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Barth syndrome (BTHS) is a rare X-linked disorder that is characterized by cardiac and skeletal myopathy,
neutropenia and growth abnormalities. The disease is caused by mutations in the tafazzin (TAZ) gene encoding
an enzyme involved in the acyl chain remodeling of the mitochondrial phospholipid cardiolipin (CL).
Biochemically, this leads to decreased levels of mature CL and accumulation of the intermediate monolysocardiolipin (MLCL). At a cellular level, this causes mitochondrial fragmentation and reduced stability of the
respiratory chain supercomplexes. However, the exact mechanism through which tafazzin deﬁciency leads to
disease development remains unclear. We therefore aimed to elucidate the pathways aﬀected in BTHS cells by
employing proteomic and metabolic proﬁling assays. Complexome proﬁling of patient skin ﬁbroblasts revealed
signiﬁcant eﬀects for about 200 diﬀerent mitochondrial proteins. Prominently, we found a speciﬁc destabilization of higher order oxidative phosphorylation (OXPHOS) supercomplexes, as well as changes in complexes
involved in cristae organization and CL traﬃcking. Moreover, the key metabolic complexes 2-oxoglutarate
dehydrogenase (OGDH) and branched-chain ketoacid dehydrogenase (BCKD) were profoundly destabilized in
BTHS patient samples. Surprisingly, metabolic ﬂux distribution assays using stable isotope tracer-based metabolomics did not show reduced ﬂux through the TCA cycle. Overall, insights from analyzing the impact of TAZ
mutations on the mitochondrial complexome provided a better understanding of the resulting functional and
structural consequences and thus the pathological mechanisms leading to Barth syndrome.

1. Introduction
Barth syndrome (BTHS) is a rare inherited X-linked disorder mainly
characterized by cardiomyopathy, skeletal myopathy, neutropenia, 3methylglutaconic aciduria and growth retardation with abnormal mitochondria [1–4]. BTHS is considered a multi-system disorder, as it
presents with various additional symptoms that can diﬀer between
patients but also between diﬀerent time points for the same patient [5].
When undiagnosed it can be fatal due to cardiac arrest or to bacterial

sepsis during the early years of life [3]. The genetic cause of BTHS has
been identiﬁed in the X-linked tafazzin (TAZ) gene, previously known as
G4.5 [6,7], where pathogenic mutations spreading across all its 11
exons have been described [8]. The TAZ gene encodes the enzyme tafazzin, a mitochondrial acyltransferase involved in the remodeling of
the phospholipid cardiolipin (CL) [9–11].
CL is considered the ‘signature’ phospholipid of mitochondria, as it
is highly abundant in the organelle's membranes, comprising 10–15%
of total lipid content particularly in the inner mitochondrial membrane

Abbreviations: BTHS, Barth syndrome; CL, cardiolipin; MLCL, monolysocardiolipin; OXPHOS, oxidative phosphorylation; TAZ, tafazzin
⁎
Correspondence to: U. Brandt, Radboud Institute for Molecular Life Sciences, Department of Pediatrics, Radboud University Medical Center, Geert GrootepleinZuid 10, 6525 GA Nijmegen, the Netherlands.
⁎⁎
Correspondence to: R H. Houtkooper, Laboratory Genetic Metabolic Diseases, Amsterdam UMC, University of Amsterdam, Meibergdreef 9, 1105 AZ Amsterdam,
the Netherlands.
E-mail addresses: ulrich.brandt@radboudumc.nl (U. Brandt), r.h.houtkooper@amc.uva.nl (R.H. Houtkooper).
1
These authors have equally contributed to this work.
https://doi.org/10.1016/j.bbadis.2018.08.041
Received 3 May 2018; Received in revised form 25 July 2018; Accepted 30 August 2018
Available online 01 September 2018
0925-4439/ © 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/BY/4.0/).

BBA - Molecular Basis of Disease 1864 (2018) 3650–3658

I.A. Chatzispyrou et al.

