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Ablation of mitochondrial DNA results
in widespread remodeling of the
mitochondrial complexome
Sergio Guerrero-Castillo1,2 , Joeri van Strien1,3, Ulrich Brandt1,4,* & Susanne Arnold1,4,**

Abstract

So-called q0 cells lack mitochondrial DNA and are therefore inca-
pable of aerobic ATP synthesis. How cells adapt to survive ablation
of oxidative phosphorylation remains poorly understood. Complex-
ome profiling analysis of q0 cells covered 1,002 mitochondrial
proteins and revealed changes in abundance and organization
of numerous multiprotein complexes including previously not
described assemblies. Beyond multiple subassemblies of complexes
that would normally contain components encoded by mitochon-
drial DNA, we observed widespread reorganization of the complex-
ome. This included distinct changes in the expression pattern of
adenine nucleotide carrier isoforms, other mitochondrial trans-
porters, and components of the protein import machinery. Remark-
ably, ablation of mitochondrial DNA hardly affected the complexes
organizing cristae junctions indicating that the altered cristae
morphology in q0 mitochondria predominantly resulted from the
loss of complex V dimers required to impose narrow curvatures to
the inner membrane. Our data provide a comprehensive resource
for in-depth analysis of remodeling of the mitochondrial complex-
ome in response to respiratory deficiency.
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Introduction

Mitochondria are the central hub of metabolism and are key players

in cellular homeostasis and survival (Spinelli & Haigis, 2018). To

optimally fulfill this role in higher organisms, they need to adapt to

a wide range of requirements in specialized cells and changing envi-

ronments. Especially for mammalian mitochondria, this not only

concerns their functional make-up but is also evident from a

remarkable variability in overall shape and folding of the inner

membrane (Giacomello et al, 2020). This pronounced functional

and structural flexibility allows mitochondria to respond to deficien-

cies imposed by inherited monogenic mitochondrial diseases

(Rahman & Rahman, 2018) or functional deterioration in neurode-

generation (Grimm & Eckert, 2017) or biological aging (Kauppila

et al, 2017). Ultimately, the extent to which mitochondria are able

to restore homeostasis in a given tissue or cell type will be reflected

in the pattern of affected organs, disease severity, and progression.

Although much is known about the structure and function of mito-

chondria and their constituents, the complex interactive protein

network underlying their ability to adapt and compensate for func-

tional challenges remains enigmatic.

Multiprotein complexes are central to many mitochondrial prop-

erties and functions including biogenesis, morphology, dynamics,

and metabolic pathways. The inventory and composition of mito-

chondrial complexes is dynamic, and many proteins may be consti-

tuents of different assemblies at the same time. These dynamics

cannot be addressed adequately by studying purified complexes or

by commonly used methods to study interactomes that are restricted

to binary protein-protein interactions only (Zhou et al, 2016; Anton-

icka et al, 2020). Complexome profiling overcomes these limitations

by providing a comprehensive analysis not only of the proteome but

also the inventory of multiprotein assemblies including their appar-

ent molecular mass, their composition, and relative abundance

(Heide et al, 2012).

The impressive adaptive capacity of mammalian mitochondria is

best exemplified by so-called q0 cells (King & Attardi, 1989) that

are devoid of mitochondrial DNA (mtDNA) encoding for 13 subu-

nits of complexes of the oxidative phosphorylation (OXPHOS)

system and the organellar r- and t-RNAs. Thus, q0 cells lack the

central enzymes of aerobic energy metabolism and are entirely

dependent on anaerobic glycolysis for ATP production. Neverthe-

less, q0 cells are viable and grow well in standard media that only

need to be supplemented with uridine, since dihydroorotate dehy-

drogenase, a key enzyme of pyrimidine synthesis, requires ubiqui-

none as electron acceptor. Thus, it is dependent on a functional
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mitochondrial respiratory chain. As such, q0 cells can be considered

an all-encompassing model of OXPHOS deficiency directly affecting

the assembly of mitochondrial ribosomes and complexes I, III, IV,

and V. To assess the immediate effect on these complexes and to

study the consequences on other mitochondrial proteins and multi-

protein complexes not directly dependent on mtDNA, we performed

a comprehensive analysis of control and q0 mitochondria by

complexome profiling.

Results

Assessing the mitochondrial complexome

To assess the inventory of mitochondrial proteins and multiprotein

assemblies and its modulation by the ablation of mtDNA, we

measured four complexome profiles of mitochondria from 143B

osteosarcoma cells and q0 cells derived from this cell line by treat-

ment with ethidium bromide (King & Attardi, 1989). Overall, we

identified more than 4,000 different proteins by mass spectrometry.

We detected 965 of the 1,158 proteins listed in the MitoCarta 2.0

database (Calvo et al, 2016) corresponding to a coverage of 83%.

By manual analysis based on literature and database searches, we

assigned 37 additional proteins to mitochondria, resulting in a total

number of 1,002 identified mitochondrial proteins (Dataset EV1).

Since the mass range of the analysis also included the mono-

meric state of most proteins, we could assess their total amounts by

integrating abundance values over the entire profile and determine

the ratio by which they differed between control and q0 mitochon-

dria (Fig 1A; Dataset EV1). Of the detected mitochondrial proteins,

11% (110) were increased and 28% (285) were decreased by at least

two-fold. As expected, q0 mitochondria did not contain mitoribo-

somes and OXPHOS complexes I, III, IV, V because central compo-

nents of these multiprotein assemblies are encoded by mtDNA.

Notably however, most nuclear-encoded subunits of these

complexes were still detectable in q0 cells. Their amounts varied

over a wide range from less than 1% up to two-fold of controls

(Fig 1B). This underscores the need to analyze to what extent these

proteins were present as monomers or as constituents of other

complexes and subassemblies in q0 mitochondria.
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Figure 1. Overall abundance changes of mitochondrial proteins.

