeable to the hydrogen peroxide form of ROS 
[57-59], the elevated ROS production by mitochondria 
accumulating in macromitophagy-deficient atg32Δ cells 
is likely to accelerate yeast aging by causing an 
excessive oxidative damage to extramitochondrial 
cellular macromolecules. To test the validity of this 
hypothesis, we are currently investigating an impact of 
the atg32Δ mutation on the levels of oxidatively 
damaged proteins, lipids and nucleic acids that reside 
outside mitochondria.   
    
Third, the observed in short-lived atg32Δ cells massive 
fragmentation of the elaborate mitochondrial network, 
reduction of the electrochemical potential across the 
IMM, release of cytochrome c from the intermediate 
space of mitochondria into the cytosol and  elevated 
level of ROS imply that macromitophagy can 
selectively eliminate mitochondria that exhibit MOMP 
and the so-called mitochondrial permeability transition 
(MPT). MOMP is known to trigger apoptotic cell death, 
whereas MPT promotes necrotic cell death [29, 60]. 
One could anticipate that the demonstrated in this study 
early loss of viability by prematurely aging atg32Δ cells 
may be due to their accelerated apoptotic or necrotic 
death controlled by mitochondria. It should be 
emphasized that both these cell death modalities have 
been shown to define yeast longevity [18, 19, 56, 61, 
62]. It is conceivable therefore that macromitophagy 
can maintain survival of chronologically aging yeast 
limited in calorie supply by eliminating only 
mitochondria capable of triggering an age-related form 
of apoptotic or necrotic cell death initiated by MOMP 
and/or MPT. A challenge for the future will be to use 
chronologically aging yeast under CR conditions as a 
valuable model for elucidating an impact of the atg32Δ 
mutation on the spatiotemporal dynamics of various 

hallmark events characteristic of apoptotic and necrotic 
modes of cell death.  
 
Fourth, the observed in atg32Δ cells grown under CR 
conditions substantial reduction of both mitochondrial 
respiration and the electrochemical potential across the 
IMM has been shown to stimulate activity of the cAMP-
dependent protein kinase A (PKA) in WT yeast cells 
cultured under conditions of amino acid starvation [63]. 
PKA is known to govern several longevity-defining 
processes in chronologically aging yeast [64]. If 
activated, this nutrient-sensory protein kinase (i) inhibits 
a housekeeping, anti-aging process of non-selective 
macroautophagy [63, 65, 66]; (ii) activates a pro-aging 
process of protein synthesis in the cytosol [67]; and (iii) 
inhibits nuclear import of Msn2p and Msn4p, thus 
turning off an anti-aging transcriptional program driven 
by these two stress response transcriptional activators 
[67, 68]. One could predict that macromitophagy can 
maintain survival of chronologically aging yeast limited 
in calorie supply by eliminating mitochondria exhibiting 
a decreased respiration rate and a reduced 
electrochemical potential across the IMM, thereby 
attenuating PKA signalling to establish a pro-longevity 
cellular pattern. It would be important to test the validity 
of this hypothesis in the near future by assessing the 
effects of the atg32Δ mutation on non-selective 
macroautophagy, protein synthesis in the cytosol, nuclear 
import of Msn2p and Msn4p, and transcriptional pattern 
in yeast cultured under CR conditions. 
 
Fifth, the observed in atg32Δ cells age-related changes 
in the membrane lipidomes of mitochondria, the ER and 
the PM imply that macromitophagy selectively 
eliminates mitochondria exhibiting an imbalance of 
their membrane lipidome, perhaps due to progressing 
with age alterations in the synthesis, stability and/or 
oxidative state of some lipid species. Because 
mitochondria are convolutedly integrated into a network 
governing lipid dynamics not only within these 
organelles but also within the ER and the PM (Figure 
S2), it is reasonable to assume that the inability of 
macromitophagy-deficient atg32Δ cells to eliminate 
mitochondria exhibiting such an age-related imbalance 
of their membrane lipidome (i) can also compromise 
lipid metabolism and transport in the ER and the PM; 
and (ii) is therefore responsible for the observed in 
atg32Δ cells changes in the membrane lipidomes of 
mitochondria, the ER and the PM. Our findings suggest 
a working model for a mechanism that in macro-
mitophagy-deficient atg32Δ cells underlies the 
spatiotemporal dynamics of age-related alterations in 
lipid synthesis in the ER and mitochondria as well as in 
lipid transport via mitochondria-ER (MAM) and PM-
ER (PAM) junctions (Figure 10). During logarithmic 
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growth phase, a remodelling of lipid synthesis and 
transport in atg32Δ cells leads to the following changes  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
in the membrane lipidomes of mitochondria, the ER and 
the PM: (i) an activated conversion of PS into PE in the 
IMM and a simultaneous inhibition of PE transport 
from mitochondria to the MAM domain of the ER via 
mitochondria-ER (MAM) junctions elevate PE 