2.3. Complexome proﬁling

[12]. Unlike other phospholipids that contain two fatty acyl chains, CL
contains four, which gives it a conical structure and unique biophysical
properties [13]. It is synthesized de novo in the inner mitochondrial
membrane by the transfer of the phosphatidyl group of cytidinediphosphate-diacylglycerol to phosphatidylglycerol, which is catalyzed
by CL synthase [11,14]. After its synthesis, the immature CL undergoes
maturation, during which its initially saturated fatty acyl chains are
remodeled to form a mature, more unsaturated CL [11]. The biosynthesis and remodeling of CL has been studied in depth in the yeast
Saccharomyces cerevisiae, where newly synthesized CL is deacylated by
the enzyme Cld1 which removes saturated fatty acyl chains from CL,
forming the intermediate monolysocardiolipin (MLCL) with three fatty
acyl chains [15]. Unsaturated fatty acyl chains are then transferred
from phosphatidylcholine or phosphatidylethanolamine to MLCL by the
yeast orthologue of tafazzin, Taz1, forming mature CL [16]. In mammals, remodeling of CL occurs in a similar fashion, with tafazzin serving
the same function as described for yeast Taz1 [17].
BTHS patients with TAZ mutations present with a characteristic
lipid proﬁle of overall decreased CL levels, mainly of (poly)unsaturated
species, and elevated levels of the remodeling intermediate MLCL
[18–20]. This biochemical proﬁle is highly speciﬁc for BTHS patients,
and the MLCL/CL ratio is used as a diagnostic marker [21,22]. CL is
crucial for mitochondrial membrane integrity and interacts with several
mitochondrial proteins, including the multiprotein complexes of oxidative phosphorylation (OXPHOS) [9,13,23–26]. It is therefore not
surprising that BTHS patients present with abnormal mitochondria in
their tissues [1,27]. Also, TAZ mutations in several other model organisms including yeast, fruit ﬂy, zebraﬁsh and mouse, disrupt mitochondrial structure [28]. Despite the development of diﬀerent models
to study the pathophysiology of the disease, the exact underlying mechanism remains largely unresolved and treatment of patients is mainly
symptomatic, while more targeted approaches are only recently being
tested [3,29]. We therefore aimed to identify molecular pathways that
are either dysregulated or activated in BTHS by employing proteomic
and metabolic proﬁling in BTHS patient cells.

Mitochondrial pellets (200 μg protein) from a healthy control
(C103) and four BTHS patient ﬁbroblasts were solubilized with 6 mg
digitonin/mg protein and separated by 4–16% gradient Blue-native
PAGE (BN-PAGE) [32]. Complexome proﬁling was performed as before
[33]. Protein identiﬁcation and data analysis was done essentially as
previously described [34] using MaxQuant (version 1.5.0.25) [35]. The
proﬁles were hierarchically clustered by distance measures based on
Pearson correlation coeﬃcient (uncentered) and the average linkage
method and further analyzed by manual correlation proﬁling. Mass
scales of the proﬁles for soluble and integral membrane proteins were
determined as previously described using known protein complexes as
standards [33,34]. For comparison between the diﬀerent samples, the
total protein abundance (IBAQ) values were corrected for variations
between the diﬀerent proﬁles and then, the maximum abundance found
in any of the proﬁles of the diﬀerent samples was set to one for each
individual protein. The clustering and the visualization and analysis of
the heat maps were done with the NOVA software v0.5 [36] and MS
Excel.
2.4. Metabolic ﬂux measurement
100 U/ml penicillin, 100 μg/ml streptomycin (Life technologies),
25 mM HEPES (VWR) and 50 μM carnitine (Sigma) were added to
DMEM without glucose, pyruvate, glutamine and phenol red to form
the basal 13C label medium. 13C-glucose labeling medium contained
5 mM [U13C]-D-glucose (Cambridge Isotope Laboratories), 50 μM oleic
acid in 0.2% BSA (Sigma) and 1 mM L-glutamine (Sigma). 13C-oleic acid
labeling medium contained 50 μM [U13C]-oleic acid in 2 g/l BSA
(Cambridge Isotope Laboratories), 5 mM D-glucose (Sigma), and
1 mM L-glutamine (Sigma). Lastly, 13C-glutamine medium contained
1 mM [U13C, 2-15 N]-glutamine (Cambridge Isotope Laboratories),
5 mM D-glucose (Sigma) and 50 μM oleic acid in 0.2% BSA (Sigma).
500.000 cells from 3 controls (C1: C001, C2: C127 and C3: C131) and 4
BTHS patients were plated per well in a 6-well plate. The next day 24 h
incubations in any of the three 13C media were initiated. For each
condition, a duplicate incubation per labeled substrate was used. Polar
metabolites were extracted by two-phase methanol-water/chloroform
extraction as described in [37]. Brieﬂy, medium was removed, cells
were washed twice with ice-cold 0.9% (w/v) NaCl, 1 ml of ice-cold
methanol-water (1:1) was added and cells were collected from the well
in a centrifuge tube. 1 ml of chloroform was added to the mixture, tip
sonicated and centrifuged at 10,000 x g for 10 min. Insoluble pellets
were re-extracted with 1 ml methanol-water (1:1), the aqueous phase of
both extractions was collected and evaporated using SpeedVac. The
pellet was dissolved in 100 μl 60% (v/v) methanol/water and analyzed
by ultra-high-pressure liquid chromatography system (Thermo Scientiﬁc) with a SeQuant ZIC-cHILIC column (Merck) coupled to a Thermo
Q Exactive (Plus) Orbitrap mass spectrometer (Thermo Scientiﬁc). Data
was acquired in negative ion-scan mode. Data interpretation was performed in Xcalibur software (Thermo Scientiﬁc). 13C-enrichment was
calculated and corrected for their natural 13C abundance based on mass
isotopomer distribution analysis (MIDA) [38].