A, B Relative change in total abundances between control and q0 cells averaged over four independent migration profiles (Dataset EV1). A, All mitochondrial proteins
detected. Gray area indicates proteins that changed less than 2-fold in both directions. Subunits of selected mitochondrial machineries are highlighted as follows:
magenta, pyruvate dehydrogenase complex (PDH); blue, mitochondrial carriers (Carrier); brown, translocase of the outer membrane (TOM); yellow, translocase of
the inner membrane (TIM); green, mitochondrial contact site and cristae organizing system (MICOS); yellow-green, mitochondrial fusion-fission system (Dynamics);
red, porin or voltage dependent anion channel (VDAC); B, subunits of OXPHOS complexes (Complex I-V) and mitoribosomes (Ribosome). Gene names of the subunit
with the highest abundances in q0 cells are indicated for each complex. For the full gene name, add NDU (complex I), SDH (complex II), UQC (R10), COX (complex
IV), ATP (5L, 5J2), MRP (Ribosome) in front of the abbreviated gene names given in the figure.
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To account for experimental variations, we applied the COPAL

tool (Van Strien et al, 2019) to align protein migration profiles and

correct for differences in protein abundance from gel-loading varia-

tions based on the total abundance of all detected MitoCarta 2.0

proteins (Dataset EV2). The aligned datasets contained 67 slices for

each profile covering a mass range of approximately 20–3,300 kDa

for membrane-bound and 25–4,000 kDa for soluble proteins

(Appendix Fig S1). The increment between two slices corresponded

to � 8% of the apparent molecular mass in any given range. All

migration profiles that are always shown with abundance heatmaps

on the top in the figures were derived from this aligned and aver-

aged dataset (Dataset EV2).

Mitochondrial ribosomes and genetic system

mtDNA codes for two ribosomal RNAs (rRNA): 12S rRNA forms the

core of the small 28S subunit and 16S rRNA the core of the large

39S subunit of the mitochondrial ribosome. In the complexome pro-

files of control mitochondria from 143B cells, we detected all 30

constituents of the 28S subunit (Amunts et al, 2015) co-migrating at

� 2.2 MDa (Fig 2A). It can be concluded from these apparent

masses that the two subunits of the mitochondrial ribosome were

stable and retained their rRNAs under the experimental conditions

used. MRPS36 initially was assigned to the 28S subunit, but was

later identified as a component of the oxoglutarate dehydrogenase

complex (OGDH) responsible for stabilizing the binding of the E3

component (dihydrolipoyl dehydrogenase, DLD) to the E1-E2 core

and renamed KGD4 (Heublein et al, 2014). Corroborating this reas-

signment, MRPS36 did not align with the 28S subunit, but co-

migrated with the other OGDH components and was lowered to the

same extent in q0 mitochondria (Fig EV1). At � 350 kDa, we

observed a broad peak of ten ribosomal proteins forming a contigu-

ous clamp around the 12S rRNA in the ribosome structure (Fig 2A).

As expected, the � 2.2 MDa peak was absent in q0 mitochondria,

but about 50% of the � 350 kDa subassembly were retained. This

was also reflected in the total abundance of the corresponding subu-

nits (Fig 2B). While the majority of the 28S proteins were down by

at least 80%, the total amounts of the constituents of the subassem-

bly were unchanged for two and reduced by only � 40% for six of

them. Overall, MRPS18C and MRPS6 were down by 80%, but since

less of these proteins was found at < 100 kDa (Dataset EV2), the

relative amounts in the 350 kDa complex of the q0 mitochondria

were still comparable to the other eight components. The only other

subunit retained at very high levels was MRPS28, most of which

was found below 50 kDa in control and q0 mitochondria.

With the exception of MRPL36, we detected all proteins of the

39S subunit including MRPL1 and MRPL12, which are not part of

the cryo-EM structure of the mitochondrial ribosome (Amunts et al,

2015). The total abundance of the majority of these proteins was

reduced by at least 90% in q0 mitochondria (Fig 2C). In control but

not q0 mitochondria, all 51 39S proteins co-migrated at � 2.2 MDa

(Fig 2D). In the controls, sizeable amounts of several subassemblies

were observed at masses of � 90 kDa, � 110 kDa, and � 260 kDa

that were almost absent in q0 mitochondria (Fig 2E–G). However, a

less abundant subassembly at � 180 kDa was clearly more abun-

dant in the absence of mtDNA, although it appeared shifted to lower

masses and its four components now formed a sharp peak at

� 80 kDa (Fig 2H). Two subassemblies migrating at � 70 kDa and

� 300 kDa were only detected in q0 mitochondria (Fig 2I and J)

explaining why the abundance of their constituent proteins

remained high as compared to most proteins not found in subassem-

blies (Fig 2C). Notably, all subassemblies correspond to distinct

structural domains of the 39S subunit (Fig 2D).

Next, we examined the adaptation of the mitochondrial genetic

system in response to mtDNA removal. In control mitochondria, we

detected a defined complex at � 1.4 MDa containing the catalytic

subunit of DNA polymerase cA (POLG), the DNA-repair enzyme

uracil-DNA glycosylase (UNG), and the mtDNA helicase Twinkle

(TWNK; Fig 3A). In q0 mitochondria, the abundance of this

complex is increased about two-fold. The unchanged apparent mass

of this complex excludes that it contained any nucleic acids. Rather,

it probably represented the protein core of the mtDNA replisome

that has been reconstituted in vitro from POLG and TWNK and

shown to synthesize DNA (Korhonen et al, 2004). The observed

mass of about 1.4 MDa would be consistent with hexameric scaffold

of TWNK (Fernandez-Millan et al, 2015) each unit binding the other

two proteins at a ratio of 1:1:1. Interestingly, the processivity

subunit DNA polymerase cB (POLG2) was not part of this complex

in control mitochondria but migrated in a peak at � 550 kDa absent

in q0 mitochondria (Fig 3A).

In controls, the mRNA-binding LRPPRC-SLIRP complex (Sasar-

man et al, 2010) was detected as a broad peak centered around

280 kDa that was reduced by about two-fold in q0 mitochondria

(Fig 3B). DNA-directed RNA polymerase (POLRMT) was found in a

complex with the RNA-Helicase DHX30 migrating in a broad band

centered around 350 kDa that was absent in q0 mitochondria

(Fig 3B). The fact that the complexes migrated at essentially the

same mass ranges in control and q0 cells indicates that they did not

contain any RNA. Many other proteins involved in DNA mainte-

nance, replication, transcription, and translation were found to be

associated in multiprotein complexes and to change in pattern

(Dataset EV2) and abundance (Dataset EV1) providing a rich

resource for further studies.

Oxidative phosphorylation

Human mitochondrial DNA encodes 13 membrane proteins that are

components of complexes I, III, IV of the respiratory chain and F1FO
ATP synthase (complex V). Consequently, the fully assembled

versions of these complexes and any supercomplexes were comple-

tely absent in q0 cells (Fig 4A and B). However, as summarized in

Fig EV2 and discussed in more detail below, for all complexes,

assembly intermediates persisted in the absence of mtDNA. For ATP

synthase, the F1 part was retained and occurred in two distinct

forms differing by � 100 kDa in mass (Fig 4B). Closer inspection

revealed that the larger variant co-migrated with subunit c

(ATP5G1) of the FO part (Fig EV3A) probably representing F1 with a

bound c-ring in line with the observed mass difference. Both

subassemblies of complex V have been observed previously in

human q0 cells and mtDNA depletion syndrome (Buchet & Godinot,

1998; Carrozzo et al, 2006). In controls, the ATP synthase inhibitor

protein IF1 was mostly detected in free form, while it was almost

completely bound to F1 and F1-c subcomplexes in q0 cells (Fig 4B)

as reported earlier (Carrozzo et al, 2006) and in line with a recent

study on complex V assembly (He et al, 2018). Binding of IF1 to F1
and F1-c subcomplexes could prevent wasteful ATP hydrolysis,
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although this reaction has been shown to be used to maintain

the membrane potential in q0 mitochondria in conjunction with

the nucleotide carrier ANT (Buchet & Godinot, 1998; Appleby

et al, 1999).