concentration in mitochondria and reduce its 
concentration in the ER; (ii) an activated synthesis of PI 
from CDP-DAG in the MAM domain of the ER, along 
with an activation of PI transport from this ER domain 
to mitochondria via mitochondria-ER (MAM) junctions, 
rise PI concentration in both mitochondria and the ER; 
(iii) an inhibition of TG synthesis from PA in the MAM 
domain of the ER reduces TG concentration in this 
organelle; (iv) an inhibition of CL synthesis from CDP-
DAG in the IMM is responsible for the observed 
decline of CL concentration in mitochondria; (v) an 
activated transport of PE from the PAM domain of the 
ER to the PM via PM-ER (PAM) junctions increases PE 
concentration in the PM; and (vi) an inhibition of PC 
transport from the PAM domain of the ER to the PM 
via PM-ER (PAM) junctions reduces PC concentration 
in the PM (Figure 10A). During diauxic growth phase, 
atg32Δ cells undergo a remodelling of lipid synthesis 
and transport causing the following alterations to 
membrane lipid concentrations in mitochondria, the ER 
and the PM: (i) an inhibited conversion of CDP-DAG 
into PS in the MAM domain of the ER and an inhibition 
of PE transport from mitochondria to this ER domain 
via mitochondria-ER (MAM) junctions reduce the 
concentrations of both PS and PE in the ER; (ii) an 
inhibition of PC transport from the MAM domain of the 
ER to mitochondria via mitochondria-ER (MAM) 
junctions lowers the concentration of this glycerol-
phospholipid in mitochondria; (iii) an inhibited 
transport of PI from the MAM domain of the ER to 
mitochondria via mitochondria-ER (MAM) junctions 
reduces PI concentration in mitochondria and rises its 
level in the ER; (iv) an activation of CL synthesis from 
CDP-DAG in the IMM leads to the observed increase of 
CL concentration in mitochondria; (v) an inhibited 
conversion of PA into TG in the MAM domain of the 
ER is responsible for the observed rise of PA and 
decline of TG concentrations in this organelle; (vi) an 
activated transport of PS from the PAM domain of the 
ER to the PM via PM-ER (PAM) junctions increases its 
concentration in the PM; and (vi) an inhibition of PC 
transport from the PAM domain of the ER to the PM 
via PM-ER (PAM) junctions reduces PC level in the 
PM (Figure 10B). During post-diauxic growth phase, a 
remodelling of lipid synthesis and transport in atg32Δ 
cells alters the membrane lipidomes of mitochondria, 
the ER and the PM as follows: (i) an inhibition of PS 
transport from the MAM domain of the ER to 
mitochondria and a simultaneous inhibition of PE 
transport in the opposite direction via mitochondria-ER 
(MAM) junctions, along with an activated conversion of 
PS into PE in the IMM, not only rise the concentrations 
of PS in the ER and PE in mitochondria but also reduce 
the levels of PE in the ER and PS in mitochondria; (ii) 
an inhibited synthesis of PC from PE in the MAM 