2. Materials and methods
2.1. Cell culture
Primary skin ﬁbroblasts from four BTHS patients (P1: TAZ001, P2:
TAZ002, P3: TAZ006 and P4: TAZ013) and three healthy controls C001,
C127, C131) were obtained according to institutional guidelines and
identiﬁable clinical and personal data from the patients were not
available for this study. The BTHS patients and their CL/MLCL proﬁles
were described before [30]. Cells were cultured in DMEM or Ham's F-10
with L-glutamine (Bio-Whittaker) growth media, supplemented with
10% fetal bovine serum (Bio-Whittaker), 25 mM HEPES buﬀer (BioWhittaker), 100 U/ml penicillin, 100 μg/ml streptomycin (Life Technologies), and 250 ng/ml Fungizone (Life Technologies) in a humidiﬁed
atmosphere with 5% CO2 at 37 °C.

2.2. Isolation of mitochondria
2.5. Enzyme activity measurements
Isolation of mitochondria from skin ﬁbroblasts was performed in
principle as previously described [31]. Cell pellets were resuspended in
125 mM sucrose, 1 mM EDTA, 20 mM Tris/HCl pH 7.4 and disrupted by
10 strokes in a glass/Teﬂon Potter-Elvehjem homogenizer. The homogenates were mixed with 875 mM sucrose, 1 mM EDTA, 20 mM Tris/
HCL pH 7.4 to adjust the sucrose concentration to 250 mM and centrifuged at 1000g for 10 min at 4 °C. Supernatants were centrifuged at
14000g for 10 min at 4 °C. The mitochondrial pellets were resuspended
in 250 mM sucrose, 1 mM EDTA, 20 mM Tris/HCl pH 7.4. Protein
concentration was determined by the Lowry method.