As for the mitochondrial ribosomes, other subassemblies consist-

ing of nuclear-encoded subunits were found in q0 cells for OXPHOS

complexes as well. For complex V, a subassembly representing

essentially its so-called peripheral stalk (Spikes et al, 2020) was

found in q0 cells, but not in control cells (Fig EV3B). For complex I,

three assembly intermediates (Guerrero-Castillo et al, 2017) were

detected in significant amounts following ablation of mtDNA

(Fig EV3C–E). While the abundance of the major Q module interme-

diate was essentially unchanged, the steady-state abundance of a

partial N module was increased about 6-fold, and that of the free PD-a
module even about 11-fold. For complex III, substantial amounts of

a cytochrome c1 subcomplex accumulated that was not detected at

all in control cells (Fig EV3F). This subcomplex consisting of cyto-

chrome c1 and subunits UQCR10 and UQCRH was described and

biochemically characterized already a long time ago (Link et al,

1986) and indications for this subassembly have been found

recently also in cytochrome b deficient cells (Palenikova et al,

2021). Notably, an intermediate of the complex III assembly factors

UQCC1 and UQCC2 with bound cytochrome b (Tucker et al, 2013)

found in control cells was essentially absent in q0 cells (Fig EV3G).

In addition, significant amounts of core proteins 1 and 2 (UQCRC1

and UQCRC2) and the Rieske iron-sulfur protein (UQCRFS1) were

still present as individual proteins in q0 cells (Dataset EV1). For

complex IV, subassemblies containing subunits IV-1 and Va, not

present in control cells but observed previously in cells deficient in

mtDNA encoded complex IV subunits (Lobo-Jarne et al, 2020),

accumulated in q0 cells (Fig EV3H). Moreover, an interesting

pattern was observed for three recently discovered interactors of

monomeric complex IV (Vidoni et al, 2017): While PET100 largely

disappeared in q0 cells, almost unchanged amounts of PET117 and

PNKD/MR-1S persisted seemingly as a small � 40 kDa complex that

was detectable in small amounts also in control cells (Fig EV3I,

Dataset EV1).

Pronounced changes were not only observed in respiratory chain

enzymes containing mitochondria-encoded subunits. Complex II

abundance was reduced by about two-thirds in q0 cells (Dataset

EV1). However, in contrast to its other three subunits, the total

amount of the FAD binding subunit SDHA remained unchanged

because the fraction not bound to complex II was retained in a

complex with the flavinylating assembly factor SDHAF2 described

earlier (Hao et al, 2009), which was increased almost four-fold in

abundance (Fig 4C). Notably, while the amount of SDHAF3/LYRM8

involved in assembling SDHB (Na et al, 2014) was also significantly

increased in q0 cells, SDHAF4, which facilitates assembly of SDHA

into the complex (Van Vranken et al, 2014), was even reduced by

75% (Dataset EV1). Of the other major dehydrogenases feeding elec-

trons onto ubiquinone, glycerol-3-phosphate dehydrogenase (GPD2)

stayed approximately the same, while electron-transferring flavopro-

tein dehydrogenase (ETFDH) was reduced by almost 80% consistent

with its role in b-oxidation (Dataset EV1). However, its substrate

ETFA/B did not change significantly in abundance.

TCA cycle and intermediary metabolism

The tricarboxylic acid (TCA) cycle is the central pathway of mito-

chondrial metabolism and tightly linked to oxidative phosphoryla-

tion. Reflecting the adaptation of q0 cells to a purely glycolytic

energy metabolism, the branch of the TCA cycle predominantly

needed to supply redox equivalents to the respiratory chain was

markedly downregulated. In addition to succinate dehydrogenase

(complex II), the 2-oxoglutarate dehydrogenase complex at � 2.8

MDa (OGDH) was reduced by 80-90% (Figs 4D and EV1) and the

subunit isoform of succinyl-coenzyme A (CoA)-ligase conferring

ATP specificity (SUCLA2), but not the one for GTP (SUCLG2) was

reduced by two-thirds (Fig 4E). The remaining TCA cycle enzymes

taking part in other metabolic pathways and the pyruvate dehydro-

genase (PDH) complex were not changed significantly (Fig 4D,

Dataset EV1). Notably, the two components of PDH phosphatase

PDP1 and PDPR were reduced by about 50%, possibly reflecting

reduced acetyl-CoA formation. The dependence on glycolytic ATP

synthesis was also evident from a 2.5-fold increase in lactate dehy-

drogenase (LDHA/B) suggesting that to some extent also changes in

cytosolic enzymes can be estimated from our dataset (Dataset EV1).

The second major source of acetyl-CoA for the TCA cycle and

reduction of equivalents for the respiratory chain in mitochondria is

the b-oxidation of fatty acids. Overall changes in this pathway were

rather limited, which may reflect that glucose was the major carbon

source for the cells. However, carnitine-O-palmitoyl transferase 2

(CPT2), the enzyme transferring fatty acids imported into mitochon-

dria onto CoA was halved in its abundance in q0 cells (Dataset

EV1). Also, key components of mitochondrial fatty acid synthesis

(MCAT, CBR4, HSD17B8) were downregulated by 60% or more,

while a two-fold upregulation of cytosolic ATP citrate synthase

(ACLY) pointed toward increased fatty acid synthesis in this

compartment. Notably, several enzymes involved in phospholipid

metabolism were found to be significantly upregulated by 2- to 3-

fold. These enzymes included long-chain-fatty-acid-CoA ligase 4

(ACSL4), phosphatidylserine synthase 2 (PTDSS2), and dihydroxy-

acetone phosphate acyltransferase (GNPAT).

The amounts of mitochondrial aminotransferases connecting the

TCA cycle with amino acid metabolism were not changed in q0
cells. In contrast, major changes were detectable for enzymes

involved in nitrogen detoxification. Arginase (ARG2), ornithine

aminotransferase (OAT), and glutaminase (GLS) were increased at

◀ Figure 2. Mitochondrial ribosomes.