Figure  10.  A  working  model  for  a  mechanism  that  in
atg32Δ  cells  underlies  the  spatiotemporal  dynamics  of
age‐related  changes  in  lipid  synthesis  in  the  ER  and
mitochondria  as  well  as  in  lipid  transport  via
mitochondria‐ER  (MAM)  and  PM‐ER  (PAM)  junctions.
During logarithmic (A), diauxic (B) and post‐diauxic (C) phases of
growth under CR conditions, a remodelling of lipid synthesis and
transport  in  atg32Δ  cells  alters  the  membrane  lipidomes  of
mitochondria,  the  ER  and  the  PM.  From  the  data  of  lipidomic
analysis, we  inferred an outline of  lipid synthesis and  transport
processes  that were  activated  (red  arrows)  or  inhibited  (blue
arrows)  by  the  atg32Δ‐dependent  mutational  block  of
macromitophagy;  the  thickness of  these arrows correlates with
the  rates of  the processes  taking place  in atg32Δ  cells. Arrows
next to the names of  lipid species denote those of them whose
concentrations  are  elevated  (red  arrows)  or  reduced  (blue
arrows) in atg32Δ cells. See text for details. 
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domain of the ER lowers PC concentration in this 
organelle; (iii) an inhibition of the conversion of CDP-
DAG into PI in the MAM domain of the ER reduces PI 
levels both in the ER and in mitochondria; (iv) an 
inhibited synthesis of CL from CDP-DAG in the IMM 
lowers CL concentration in mitochondria; (v) an 
activated transport of PS, PE and PC from the PAM 
domain of the ER to the PM via PM-ER (PAM) 
junctions increases their concentrations in the PM; and 
(vi) an inhibition of PA transport from the PAM domain 
of the ER to the PM via PM-ER (PAM) junctions not 
only reduces PA level in the PM but may also be 
responsible for the observed rise of PA concentrations 
in the ER and mitochondria (Figure 10C).    
            
It should be emphasized that the spatiotemporal 
dynamics of lipid synthesis, deposition and degradation 
has been shown to play an essential role in longevity 
regulation in evolutionarily distant organisms, including 
yeast [12, 18, 55, 69]. One could therefore envisage that 
progressing with age substantial changes in the 
membrane lipidomes of mitochondria, the ER and the 
PM, as those seen in prematurely aging atg32Δ cells, 
may cause the establishment of a pro-aging cellular 
pattern and may ultimately shorten yeast longevity. In 
the future, it would be important to identify longevity-
defining cellular processes that are responsive to the 
observed in atg32Δ cells alterations in the repertoires of 
membrane lipids constituting mitochondria, the ER and 
the PM. These cellular processes may include (i) a 
mitochondria-controlled, age-related mode of apoptotic 
cell death known to be modulated in response to 
changes in CL concentration within the IMM [70, 71]; 
and (ii) a non-selective pathway of macroautophagy 
shown to be responsive to certain alterations in lipid 
metabolism within and lipid exchange between several 
cellular membranes [72-74]. 
 
Another challenge for the future will be to establish 
which of the numerous morphological and physiological 
features exhibited by dysfunctional mitochondria that 
amass in atg32Δ cells direct only a population of 
dysfunctional mitochondria for selective macro-
mitophagic destruction in WT cells limited in calorie 
supply. It would be also important to investigate if in 
WT cells grown under CR only a pool of Atg32p 
confined to dysfunctional mitochondria is subjected to 
phosphorylation, as it has been seen in yeast undergoing 
macromitophagy triggered in response to nitrogen 
starvation [75, 76]. Moreover, it remains to be seen 
which of the mitophagy-linked proteins other than 
Atg32p (a number of such proteins have been identified 
in the genome-wide screens as products of genes 
essential for mitophagy [16, 17]) are involved in 

macromitophagy in chronologically aging WT cells 
limited in calorie supply.  
 
METHODS 
 
Yeast strains, media and growth conditions. The wild-
type strain Saccharomyces cerevisiae BY4742 (MATα 
his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) as well as the single-
gene-deletion mutant strains atg32Δ (MATα his3Δ1 
leu2Δ0 lys2Δ0 ura3Δ0 atg32Δ::kanMX4) and atg36Δ 
(MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
atg36Δ::kanMX4) in the BY4742 genetic background 
[all from Thermo Scientific/Open Biosystems; 
#YSC1054, #YSC1021-550234 and #YSC1021-
548143, respectively] were grown in YP medium (1% 
yeast extract, 2% peptone) [both from Fisher Scientific; 
#BP1422-2 and #BP1420-2, respectively] containing 
0.2% glucose [#D16-10; Fisher Scientific] as carbon 
source. Cells were cultured at 30oC with rotational 
shaking at 200 rpm in Erlenmeyer flasks at a “flask 
volume/medium volume” ratio of 5:1. 
 