OGDH-E1, OGDH-E3 and CS activities were measured in skin ﬁbroblast homogenates from 3 healthy controls (C001, C123 and C124)
and 4 BTHS patients. Cultured skin ﬁbroblasts were harvested and
stored at −80 °C until analysis. Before the analyses cell pellets were
homogenized in 10 mM 4-morpholinopropanesulfonic acid (MOPS)
pH 7.4, 160 mM sodium chloride and 0.1% Triton X-100. Cells were
disrupted by sonication. E1 activity was measured spectrophotometrically at 340 nm using 2-oxoglutarate as substrate, as described in [39]. E3 activity was measured using an assay mixture
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from 0.5 to 5 MDa observed in control cells was missing in all four
patient samples. In contrast to the overall increase of the MICOS/MIB
components and OPA1, the total amount of LETM1, a mitochondrial
proton/calcium antiporter reported to be involved in cristae organization and supercomplex assembly [41], was markedly reduced in patient
cells (Fig. 2b). Moreover, while the majority of LETM1 was found at an
apparent mass of ~150 kDa in the control samples, the majority of the
remaining protein migrated below 100 kDa in samples from cells carrying TAZ mutations.
Furthermore, a several fold increase in abundance (Fig. 2c) was
observed for the ~1 MDa prohibitin scaﬀolding complex and for the
~300 kDa the mitochondrial outer membrane pore complex consisting
of the three isoforms of the voltage dependent anion channel protein
VDAC (Fig. 2d).
All four TAZ mutations had a marked impact on the stability of the
mitochondrial 2-oxoglutarate dehydrogenase complex (OGDH). In
control cells, the three components E1-E3 of the complex comigrated in
a sharp peak at an apparent molecular mass of ~4.4 MDa indicative of a
homogenous population (Fig. 3a). Notably, prominent peaks of the
dehydrogenase subunit E1 (OGDH) around 250 kDa and of dihydrolipoyldehydrogenase subunit E3 (DLD) around 350 kDa were also
observed. In fact, the excess of DLD, which is a common component of
all oxidative decarboxylases in mitochondria, was so high in this mass
range that the DLD peak at ~4.4 MDa corresponding to the fraction of
DLD bound to the OGDH complex appeared very small after normalization (Fig. 3a). KGD4, a protein also known as MRPS36 because it was
originally annotated as a component of the mitochondrial ribosome,
also comigrated with the full size OGDH complex. This corroborates a
recent report showing that KGD4 is required in equimolar amounts to
recruit DLD (E3) to the complex [44]. Strikingly, in mitochondria of all
four patients the 4.4 MDa OGDH complex was not detectable. Instead, a
rather broad and much smaller peak centered around 2.3 MDa appeared
in the migration proﬁles of the core component DLST (E2) most likely
reﬂecting a heterogeneous population of breakdown products of the
OGDH-complex, which as well seemed to contain OGDH (E1) and to a
lesser extent KGD4 (Fig. 3a). Reﬂecting the release of subunits from the
full size OGDH complex in the patient samples, the amounts of the
lower mass complexes of OGDH (E1) and DLD appeared higher and a
small amount of a complex of KGD4 was now found around at
~250 kDa. Interestingly, the related branched-chain ketoacid dehydrogenase (BCKDH) complex was found to be aﬀected in a similar way
(Fig. 3b). Although the α- and β-subunits, which together constitute the
E1 component of this enzyme, did not comigrate with a high molecular
mass complex under the experimental conditions used, the majority of
the lipoamide acyltransferase E2 component (DBT) was found as a
sharp peak at ~3.6 MDa in the control sample. Like the OGDH complex,
this 3.6 MDa complex was absent in all four patient samples and a
heterogeneous population of smaller complexes at around 2 MDa was
detected instead. Notably, a signiﬁcant amount of the associated kinase
BCKDK co-migrated with the 3.6 MDa DBT complex suggesting that a
signiﬁcant portion of this regulatory enzyme was bound to the core
BCKDH complex, while its majority was found in a more heterogeneous
population of complexes around 700 kDa. This notion was corroborated
by the fact that the BCKDK peak disappeared in the patient samples as
well.