A–J The small 28S (A) and large 39S (D) subunits are found in control (143B, blue lines) but absent in q0 cells (red lines), while subassemblies highlighted in color in the
structural surface model (PDB 3J9M; Amunts et al, 2015) persist in the absence of ribosomal RNA. The relative changes for the individual components of the 28S (B)
and 39S (C) subunits and migration profiles of the subassemblies as averages of its components (E-J) are shown using the same color code. Note that peaks at 30 -
60 kDa result from individual proteins rather than subassemblies. In (B-C), data are presented as mean � SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, ns, not
significant (Student’s t-test).
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least two-fold (Fig 4F). However, carbamoyl-phosphate synthase

(CPS1), the enzyme required to feed ammonia into the urea cycle,

was down to below 30%, a further indication for an imbalance in

nitrogen homeostasis (Fig 4F). The opposite pattern was observed

for components of the heme biosynthesis pathway: While the

abundance of protoporphyrinogen oxidase (PPOX) was not changed

significantly and ferrochelatase (FECH) was down two-fold,

5-aminolevulinate synthase (ALAS1), the enzyme using succinyl-

CoA formed in the TCA cycle to start the pathway, was one of the

most upregulated proteins increasing by more than eight-fold

(Dataset EV1).

In general, expression of components of the mitochondrial iron-

sulfur cluster assembly machinery seemed not affected in q0 cells,

except for a two-fold reduction of ISCA1, ISCA2, and IBA57 (Dataset
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EV1), enzymes that are required for the maturation of mitochondrial

[4Fe4S] proteins and of several subunits of respiratory complex I

(Sheftel et al, 2012).

Mitochondrial transporters

The many carriers of the inner membrane play a crucial role in

maintaining mitochondrial homeostasis by controlling import and

export of metabolites, lipids, ions, and cofactors (Kunji et al, 2020).

Indeed, we observed distinct changes in their abundance, but also

in their organization in q0 cells.

We detected three of the four isoforms of the ADP/ATP translo-

case. As judged by the total iBAQ values (Dataset EV2), the abun-

dance of ANT2 (SLC25A5), the isoform characteristic for highly

proliferative cells, was about 100 times higher than that of ANT1

(SLC25A4), the isoform mostly found in differentiated muscle cells,

and about 10 times higher than the ubiquitously expressed ANT3

(SLC25A6), reflecting the reported expression pattern for these

isoforms (Brenner et al, 2011). In q0 cells, the abundance of ANT1

was further reduced by � 70%, while the highly abundant ANT2

was further increased by � 50% and ANT3 remained unchanged

(Fig 5A). While much of all three ANT isoforms migrated as a

monomer at about 30 kDa, significant amounts of complexes were

also observed at 50–100 kDa (Fig 5A). Further studies would be

needed to define the composition of these complexes. While it

seems possible that they represent homodimers and homotrimers of

the carriers, additional components could be involved. Notably

however, the phosphate carrier (PiC, SLC25A3) was not found at

� 40 kDa, as expected for its monomeric form, but co-migrated with

the ANTs at 70–100 kDa consistent with its association with one or

two molecules of ADP/ATP translocase. Moreover, its abundance

was up by about 50% in q0 cells, comparable to ANT2 which like

PiC exhibited higher peaks around 70 kDa (Fig 5A) corroborating

earlier reports that the phosphate carrier associates with ANT

(Leung et al, 2008).

Another key player in controlling mitochondrial energy metabo-

lism is the pyruvate carrier consisting of two subunits, MPC1 and

MPC2 (Bricker et al, 2012). In 143B cells, we found these two

proteins to migrate predominantly at 80-110 kDa (Fig 5B). However,

MPC2 was clearly more abundant at the lower end of this mass range

and the migration profile could be interpreted best by assuming a

MPC12MPC24 hexamer and a MPC14MPC24 octamer. In q0 cells, we

observed a doubling of MPC2 (Fig 5B). Although the total amount of

MPC1 did not change, its oligomeric organization was clearly

affected as well. The predominant complex in q0 cells was found at

� 90 kDa, consistent with a MPC2 homo-hexamer. Moreover, peaks

at � 55 kDa (MPC1) and � 60 kDa (MPC2) suggested formation of

homo-tetramers of MPC1 and MPC2, respectively. Rather than the

octamer, a MPC13MPC23 hexamer migrating at � 75 kDa seemed to

be the predominant heteromeric complex in q0 cells (Fig 5B).

Although these assignments have to be considered tentative, it seems

clear that the oligomeric organization of the pyruvate carrier was

markedly altered in q0 cells and it will be interesting to study the

possible functional implications of these changes.

Many metabolites are transported as dicarboxylates across the

inner mitochondrial membrane. The amount of dicarboxylate carrier

DIC (SLC25A10) was doubled in q0 mitochondria (Fig 5C), while

the oxoglutarate/malate carrier (OGC, SLC25A11) was slightly but

significantly reduced (Fig 5C). Both forms of the aspartate/gluta-

mate carrier Aralar1 (SLC25A12) and Aralar2 (SLC25A13) showed a

dominant peak at � 260 kDa indicative of a stable tetrameric orga-

nization and were not affected significantly by the ablation of

mtDNA (Fig EV4A). This is remarkable since OGC and Aralar1/2

are the transporters of the malate/aspartate shuttle, a major trans-

port mechanism to indirectly bring reducing equivalents across the

inner mitochondrial membrane. In contrast, we observed a 70%

reduction in the abundance of the oxoadipate carrier (ODC,

SLC25A21), which also transports oxodicarboxylates, but mainly

takes part in pathways needed for the degradation of amino acids

like tryptophan (Fig 5C). Notably, all dicarboxylate carriers exhib-

ited hardly any alterations in their migration profiles suggesting

stable multimeric organization (Figs 5C and EV4A). DIC, OGC, and

ODC are members of the major family of mitochondrial carriers and

exhibited similar migration patterns as their relatives ANT and PiC

(Fig 5A). However, much less OGC monomer, and no ODC

monomer at all, was detected at � 30 kDa. In q0 mitochondria, the

60 kDa peak of these two carriers was absent and for OGC it was

missing in the controls as well (Fig 5C).

With an about nine-fold increase in q0 cells, we observed the

most pronounced change in abundance for mitoferrin-2 (MFRN2,

SLC25A28), whereas the amount of its isoform mitoferrin-1

(MFRN1, SLC25A37) required for hemoglobin production in

erythroid cells (Paradkar et al, 2009) was not altered significantly

(Fig 5D; Dataset EV1). This increase in the generic iron transporter

MFRN2 suggested that mtDNA deficient cells responded by ramping

up import of the central component of iron-sulfur clusters and heme

centers as an attempt to compensate OXPHOS deficiency. A

doubling in the amount of glycine transporter (GlyC, SLC25A38)

required for the import of one of the key metabolites for porphyrin

synthesis into mitochondria (Dataset EV1) and the already

mentioned eight-fold increase of 5-aminolevulinate synthase

(ALAS1), the enzyme feeding glycine into this pathway, corrobo-

rated this notion. Interestingly, migration profiles of MFRN2 showed

a significant amount of the monomeric carrier, while MFRN1

instead seemed to partially assemble into a � 600 kDa complex of

unknown composition (Fig 5D).