Identification of proteins by mass spectrometry. 
Solubilization of purified mitochondria for first-
dimension blue native PAGE (1-D BN-PAGE), 
separation of the solubilized mitochondrial membrane 
protein supercomplexes by 1-D BN-PAGE, subsequent 
resolution of individual protein components of these 
supercomplexes by second-dimension tricine-SDS-
PAGE (2-D SDS-PAGE) and following silver staining 
were carried out as previously described [34]. Protein 
bands were excised from the gel, reduced, alkylated and 
in-gel digested with trypsin [77]. The resulting peptides 
were separated by reverse phase high performance 
liquid chromatography coupled to mass spectrometry 
(RP-HPLC/MS) using an LTQ Orbitrap (#10145339; 
Thermo Scientific) [78]. The raw MS data file obtained 
by Xcalibur was analyzed using the Thermo Scientific 
Xcalibur Proteome Discoverer application (version 1.3) 
hereafter referred to as the Proteome Discoverer. The 
Proteome Discoverer was used to identify individual 
protein components of the isolated mitochondrial 
respiratory supercomplexes by comparing the raw data 
of mass spectra of digested fragments to the mass 
spectra of peptides within the Uniprot FASTA database. 
The analysis by the Proteome Discoverer coupled to the 
FASTA database was enabled by using the peak-finding 
search engine SEQUEST, which processes MS data 
using a peak-finding algorithm to search the raw data 
for generating a peak probability list with relative 
protein abundances.   
 
Analysis of lipids by mass spectrometry. Extraction of 
lipids from purified mitochondria, ER and PM and 
following mass spectrometric identification and 
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quantitation of various lipid species were carried out as 
previously described [79]. Mass spectrometric analyses  
were performed with a Thermo OrbitrapVelos mass 
spectrometer equipped with a HESI-II ion source 
(#10145339; Thermo Scientific) operating at a flow rate 
of 5 μl/min. Numerous lipid species were separated by 
Fourier transform tandem mass spectrometry. Mass 
spectra were converted to an open format (mzXML, 
mzML) using the ProteoWizard MSConvert software 
freely available from http://proteowizard.source-
forge.net/. The raw data were then imported into the 
open source software LipidXplorer (freely available 
from https://wiki.mpi-cbg.de/wiki/lipidx/index.php/-
_Page) for the automated detection and quantitation of 
lipid species. 
 
Miscellaneous procedures. Chronological lifespan assay 
and pharmacological manipulation of chronological 
lifespan by addition of lithocholic acid (LCA) [Sigma; 
#L6250] were carried out as previously described [19]. 
The stock solution of LCA in water was made on the day 
of adding this compound to cell cultures. LCA was added 
to growth medium at the final concentration of 50 µM 
immediately following cell inoculation into the medium.  
 
Fluorescence [18], immunofluorescence [18] and 
electron [80] microscopies followed by morphometric 
analyses of the resulting images were performed 
according to established procedures.  
 
Cellular respiration assay [18], monitoring of the 
mitochondrial membrane potential [18], ROS 
measurement 81], immunodetection of carbonyl groups 
in oxidatively damaged mitochondrial proteins [81] and 
measurement of the frequencies of spontaneous 
mutations in mitochondrial DNA [56] were performed 
as previously described. Oxidatively damaged proteins 
and lipids in samples of purified mitochondria were 
determined with a Protein Carbonyl Assay Kit assay kit 
(#10005020; Cayman Chemical) and a PeroXOquant 
Quantitative Peroxide Assay Kit assay kit (#23285; 
Thermo Scientific Pierce), respectively, following the 
manufacturer's instructions.  
 
Preparation of cellular extracts and a microanalytic 
biochemical assay for measuring ATP have been 
described elsewhere [82].  
 
Subcellular fractionation of yeast [83] followed by 
isolation of mitochondria [84], ER [83] and cytosolic 
fraction [80] were performed according to established 
procedures. Yeast plasma membrane was isolated as 
previously described [85].  
 