consisting of 50 mM potassium phosphate pH 6.5, 1.5 mM ethylenediaminetetraacetate (EDTA), 0.2 mM reduced nicotinamide adenine
dinucleotide (NADH) and 0.15% w/v Triton X-100. Reactions were initiated by addition of lipoamide at a concentration of 2 mM dissolved in
ethanol and the decrease in absorbance was followed in time at 340 nm.
CS activity was measured using an assay mixture consisting of 100 mM
TRIS pH 7.4, 0.1 mM DTNB (dithionitrobenzoic acid dissolved in
100 mM TRIS), 0.2 mM acetyl-CoA and 0.1% w/v Triton X-100. Reactions were initiated by addition of oxaloacetate at a concentration of
0.2 mM and the increase in absorbance was followed in time at 412 nm.
3. Results
3.1. Complexome analysis of human BTHS ﬁbroblasts
To study whether there would be changes at the mitochondrial
protein levels in BTHS patients' ﬁbroblasts, we studied skin ﬁbroblasts
from four patients carrying diﬀerent mutated versions of the tafazzin
gene (P1: c.153C > G, P2: c.239-1G > A, P3: c.170G > T, P4: c.1101G > C; [30]) and performed complexome proﬁling in comparison to a
healthy control. This method [33] allows analyzing changes in the
composition and abundance of mitochondrial complexes based on the
migration proﬁles of their constituent proteins obtained by mass spectrometry after separation by blue native electrophoresis. Of 2769 proteins identiﬁed in total, 1238 were considered as mitochondrial based
on diﬀerent criteria. Initial manual inspection of the migration proﬁles
for changes in abundance or shifts in molecular mass suggested possible
eﬀect of the TAZ mutations for about 200 mitochondrial proteins (Table
S1). The most pronounced and remarkable diﬀerences will be discussed
in the following.
The overall abundance of the ﬁve canonical OXPHOS complexes I–V
was only mildly aﬀected, if at all (Fig. 1). However, these complexes
also associate into supercomplexes of variable composition [40]. In
addition to the so-called respirasome containing complex I, one complex III dimer and up to four complex IV monomers (denoted S0–S4,
where the number indicates the number of complex IV monomers),
usually a small supercomplex containing one complex III dimer and one
complex IV monomer (III2-IV) is observed. Interestingly, we observed
distinct changes in the relative distribution of the diﬀerent variants of
the respiratory chain supercomplexes (Fig. 1c). In mitochondrial
membranes from cells of all four patients we observed partial destabilization of the supercomplexes, which was mirrored by the fact that the
abundances of complex III dimer and the III2-IV1 supercomplex were
increased. (Fig. 1b–c). Interestingly, especially the amounts of higher
order respirasomes (S2–S4) were found to be markedly reduced in all
patient samples (Fig. 1d).
It seems that apart from a mild overall destabilization of the respiratory supercomplexes, deﬁcient CL remodeling aﬀected in particular the interaction of complex IV with complexes I and III. For
complex V, the major peak corresponding to monomeric F1FO ATPsynthase seemed unaﬀected, but the amount of complex V dimer appeared markedly lower in all four patient samples (Fig. 1e). Complex II,
which is not a component of respiratory chain supercomplexes, was
clearly not aﬀected (Fig. 1f).
Consistent with the reported aberrant mitochondrial morphology in
BTHS [27,41], the TAZ mutations had also pronounced eﬀects on
proteins involved in cristae formation. A strong increase in abundance
was observed for the mitochondrial contact site and cristae organizing
system (MICOS) and the sorting and assembly machinery (SAM) complexes that together form the mitochondrial intermembrane space
bridging complex (MIB) [34,42] (Fig. 2a). Of note, we observed a
previously unresolved ~4 MDa version of the MIB complex. Similar to
the MICOS/MIB complexes the dynamin-related GTPase OPA1, which
binds lipid membranes enriched in CL and promotes membrane fusion
[43], was markedly increased in abundance (Fig. 2b). Interestingly, a
population of large OPA1 containing complexes broadly distributed

3.2. Flux distribution analysis of human BTHS ﬁbroblasts
We next questioned whether the observed changes in mitochondrial
complexes of BTHS patient cells were reﬂected in the metabolism of
these cells. To address this question, we performed metabolic ﬂux distribution analysis on patient and control ﬁbroblasts using 13C isotope
labelling and measuring labeled metabolites by mass spectrometry. In
order to establish also whether the cells demonstrated a preference for a
speciﬁc energy source, we used three diﬀerent 13C-labeled substrates,
namely glucose, oleic acid and glutamine. To evaluate substrate
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Fig. 1. Higher order OXPHOS supercomplexes are destabilized in skin ﬁbroblasts of BTHS patients. a, complex I; b, complex III; c, relative distribution of supercomplexes
calculated from the relative abundance of complex III, which is assumed to have the same stoichiometry in all supercomplexes; d, complex IV; e, complex V; f,
complex II. In panels a-b and d-f the migration proﬁles are shown on the left as heat map representations indicating increasing relative protein abundance by a color
code from yellow to red and plotting the migration patterns of the individual subunits from top to bottom. On the right normalized relative abundance plots show the
average migration proﬁles of all subunits detected for the respective OXPHOS complex. OXPHOS complexes are indicated by roman numerals and supercomplexes by
the S. Subscripts indicate the copy number of the respective complex and of complex IV for supercomplexes. F1,FO, F1, FO moiety of complex V; C, control; P1–4,
samples from patients 1–4.

preference, we performed separate incubations for each of the 13C-labeled substrates, i.e. every incubation contained the same glucose, oleic
acid and glutamine concentrations but only one of the three substrates
was labeled.
After 24 h of incubation with the diﬀerent labeled substrates, we

determined 13C incorporation in diﬀerent TCA cycle intermediates as a
measure of substrate utilization and TCA cycle activity in the cells.
Glucose carbon incorporation in TCA cycle intermediates was overall
low in both patients and controls (< 10%; Table S2), while incorporation into glycolysis intermediates and end products such as
3653

BBA - Molecular Basis of Disease 1864 (2018) 3650–3658

I.A. Chatzispyrou et al.