Two- to three-fold increases of the Graves’ disease carrier for

coenzyme A (SLC25A16) and carriers transporting folate

(SLC25A32) and pyrimidine nucleotides (SLC25A33) highlighted the

upregulation of coenzyme transporters in q0 cells (Fig EV4B).

SLC25A17, a carrier transporting multiple nucleotide type coen-

zymes, especially FAD, FMN, and AMP, but also NAD+, was found

◀ Figure 4. Energy metabolism of mitochondria.

A–F OXPHOS complexes (A-C) and selected enzymes involved in the energy metabolism of control (143B, solid lines) and q0 cells (dashed lines). A, Complex (C) I, III and
IV; B, F1, FO domain and inhibitor protein IF1 of complex V; C, subunits SDHA, SDHB-D and assembly factor SDHAF2 of complex II; D, oxoglutarate (OGDH; average of
OGDHL, OGDH, DLST) and pyruvate dehydrogenase complex (PDH; average of PDHA1, PDHB, PDHX, DLAT); E, subunits of GDP forming (SUCLG2) and ADP forming
(SUCLA2) succinyl-CoA ligase; F, urea cycle enzymes and glutaminase (GLS). Plots and gene names are in corresponding colors.
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to be doubled in q0 cells as well. This is notable, since SLC25A17

has been reported to be located in peroxisomes (Agrimi et al, 2012).

Indeed, this cell compartment consistently occurred in the mito-

chondrial preparations used, as evident from the presence of invari-

able amounts, e.g., of the peroxisomal marker protein PEX14.

Finally, we noted a markedly reduced abundance of the mito-

chondrial carriers SLC25A35, SLC25A51, and SLC25A53 (Fig EV4C).

SLC25A35 and SLC25A53 are so-called orphan carriers for which

the transported substrate is not known, while SLC25A51 has been

identified as a carrier for NAD+ very recently (Luongo et al, 2020).

Protein import machinery

Several hundred nuclear-encoded proteins are needed for mtDNA

maintenance, for transcription and translation of mitochondria-

encoded proteins, and as subunits and assembly factors for OXPHOS

complexes. Proteins synthesized by cytosolic ribosomes are

imported and sorted by the translocase complexes of the outer

(TOM complexes) and the inner membrane (TIM complexes; Wiede-

mann & Pfanner, 2017).

Contrasting the decreased demand in imported proteins in the

absence of mtDNA, TOM components were upregulated consistently

in mitochondria from q0 cells (Fig 6A and B). A small but signifi-

cantly increased portion of the receptor for mitochondrial targeting

sequences TOMM20 was associated with the TOM core complex

(TOMM40, TOMM22, TOMM5, TOMM6, TOMM7; Fig EV5A) in q0
cells, shifting its apparent mass from 330 to 350 kDa (Fig 6A). Of

note, HSP72 (HSPA1A/B), a cytosolic heat-shock protein that has

been implicated in mitochondrial stress response and Parkin func-

tion (Drew et al, 2014) was also upregulated two-fold and seemed

to partially associate with the TOM40 complex as well (Fig 6A).

TOMM70 that was and TOMM34 that was not changed in abun-

dance by mtDNA ablation (Dataset EV1) are required for recruiting

mitochondrial carriers to the import pathway, the latter by acting as

a cytosolic co-chaperone of Hsp70/Hsp90 (Faou & Hoogenraad,

2012), but were not found associated with the TOM40 complex

(Fig 6B). TOMM40L exhibiting 51% sequence identity to TOMM40

migrated at a similar but distinctly smaller apparent mass than the

TOM40 complex and did not change significantly in abundance

(Fig 6B). The apparent mass of � 300 kDa of the TOMM40L

complex would be consistent with the formation of an octamer, but

it cannot be excluded that it contains additional as yet unidentified

proteins. However, no components of the TOM machinery were

found to co-migrate with TOMM40L (Dataset EV2).

Following import through the TOM complex, proteins have to be

sorted to reach their final compartment within mitochondria. Mito-

chondrial carriers are targeted to the inner membrane through the

TIM22 complex that was found to migrate at � 260 kDa (Fig 6C),

where its core component TIMM22 co-migrated with the small TIM

proteins TIMM9, TIMM10, and TIMM10B, as well as with its more

recently discovered constituents TIMM29 (C19orf52; Callegari et al,

2016) and acylglycerol kinase (AGK; Kang et al, 2017; Vukotic et al,

2017; Fig EV5B). Abundance and composition were not affected in

q0 cells, consistent with our observation of sustained high levels of

mitochondrial carriers albeit their expression pattern was changed

(Figs 5 and EV4).

In contrast, the abundance of the TIM23 core complex, predom-

inantly responsible for the import of matrix proteins, was

increased 2.5-fold, possibly reflecting a compensatory response to

OXPHOS deficiency (Fig 6C). Containing TIMM23, TIMM17A, and

TIMM17B (Fig EV5C), this complex migrated at � 90 kDa consis-

tent with a dimeric state. Also, the amount of TIMM44 was

doubled in q0 cells (Fig 6C, right panel), but in line with its loose

attachment to the TIM23 complex (Wiedemann & Pfanner, 2017)

this protein migrated in its monomeric (� 50 kDa) and dimeric

form (� 100 kDa) as well (Dataset EV2). Moreover, a significant

fraction of TIMM44 was found at � 190 kDa (soluble mass scale),

where it co-migrated with its known interactor HSPA9 (mtHsp70;

Schneider et al, 1994). TIMM50, another component of the TIM23

machinery (Mokranjac et al, 2003a), was detected as a monomer

only and seemed to increase two-fold as well in q0 cells, although

this change did not quite reach the significance threshold

(P = 0.08; Fig 6C, right panel).

Finally, we found some interesting assemblies involving

TIMM21, which is linked to the TIM23 machinery and takes part in

the assembly of OXPHOS complexes (van der Laan et al, 2006).