Protein concentration in samples of purified 

mitochondria was determined with an RC DC protein 
assay kit (#500-0122; Bio-Rad) following the 
manufacturer's instructions. SDS-PAGE and 
immunoblotting using a Trans-Blot SD semi-dry 
electrophoretic transfer system (#170-3940; Bio-Rad) 
were performed as previously described [86]. Blots 
were decorated with monoclonal antibodies raised 
against porin (#459500; Invitrogen) or polyclonal 
antisera raised against cytochrome c (kind gift of Dr. 
Roland Lill, Philipps Universität Marburg), cytochrome 
c1, subunit II of cytochrome c oxidase or alpha and beta 
subunits of the mitochondrial F1ATPase (all three 
antisera were kind gifts of Dr. Carla Koehler, University 
of California, Los Angeles). Antigen-antibody 
complexes were detected by enhanced chemilumines-
cence using an Amersham ECL Plus Western Blotting 
Detection Reagents (#RPN2132; GE Healthcare).  
 
State III and IV respiratory rates measurement using 
NADH as a respiratory substrate of external 
NADH:quinone oxidoreductase or succinate as a 
respiratory substrate of complex II, as well as 
uncoupled respiratory rates (UC) measurement in the 
presence of the uncoupler CCCP and a respiratory 
substrate (NADH or succinate) were performed by 
polarography of purified mitochondria according to 
established procedures [36]. The ratios of state III 
rate/state IV rate (i.e., RCR), state III rate/UC rate and 
ADP/O (i.e., the stoichiometry of coupled oxidation and 
phosphorylation) were calculated as previously 
described [37]. Enzymatic activities of NADH:decylu- 
biquinone oxidoreductase (NQR; an impaired in proton 
pumping across the IMM analog of the respiratory 
complex I in higher eukaryotes) [35], succinate:decy- 
lubiquinone-2,6-dichlorophenolindo-phenol oxido-
reductase (the respiratory complex II) [87], 
ubiquinol:cytochrome c oxidoreductase (the respiratory 
complex III) [88], cytochrome c oxidase (the respiratory 
complex IV) [38] and F1F0-ATP synthase (the 
respiratory complex V) [39] were determined by 
established methods.  
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Figure  S1.  Under  CR  conditions,  the  atg32Δ  mutation
elevates  the  extent  of  oxidative  damage  to mitochondrial
proteins. WT and atg32Δ strains were cultured in the nutrient‐rich
YP medium  initially  containing  0.2%  glucose.  Immunodetection  of
carbonyl  groups  in  oxidatively  damaged  proteins  of  purified
mitochondria was performed as described in Methods. 

Figure S2. Lipid synthesis  in the ER and mitochondria and  lipid transport via mitochondria‐ER
and PM‐ER junctions. After being synthesized in the mitochondria‐associated membrane (MAM) domain
of  the ER, cytidine diphosphate‐diacylglycerol  (CDP‐DAG) and phosphatidylserine  (PS) are  transported via
mitochondria‐ER  junctions  to  the  outer mitochondrial membrane  (OMM).  Following  their  translocation
from the OMM to the  inner mitochondrial membrane  (IMM), CDP‐DAG and PS are used as substrates  for
the  synthesis of  cardiolipin  (CL)  and phosphatidylethanolamine  (PE),  respectively. PE  is  then  transported
through  mitochondria‐ER  junctions  to  the  MAM  domain  of  the  ER,  where  it  is  converted  to
phosphatidylcholine (PC). After being formed in the MAM, PC is translocated via mitochondria‐ER junctions
to mitochondria, which  are  incapable  of  synthesizing  this  glycerophospholipid.  The  glycerophospholipids
phosphatidic  acid  (PA)  and phosphatidylinositol  (PI)  are  also  synthesized  in  the MAM domain of  the  ER,
from which they are delivered through mitochondria‐ER junctions to mitochondria known to lack enzymes
required  for  the  synthesis of  these  two glycerophospholipids. After being  synthesized within  the ER and
inner mitochondrial membranes, lipids can be translocated via the PM‐ER junctions from the PM‐associated
membrane  (PAM) domain of  the ER  to  the plasma membrane  (PM). Unlike glycerophospholipids, various
molecular forms of the neutral lipids triacylglycerols (TG) cannot be moved from the site of their synthesis
in the ER to either mitochondria or the PM. See text for details. 
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Table S1. List of  individual protein components of digitonin‐solubilized mitochondrial membrane protein 
supercomplexes separated by 1‐D BN‐PAGE,  resolved by 2‐D SDS‐PAGE and stained by silver. Following 
silver  staining,  protein  bands were  excised  from  the  gel,  reduced,  alkylated  and  in‐gel  digested with 
trypsin. The resulting peptides were separated by RP‐HPLC/MS using an LTQ Orbitrap. The raw MS data 
file  obtained  by  Xcalibur  was  analyzed  using  the  Thermo  Scientific  Xcalibur  Proteome  Discoverer 
application  (version  1.3),  which  was  used  to  identify  individual  protein  components  of  the  isolated 
mitochondrial  respiratory  supercomplexes  by  comparing  the  raw  data  of  mass  spectra  of  digested 
fragments to the mass spectra of peptides within the Uniprot FASTA database. The analysis by the Thermo 
Scientific Xcalibur Proteome Discoverer coupled  to the FASTA database was enabled by using  the peak‐
finding search engine SEQUEST, which processes MS data using a peak‐finding algorithm to search the raw 
data for generating a peak probability list with relative protein abundances. 
 