C

P1

P2

P3

P4

0.8

1.0

MICOS

MICOS

1.0

MIB

0.6

MIB

C
P1
P2
P3
P4

0.4

0.1

0.2
0.0
0.1

1.0
0.1
Molecular mass [MDa]

MICOS/MIB

1.0

MICOS
MIB

b
OPA1
1.0
0.8

1.0

0.6

LETM1

C
P1
P2
P3
P4

0.4

0.1

0.2
0.0
0.1

c

CP1P2P3P4

1.0

0.1

0.1
1.0
Molecular mass [MDa]

d

Prohibitin
1.0

1.0

C P1 P2 P3 P4

C
P1
0.8
P2
P3
0.6 P4

1.0
0.8

1.0

0.6

0.4

0.1

VDAC complex
C
P1
P2
P3
P4

0.4
0.2

0.2

0.0

0.0
0.1
1.0
Molecular mass [MDa]

VDAC complex

0.1
1.0
Molecular mass [MDa]

Fig. 2. The abundance of protein complexes of the outer and inner mitochondrial membranes is markedly changed in skin ﬁbroblasts of BTHS patients. a, mitochondrial
contact site and cristae organizing system (MICOS) and mitochondrial intermembrane space bridging complex (MIB) complex; b, dynamin-related GTPase OPA1 and
mitochondrial proton/calcium antiporter LETM1; c, prohibitin (PHB) scaﬀolding complex of the inner mitochondrial membrane; d, voltage dependent anion channel
(VDAC) complex of the outer mitochondrial membrane. See legend of Fig. 1 for details. In panel b abundance plots of individual components are shown.

substrate.

lactate was similar between controls and patients (Table S3). When
comparing label incorporation from the three substrates, glutamine
appeared the most successful, since > 65% of the 2-oxoglutarate pool
was labeled by glutamine in both control and patient groups through
glutaminolysis (Fig. 4; Table S4). We did not ﬁnd a signiﬁcant reduction
in glutamine-derived carbon label in any of the downstream TCA cycle
intermediates (Fig. 4; Table S4). This suggested that BTHS cells are able
to sustain suﬃcient OGDH ﬂux despite the impaired stability of the
OGDH complex. Furthermore, when 13C-oleic acid was added as a
substrate, labeling was highest in citrate but very low in downstream
metabolites (Fig. 4; Table S5). Oleic acid carbons enter the TCA cycle
via acetyl-CoA, therefore, the ﬁrst TCA cycle intermediate to be labeled
is citrate. Labeling of downstream TCA cycle intermediates was much
lower in both controls and patients, probably because the unlabeled
glutamine was used by these cells via glutaminolysis as the prime