TIMM21 was detected in a prominent complex at � 1,300 kDa

(Fig 6D, left panel) together with two other proteins, both homologs

of yeast PAM1 and known to be involved in mitochondrial protein

import albeit rather as interactors of TIMM23: DNAJC19 (TIMM14;

Mokranjac et al, 2003b) and DNAJC15 (MCJ; Schusdziarra et al,

2013). In control cells, � 18% of TIMM21 was found in this mass

range. In q0 mitochondria, the amount of this complex was halved

(Fig 6D) and now corresponded to just � 5% of TIMM21, since its

overall amount was increased 1.7-fold (Dataset EV1). Both in 143B

and q0 cells, about one-third of TIMM21 co-migrated with the

TIMM23 indicating that its increase in abundance largely reflected

the doubling of the amount of the TIM23 machinery caused by abla-

tion of mtDNA (Fig 6C). Consistent with a role in OXPHOS biogene-

sis, the amount of TIMM21 and DNAJC19 in the 1,300 kDa

complex was reduced in q0 cells. However, DNAJC15 was about

doubled, possibly partially compensating the more pronounced

decrease of DNAJC19 (Fig 6D, left panel). Since DNAJC19 has been

reported to interact with prohibitins (Richter-Dennerlein et al,

2014) and recently, a link between TIMM21 and protein quality

control of the inner membrane was described (Richter et al, 2019),

we compared the TIMM21 migration profiles with those of YME1L1,

ROMO1, and prohibitin (PHB) and found that they clearly over-

lapped at 1,000–1,400 kDa (Fig 6D, right panel). YME1L1 showed a

similar decrease as TIMM21 and the majority of both proteins was

found at � 1,300 kDa. Prohibitin and ROMO1 exhibited a broader

distribution peaking at � 1,100 kDa. This could be interpreted as

◀ Figure 5. Mitochondrial transporters.

A–D Selected metabolite carriers of control (143B, solid lines, gray bars) and q0 cells (dashed lines, colored bars). A, Isoforms of the nucleotide carrier (ANT1-3) and
phosphate carrier (PiC); B, pyruvate carrier; C, dicarboxylate carriers; D, mitoferrins (MFRN1-2) and glycine transporter (GlyC). Plots and gene names are in
corresponding colors. Data are presented as mean � SD (n = 4). *P < 0.05, **P < 0.01 (Student’s t-test).
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partial loading of the prohibitin ring scaffold with TIMM21 and its

interaction partners.

Mitochondrial morphology and dynamics

The morphology and ultrastructure of mitochondria in q0 cells is

substantially altered: Aberrant folding of the inner membrane leads

to abnormal cristae morphology (Fukuyama et al, 2002), and imbal-

ance of the fusion/fission machinery results in increased fragmenta-

tion of mitochondria (Walczak et al, 2017).

An obvious cause for changes in cristae morphology is the

absence of complex V, since rows of dimers of this OXPHOS complex

are required for inducing the narrow curvatures needed for proper

folding of the inner membrane (Davies et al, 2011). Another key

player in shaping the inner membrane is the mitochondrial contact

site and cristae organizing system (MICOS; Pfanner et al, 2014). This

multiprotein complex organizes the domains called cristae junctions,

where cristae sprout from the inner boundary membrane, and

contributes to the formation of the contact sites by interacting with

proteins in the outer membrane thus forming the mitochondrial

intermembrane space bridging (MIB) complex (Xie et al, 2007). Our

analysis revealed different MICOS complexes and—formed by their

association with SAM components—MIB complexes (Huynen et al,

2016). Unexpectedly, their pattern was unaffected by mtDNA

removal as both their abundance and relative distribution were

essentially the same in control and q0 cells (Fig 7A).

The dynamin-related GTPase OPA1 and its cleavage by the

metalloprotease OMA1 regulate the equilibrium between mitochon-

drial fusion and fission (Ishihara et al, 2006) and are also involved

in remodeling mitochondrial cristae (Jiang et al, 2014). Yet, the

overall abundance of both proteins remained unchanged in q0 cells

and this was also true for a number of other components of

the mitochondrial fusion/fission machinery (Fig 7B). Only for

mitofusin-2 (MFN2) a moderate, barely significant increase was

observed. GDAP1, however, known to promote fission (Niemann

et al, 2005) and annexin A6 (ANXA6), another regulator of mito-

chondrial morphology, were increased two-fold. Annexin A6 attenu-

ates the activity of dynamin-like protein DNM1L/DRP1 that forms

oligomeric tubular structures around mitochondrial fission sites

(Chlystun et al, 2013). The majority of DNM1L migrated at � 320

and � 400 kDa consistent with homo-oligomers of four and five

copies, respectively. The overall abundance was not significantly

different between control and q0 cells (Fig 7C). However, in control

cells, a fraction of DNML1 co-migrated at about 2,000 kDa with two

other factors, ARL2BP and MTFR1, implicated in regulating mito-

chondrial dynamics. This complex was essentially absent in q0 cells

(Fig 7C). MTFR1/CHPPR is a promotor of mitochondrial fission and

involved in the network spheroid transition (Tonachini et al, 2004)

and ARL2BP/BART binds the GTPase ARL2 required to maintain

proper mitochondrial morphology (Newman et al, 2014). While the

overall abundance of MTFR1/CHPPR was not changed by mtDNA

ablation, ARL2 and its binding protein ARL2BP were reduced by

about two-thirds (Fig 7C). It should be noted that ARL2 and

ARL2BP have also been reported to bind ANT1 (Sharer et al, 2002),

which we found to be reduced by about 70% in q0 cells as well

(Fig 5A). Yet, the significance of this interaction is unclear and there

were no indications for this complex in our dataset.

Discussion

Covering more than 80% of the mitochondrial proteome, our analy-

sis of the complexome of control and q0 cells (King & Attardi, 1989)

provides a comprehensive assessment of the inventory of proteins,

their structural organization and abundance, and how they adapt to

ablation of mtDNA. The observed changes were widespread

affecting many pathways and major multiprotein complexes (Fig 1,

Dataset EV1). The dataset provides a comprehensive resource for

in-depth analysis of remodeling of the mitochondrial complexome

in response to respiratory deficiency in health and disease. Here we

focused our analysis on the most prominent and remarkable

changes, as summarized schematically in Fig 8. As expected, the

OXPHOS complexes containing mtDNA encoded subunits and the

mitoribosomes were not assembled in q0 cells, but for all of them,

subcomplexes most likely representing stalled assembly intermedi-

ates persisted or accumulated. While components of some pathways

like the TCA cycle or proteins involved in mitochondrial RNA main-

tenance were downregulated, others like protein and iron import

were upregulated, pointing to a compensatory response. Yet, a more

detailed assessment revealed that often a differential response was

found. While many parts of the protein import machinery were

more abundant in q0 cells reflecting mainly an increased import of

matrix proteins by the TOM and TIM23 complexes, TIMM21, the

component linking this to OXPHOS complex assembly (van der

Laan et al, 2006), was downregulated. Mirroring changes in the

pattern but not overall abundance of mitochondrial transporters, the

amount of the TIM22 complex responsible for importing these inner

membrane proteins (Wiedemann & Pfanner, 2017) was unchanged.