Protein 
name 

Protein 
description 

NCBI 
accession 
number 

Score Sequence 
coverage 

(%) 

Number of 
identified 
peptides 

MW 
(kDa) 

Calculated 
pI 

Wild-type strain 
Protein supercomplex 1 

Aac2p Major ADP/ATP 
carrier of the 
mitochondrial 
inner membrane 

P18239 103.33 30.19% 10 34.4 9.79 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 251.47 43.46% 12 30.4 7.93 

Ndi1p NADH:ubiquinone 
oxidoreductase 

P32340 177.99 35.67% 19 57.2 9.44 

Nde1p Mitochondrial 
external NADH 
dehydrogenase 

P40215 56.52 34.64% 25 62.7 9.28 

Pda1p E1 alpha subunit 
of the pyruvate 
dehydrogenase 
complex 

P16387 99.69 26.43% 15 46.3 8.1 

Pdb1p E1 beta subunit of 
the pyruvate 
dehydrogenase 
complex 

P32473 84.43 34.43% 9 40 5.3 

Lat1p Dihydrolipoamide 
acetyltransferase 
component (E2) of 
the pyruvate 
dehydrogenase 
complex 

P12695 118.56 26.56% 11 51.8 7.8 

Lpd1p Dihydrolipoamide 
dehydrogenase 
component (E3) of 
the pyruvate 
dehydrogenase 
complex 

P09624 253.54 51.70% 27 54 8.03 
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Sdh1p Flavoprotein 

subunit of 
succinate 
dehydrogenase 
(respiratory 
complex II) 

Q00711 112.55 38.59% 24 70.2 7.5 

Sdh2p Iron-sulfur subunit 
of succinate 
dehydrogenase 
(respiratory 
complex II) 

P21801 212.02 31.20% 12 30.2 8.82 

Sdh3p Cytochrome b 
subunit of 
succinate 
dehydrogenase 
(respiratory 
complex II) 

P33421 97.47 22.73% 6 22.1 10.23 

Sdh4p Membrane anchor 
subunit of 
succinate 
dehydrogenase 
(respiratory 
complex II) 

P37298 129.27 24.31% 6 20.2 8.9 

Cyt1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 49.94 27.83% 5 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 154.4 32.82% 19 50.2 7.3 

Qcr2p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2  

P07257 
 

188.18 54.62% 26 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 106.36 22.83% 5 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 92.45 24.47% 3 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 68.73 18.60% 5 23.3 8.07 
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Atp1p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 260.88 23.67% 15 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 270.34 38.94% 20 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 207.02 47.91% 20 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 135.52 55.74% 18 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 197.56 86.32% 21 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 256.15 66.67% 20 19.8 8.94 

Atp17p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), f 
subunit 

Q06405 91.74 41.58% 5 11.3 10.1 

Protein supercomplex 2
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 92.94 38.99% 15 34.4 9.79 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 199.73 39.22% 10 30.4 7.93 

Kgd1p Component of the 
mitochondrial 
alpha-
ketoglutarate 
dehydrogenase 
complex 

P20967 409.94 56.21% 53 114.3 7.21 
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Cytochrome b-c1 
complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 35.71 27.83% 5 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 636.69 36.32% 20 50.2 7.3 

Qcr2p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2 

P07257 248.78 67.12% 33 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 122.57 22.83% 5 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 26.43 24.47% 4 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 61.51 28.37% 6 23.3 8.07 

Protein supercomplex 3
Cyt1p Cytochrome b-c1 

complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 40.02 22.98% 6 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 124.86 34.14% 17 50.2 7.3 

Qcr2p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2 

P07257 156.88 57.61% 25 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 142.84 51.97% 7 14.6 5.88 
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Qcr8p Cytochrome b-c1 

complex 
(respiratory 
complex III), 
subunit 8 

P08525 40.05 24.47% 4 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 54.99 25.58% 6 23.3 8.07 

Atp1p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 174.59 28.26% 21 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 129.72 55.77% 23 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 143.47 32.80% 12 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 254.25 50.82% 14 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 91.52 55.19% 11 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 166.24 40.23% 11 19.8 8.94 

Atp17p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), f 
subunit 

Q06405 83.21 32.67% 4 11.3 10.1 
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Protein supercomplex 4

Aac2p Major ADP/ATP 
carrier of the 
mitochondrial 
inner membrane 

P18239 92.83 29.25% 10 34.4 9.79 

Atp1p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 255.88 28.07% 22 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 292.07 31.70% 18 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 615.01 41.80% 16 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 90.24 40.57% 12 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 225.76 66.51% 12 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 125.76 51.15% 14 19.8 8.94 

Protein supercomplex 5 
Yme2p Integral inner 

mitochondrial 
membrane protein 
with a role in 
maintaining 
mitochondrial 
nucleoid structure 
and number 

P32843 194.31 35.65% 32 96.6 8.92 

Protein supercomplex 6
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 184.97 51.26% 24 34.4 9.79 
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Atp1p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 173.98 39.08% 28 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 106.04 42.66% 21 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 162.87 26.05% 9 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 173.15 50.82% 15 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 108.74 48.58% 11 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 101.36 58.05% 16 19.8 8.94 

Protein supercomplex 7
Cyt1p Cytochrome b-c1 

complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 36.2 22.65% 5 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 242.73 39.17% 20 50.2 7.3 

Qcr2p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2 

P07257 178.59 74.46% 33 40.5 7.96 
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Qcr7p  Cytochrome b-c1 

complex 
(respiratory 
complex III), 
subunit 7 

P00128 131.52 22.83% 5 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 26.82 24.47% 4 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 77.37 36.28% 10 23.3 8.07 

Cox4p Cytochrome c 
oxidase 
(respiratory 
complex IV), 
subunit 4 

P04037 14.78 31.61% 3 17.1 6.9 

Cox5Ap Cytochrome c 
oxidase 
(respiratory 
complex IV), 
subunit 5A  

P00424 160.43 47.71% 11 17.1 9.82 

Cox5Bp Cytochrome c 
oxidase 
(respiratory 
complex IV), 
subunit 5B 

P00425 103.71 28.48% 5 17.2 9.8 

Cox6p Cytochrome c 
oxidase 
(respiratory 
complex IV), 
subunit 6 

P00427 26.7 33.11% 8 17.3 6.05 

Atp1p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 180.84 48.44% 32 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 158.5 40.51% 20 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 387 30.55% 10 34.3 9.31 
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Atp4p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 95.35 45.90% 18 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 288.43 66.98% 14 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 196.03 44.25% 13 19.8 8.94 

Protein supercomplex 8
Ald4p Mitochondrial 

aldehyde 
dehydrogenase 

P46367 531.66 52.60% 24 56.7 6.74 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 114.07 42.05% 11 30.4 7.93 

Cyt1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 32.23 29.77% 6 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 206.37 30.85% 17 50.2 7.3 

Qcr2p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2 

P07257 152.45 48.10% 21 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 149.7 36.22% 6 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 92.45 24.47% 3 11 9.7 
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Rip1p Cytochrome b-c1 

complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 36.14 33.95% 7 23.3 8.07 

Atp1p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 666.64 36.15% 27 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 273.89 44.03% 20 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 432.23 40.19% 14 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 203.16 47.13% 15 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 148.55 49.53% 11 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 112.24 40.80% 9 19.8 8.94 