Other pathways exhibiting mixed responses include mtDNA

polymerases, heme synthesis, and NH3 handling.

Given that q0 mitochondria are fragmented and exhibit strongly

aberrant cristae (Fukuyama et al, 2002), changes in proteins and

protein complexes controlling mitochondrial morphology and

dynamics were unexpectedly confined. The amount and organiza-

tion of the MICOS/MIB complexes (Pfanner et al, 2014; Huynen

et al, 2016) and other key factors like OPA1 and OMA1 (Jiang et al,

2014) were not affected at all suggesting that the loss of complex V

dimers (Davies et al, 2011) was predominantly responsible for

◀ Figure 6. Protein import machinery.

A–D Components of the mitochondrial protein import machinery and selected proteins related to this process of control (143B, solid lines, gray bars) and q0 cells
(dashed lines, colored and dark-gray bars). A and B, components of the translocase of the outer membrane (TOM) machinery (TOM avg.: average of TOMM40,
TOMM22, TOMM5, TOMM6, TOMM7); C, components of the translocase of the inner membrane (TIM) machinery (TIM22 avg.: TIMM22, AGK, TIMM10B; TIM23 avg.:
TIMM23, TIMM17A, TIMM17B); D, components of the TIM23-associated TIMM21 assembly machinery (left panel) and its association with prohibitin (PHB) and
components of the mitochondrial quality control system (right panel). Plots and gene names are in corresponding colors, except for TIMM44 and TIMM50 (no
migration profiles shown). In (A-C) data are presented as mean � SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test).
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morphological changes. Similarly, only a few differences were

observed for the major components of the fusion/fission apparatus.

Rather, GDAP1 and annexin A6, two less prominent modulators of

mitochondrial dynamics (Niemann et al, 2005), were significantly

increased. Most notably however, we identified a � 2,000 kDa

complex of DNML1/DRP1 (Chlystun et al, 2013) with ARL2BP and

MTFR1 (Tonachini et al, 2004) in control cells, that was lost

completely in q0 cells, possibly due to the general downregulation

of ARL2 and ARL2BP (Newman et al, 2014).

While further analysis and follow-up detailed functional analy-

sis will be required, our study demonstrates that complexome

profiling provides a wealth of information on the structural

organization and plasticity of mitochondrial proteins and

multiprotein complexes not achievable by other approaches. In

addition to the examples discussed here, the dataset will

serve as a rich resource for further studies on the mitochon-

drial complexome and how it responds to the challenge of

OXPHOS deficiency.
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Figure 7. Mitochondrial morphology and dynamics.

A–C Selected proteins and complexes involved in controlling mitochondrial morphology and fusion/fission machinery and related processes of control (143B, solid lines,
gray bars) and q0 cells (dashed lines, colored bars). A, mitochondrial contact site and cristae organizing system (MICOS: MIC60, MIC19, MIC25) and SAM complex
(SAM: SAMM50, MTX2, MTX3) together forming the MIB complex; B, proteins involved in controlling mitochondrial morphology (orange) and dynamics (teal); C,
DNM1L/DRP1 and interacting proteins. For DNM1L, MTFR1, and ARL2BP, quantification of the entire migration profiles (Overall) and the range above 1,400 kDa
only (> 1,400 kDa) are shown. Plots and gene names are in corresponding colors, except for ARL2 (dark-gray) not shown in the plot. Data are presented as
mean � SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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Figure 8. Overview of the most prominent changes in the mitochondrial complexome in q0 cells.

Red dashed outlines, lost complexes containing mtDNA encoded components; red, decreased abundance; green, increased abundance; gray, no significant change.
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Materials and Methods

Reagents and Tools table

Reagent/Resource Reference or Source Catalog Number

Experimental Models

143B Osteosarcoma cells (H. sapiens) American Type Culture Collection CRL-8303

Rho0 cells derived from 143B cells Wittig et al (2010b)

Chemicals, Enzymes and other reagents

DMEM 4.5 g/l Glucose w/o Glutamine and Sodium Pyruvate Lonza Group Cat # BE12-733F

Fetal Bovine Serum (Heat-Inactivated) Life Technologies/Gibco Cat # 10500064

MEM Non-Essential Amino Acid Solution (100×) Sigma-Aldrich Cat # M7145

L-Glutamine Sigma-Aldrich Cat # G7513

Sodium Pyruvate Sigma-Aldrich Cat # S8636

Penicillin-Streptomycin Solution Sigma-Aldrich Cat # P4333

Uridine Sigma-Aldrich Cat # U3003

Trypsin-EDTA Solution 10× Sigma-Aldrich Cat # 59418C

Coomassie Brilliant Blue G 250 SERVA Electrophoresis Cat # 17524

6-Aminohexanoic Acid Sigma-Aldrich Cat # A2504

Digitonin Water Soluble SERVA Electrophoresis Cat # 19551

Sequencing Grade Modified Trypsin Promega Cat # V5111

Reprosil-Pur 120 C18-AQ 3 µM Dr. Maisch GmbH Cat # r13.aq.0001

Acetonitrile ULC/MS – CC/SFC Biosolve Cat # 012041

Software

MaxQuant 1.4.1.2 https://maxquant.org
Cox and Mann (2008)

COPAL 1.0 https://github.com/cmbi/copal
van Strien et al (2019)

NOVA 0.8.0 http://www.bioinformatik.uni-frankfurt.de/tools/nova
Giese et al (2015)

GraphPad Prism 8.4.3 http://www.graphpad.com

PyMol Molecular Graphics System Version 2.0 https://pymol.org Schrödinger, LLC

Other

Q-Exactive Orbitrap MS Thermo Scientific

EASY-nLC 1000 Thermo Scientific

100 µM PicoTip Emitter Column New Objective Inc. Cat # FS360-100-8-N-5-C15

Multiscreen-BV, 1.2 µm Filter Plates Millipore Cat # MABVN1250

Methods and Protocols

Cell culture and preparation of mitochondria
Human osteosarcoma 143B cells (American Type Culture Collection

no. CRL8303) and q0 cells derived from them (Wittig et al, 2010b)

were grown in tissue culture flasks or roller bottles at 37°C in high-

glucose Dulbecco’s Modified Eagles Medium (DMEM, Lonza)

supplemented with 10% (v/v) fetal calf serum, 1 mM pyruvate,

2 mM glutamine, non-essential amino acids, 100 U/ml penicillin,

0.1 mg/ml streptomycin, and 50 µg/ml uridine at 5% CO2.