Idh1p Subunit of 
mitochondrial 
NAD(+)-
dependent 
isocitrate 
dehydrogenase 

P28834 415.06 47.22% 19 39.3 9 

Idh2p Subunit of 
mitochondrial 
NAD(+)-
dependent 
isocitrate 
dehydrogenase 

P28241 238.75 39.84% 13 39.7 8.69 
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atg32Δ strain 

Protein supercomplex 1
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 142.9 31.45% 13 34.4 9.79 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 135.62 43.46% 12 30.4 7.93 

Lat1p Dihydrolipoamide 
acetyltransferase 
component (E2) of 
the pyruvate 
dehydrogenase 
complex 

P12695 71.58 26.97% 14 51.8 7.8 

Lpd1p Dihydrolipoamide 
dehydrogenase 
component (E3) of 
the pyruvate 
dehydrogenase 
complex 

P09624 171.86 37.07% 21 54 8.03 

Cyt1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 68.38 31.07% 7 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 216.4 34.79% 18 50.2 7.3 

Qcr2p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 2 

P07257 134.35 56.25% 24 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 160.32 36.22% 6 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 26.43 24.47% 4 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 56.97 29.77% 7 23.3 8.07 
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Atp1p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 293.31 28.26% 21 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 329.47 43.84% 22 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 438.8 36.33% 13 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 298.9 62.30% 24 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 573.45 75.47% 16 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 190.75 72.99% 15 19.8 8.94 

Protein supercomplex 2
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 167.8 34.91% 14 34.4 9.79 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 296.37 50.18% 14 30.4 7.93 

Cyt1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
cytochrome c1 
component  

P07143 61.72 27.83% 5 34 8.12 

Qcr1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 1 

P07256 110.93 39.17% 20 50.2 7.3 
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Qcr2p Cytochrome b-c1 

complex 
(respiratory 
complex III), 
subunit 2 

P07257 152.7 54.08% 24 40.5 7.96 

Qcr7p  Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 7 

P00128 101.24 36.22% 6 14.6 5.88 

Qcr8p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
subunit 8 

P08525 13.41 21.28% 2 11 9.7 

Rip1p Cytochrome b-c1 
complex 
(respiratory 
complex III), 
ubiquinol-
cytochrome-c 
reductase  

P08067 52.77 46.05% 11 23.3 8.07 

Protein supercomplex 3
Atp1p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 109.69 35.78% 25 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 512.23 38.16% 22 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 156.34 36.33% 12 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 242.42 58.20% 22 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 124.41 53.30% 11 22.8 9.57 
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Atp7p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 348.32 79.89% 20 19.8 8.94 

Protein supercomplex 4
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 91.45 33.02% 11 34.4 9.79 

Protein supercomplex 6
Aac2p Major ADP/ATP 

carrier of the 
mitochondrial 
inner membrane 

P18239 176.99 45.60% 18 34.4 9.79 

Protein supercomplex 7
Atp1p Mitochondrial 

F1F0 ATP 
synthase 
(respiratory 
complex V), alpha 
subunit 

P07251 193.91 43.85% 27 58.6 9.04 

Atp2p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), beta 
subunit 

P00830 102.93 40.12% 17 54.8 5.71 

Atp3p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
gamma subunit 

P38077 138.31 36.33% 13 34.3 9.31 

Atp4p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), b 
subunit 

P05626 110.07 40.57% 14 26.9 9.13 

Atp5p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), 
subunit 5 

P09457 345.82 82.55% 19 22.8 9.57 

Atp7p Mitochondrial 
F1F0 ATP 
synthase 
(respiratory 
complex V), d 
subunit 

P30902 198.09 83.91% 24 19.8 8.94 
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Protein supercomplex 8
Ald4p Mitochondrial 

aldehyde 
dehydrogenase 

P46367 211.93 51.25% 21 56.7 6.74 

Por1p Mitochondrial 
porin (voltage-
dependent anion 
channel) 

P04840 141.79 40.64% 10 30.4 7.93 

Idh1p Subunit of 
mitochondrial 
NAD(+)-
dependent 
isocitrate 
dehydrogenase 

P28834 367.21 43.06% 16 39.3 9 

Idh2p Subunit of 
mitochondrial 
NAD(+)-
dependent 
isocitrate 
dehydrogenase 

P28241 580.69 40.65% 14 39.7 8.69 
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