Mitochondria were prepared as described in (Heide et al, 2012)

with an additional purification step. Briefly, confluent cells were

harvested by trypsinization (0.05% trypsin, 0.02% EDTA) and

centrifugation (1,000 × g for 10 min), washed first with 0.9% NaCl

and then with ice-cold isolation buffer (250 mM sucrose, 1 mM

EDTA, 20 mM Tris–HCl, pH 7.4). Afterward, cells were disrupted

by ten strokes through a 30-ml syringe fitted with a 20G needle.

The cell homogenate was centrifuged at 1,000 × g for 10 min and

the supernatant was centrifuged at 6,000 × g for 10 min. The

mitochondria enriched pellet was resuspended in isolation buffer

and loaded on top of a two-step (34 and 51%) sucrose gradient.

Tubes were centrifuged at 60,000 × g for 20 min, and the mito-

chondrial layer localized at the top of the 51% sucrose was care-

fully extracted and washed with isolation buffer, followed by
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centrifugation at 6,000 × g for 10 min. The resulting mitochondrial

pellet was resuspended in 250 mM sucrose, 1 mM EDTA, 2 mM

Tris–HCl, pH 7.4. Protein concentration was determined by the

Lowry method.

Blue native electrophoresis
Separation of protein complexes by blue native electrophoresis

(BNE) was carried out as described (Wittig et al, 2006). Mitochon-

dria were centrifuged at 6,000 × g for 10 min at 4°C. The pellet was

resuspended and diluted to a concentration of 10 mg/ml protein in

ice-cold solubilization buffer (50 mM NaCl, 2 mM aminohexanoic

acid, 1 mM EDTA, 50 mM imidazole, pH 7.0). Samples were solubi-

lized by addition of 6 g digitonin/g protein and cleared by centrifu-

gation at 22,000 × g for 30 min. Coomassie blue G-250 at 5% in

500 mM aminohexanoic acid was added at a detergent to dye ratio

of 4:1. Finally, 80 µg of protein was loaded on 4–12% acrylamide

gradient gels.

In-gel digestion of BN gel slices and mass spectrometry
Lanes from BN gels were incubated in fixing solution (50%

methanol, 10% acetic acid, 10 mM ammonium acetate) for 60 min

followed by Coomassie blue staining. After two washes with water,

lanes were cut into 60 even slices. Each slice was cut into smaller

pieces and transferred to a filter microplate for in-gel tryptic diges-

tion following the procedure described previously (Heide et al,

2012). Peptides were recovered into a new 96-well plate by centrifu-

gation. Gel pieces were washed with 30% acetonitrile, 3% formic

acid to retrieve remaining peptides, and the solution was dried

completely in a SpeedVac for 3 h at 45°C. Peptides were solubilized

in 20 µl 5% acetonitrile, 5% formic acid for LC-MS/MS analysis.

Peptides were analyzed by liquid chromatography electrospray

ionization tandem mass spectrometry (LC-ESI-MS/MS) in a Q-

Exactive mass spectrometer (Thermo Fisher Scientific) equipped

with an Easy nLC1000 nano-flow high-performance liquid chro-

matography system at the front end (Heide et al, 2012). Peptide

separation was performed using a 100 µm ID PicoTip emitter

column (New Objective) filled with ReproSil-Pur C18-AQ reverse

phase beads (3 µm particle size, 120 �A pore size; Dr. Maisch GmbH)

with 30 min linear gradients of 5–35% acetonitrile with 0.1% formic

acid. The mass spectrometer was operated in a Top 20 dependent,

positive ion mode switching automatically between MS and data-

dependent MS/MS. Full scan MS mode (400–1,400 m/z) was oper-

ated at a resolution of 70,000 m/Dm with automatic gain control

(AGC) target of 1 × 106 ions and a maximum ion transfer of 20 ms.

Selected ions for MS/MS were analyzed using the following parame-

ters: resolution 17,500; AGC target of 1 × 105; maximum ion trans-

fer of 50 ms; 4.0 m/z isolation window; for CID a normalized

collision energy 30% and dynamic exclusion of 30.0 s was used; A

lock mass ion (m/z = 445.12) was applied for internal calibration

(Olsen et al, 2005).

Mass spectrometric data analysis
All raw files were analyzed by MaxQuant 1.5 (Cox & Mann, 2008).

Spectra were searched against the human NCBI Reference Sequence

Database release 55 with known contaminants added and reverse

decoy with a strict false discovery rate of 0.01. The final database

search including raw files of the profiles from four biological repli-

cates of mitochondria from 143B and q0 cells each and from a

human cybrid cell line (Corona et al, 2001) as a reference were done

with 20 ppm and 0.5 Da mass tolerances for precursor ions and

fragmented ions, respectively. Trypsin was selected as protease with

two missed cleavages allowed. Dynamic modifications included N-

terminal acetylation and oxidation of methionine. Cysteine

carbamidomethylation was set as fixed modification. For label-free

protein quantification, unique plus razor peptides were considered.

Four migration profiles from each control and q0 cells (indepen-

dent batches) were aligned and corrected for differences in protein

abundance from gel-loading variations based on the total abundance

of mitochondrial proteins using COPAL (Van Strien et al, 2019).

Profiles were hierarchically clustered by distance measures based

on Pearson’s correlation coefficient (uncentered) and the average

linkage method (de Hoon et al, 2004). The resulting protein abun-

dance migration profiles were averaged and normalized from 0 to 1

for each protein across all slices. Molecular masses were calibrated

separately for membrane-bound and water-soluble protein

complexes (Wittig et al, 2010a). Microsoft Excel and NOVA (Giese

et al, 2015) were used for visualization and analysis.

Quantification and statistical analysis
Relative changes in the total abundances of individual proteins were

determined based on the sum of the abundances in all slices of the

migration profiles or sections thereof. If not indicated otherwise,

abundance changes in multiprotein complexes were determined

after averaging the profiles of all subunits that were reliably

detected by mass spectrometry. For controls and q0 cells, four inde-

pendent complexome profiles each were measured and evaluated

using an unpaired Student’s t-test for individual proteins or two-

way ANOVA with Sidak correction for changes of multiple proteins

in a complex using GraphPad Prism version 8.4.3 for Windows

(GraphPad Software, San Diego, California USA, www.graphpad.

com). Results are presented as mean value � SD (n = 4). Statistical

significance is indicated as follows: *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

Data availability

The complexome profiling datasets were deposited in the CEDAR

database, accession code CRX32 (www3.cmbi.umcn.nl/cedar/

browse/experiments/CRX32; van Strien et al, 2021).

Expanded View for this article is available online.
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