3.3. TCA cycle enzymatic assays in BTHS human ﬁbroblasts
BTHS patient cells exhibited a reduced OGDH stability while
maintaining suﬃcient metabolic ﬂux through this enzyme complex. To
assess whether the complex destabilization led to a defect at the level of
the isolated OGDH enzyme, we set out to directly measure the 2-oxoglutarate dehydrogenase activity conferred by the E1 component of
the OGDH complex in cell homogenates. We also measured the activity
of dihydrolipoamide dehydrogenase (DLD), also known as E3, which is
a common subunit of all enzyme complexes catalyzing oxidative decarboxylation of 2-oxoacids and is also a component of the BCKDH
complex that was found to be destabilized in BTHS patients as well
(Fig. 3b). As a reference, we measured the activity of another enzyme of
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MICOS/MIB complexes and other compensatory adaptations of the
machinery controlling mitochondrial morphology.
Two more membrane protein complexes known to interact with CL
exhibited a several-fold higher abundance in BTHS patient cells, namely
the inner membrane scaﬀolding complex prohibitin (Fig. 2c), which has
been implicated in CL remodeling [55], and the outer membrane VDAC
complex (Fig. 2d), which has been reported to polymerize in a CL dependent fashion [56]. Of note and in contrast to our ﬁndings, downregulation of prohibitin was found in the yeast Saccharomyces cerevisiae
upon deletion of the TAZ gene [46].
Remarkably, we observed the most dramatic eﬀect of impaired CL
remodeling in BTHS patient cells for two soluble multienzyme complexes of the family of oxidative decarboxylases. The large multiprotein
complexes of 2-oxoglutarate dehydrogenase (OGDH), a TCA cycle enzyme, and branched-chain ketoacid dehydrogenase (BCKDH), involved
in the degradation of branched chain amino acids, were easily detectable in control cells but were completely absent in the patient samples
(Fig. 3). This ﬁnding is in line with an earlier report showing that deletion of the TAZ gene in yeast results in a marked decrease of fully
assembled OGDH complex [46]. Further inspection of the complexome
proﬁles revealed that, while the ~4.4 MDa OGDH complex contained
all four known components (E1-E3 and KGD4), the two proteins
forming the E1 component were found to be stripped oﬀ from the ~3.6
BCKDH holo-complex even in the control sample. Instead, the regulatory kinase BCKDK comigrated with the E2 component of the
BCKDH complex suggesting that a signiﬁcant fraction of this protein
was tightly bound to the E2 core complex. Smaller assemblies of all
subunits of the oxidative decarboxylation complexes were detected also
in the patient samples. However, while the total amount of the E2
component and KDG4 was markedly lower, the overall abundance of
E1, E3 and BCKDK appeared essentially unchanged. Indeed, we found
that the catalytic activities of the E1 and E3 components of the OGDH
complex at substrate saturation were not aﬀected by the TAZ mutations
(Fig. 5).
While the molecular cause for the observed drastic destabilization of
the full size OGDH and BCKDH complexes by impaired CL remodeling
remained obscure, we went on to establish its metabolic eﬀects. To this
end, we measured metabolic ﬂux distribution using three diﬀerent
substrates. Glucose appeared to contribute minimally to the TCA ﬂux,
as the incorporation into TCA cycle intermediates was low. Glutamine
directly feeds into the TCA cycle and, consequently, 13C incorporation
was high compared the other substrates suggesting high glutamine
utilization. When using labeled oleic acid, only a slight trend for reduced labeling of citrate was observed, while the downstream TCA
cycle metabolites were clearly not aﬀected. Given that glutaminolysis
was very active under the conditions used, unlabeled glutamine probably diluted the 13C label from oleic acid in downstream TCA intermediates thereby completely masking the mild eﬀect, which even for
citrate did not reach statistical signiﬁcance. When using glutamine as a
labeled substrate we observed no diﬀerence in ﬂux distribution at the
level of TCA cycle intermediates. This is rather surprising considering
that the full-size complex was not at all detectable in the patient samples. We conclude that the TAZ mutations do not completely prevent
the assembly of functional OGDH complex, but that the destabilization
of the full-size complex evident from its complete dissociation under the
conditions of complexome proﬁling merely resulted in partially reduced
levels of functional OGDH complex in-situ, explaining the observed
moderate eﬀects on glutamine dependent metabolic ﬂux. Moreover, it
seems quite possible that the observed destabilization of the OGDH
complex, despite having only minor functional consequence in ﬁbroblasts, may have signiﬁcant relevant functional impact in tissues that
are in high energy demand.
In conclusion, using complexome proﬁling of BTHS patient cells, we
obtained a comprehensive assessment of the consequences of impaired
CL remodeling on the state, distribution and abundance of a number of
key mitochondrial multiprotein complexes. These ﬁndings could be

the mitochondrial matrix, citrate synthase (CS). The activities of all
three enzymes varied substantially even within the controls and patient
samples and thus diﬀerences could not be attributed to the TAZ mutations (Fig. 5).
4. Discussion
Defective CL remodeling in BTHS has been shown to aﬀect mitochondria in diﬀerent ways ranging from the destabilization of various
multiprotein complexes [25,26,45,46] to aberrant cristae morphology
[27,41]. However, it remains largely unclear, how the observed
changes in the molecular architecture lead to functional consequences
like altered production of reactive oxygen species [28] and inhibition of
apoptosis [45] that ultimately result in the BTHS disease phenotype.
Therefore, we aimed to obtain a more detailed understanding of the
molecular mechanisms underlying BTHS by comprehensively assessing
the changes resulting from mutations in the TAZ gene at the level of the
mitochondrial complexome and by linking the observed alterations to
metabolic ﬂux distribution in BTHS patient cells. Complexome analysis
of mitochondria of ﬁbroblasts from patients carrying four diﬀerent
mutations in the TAZ gene revealed changes in a remarkably large
number of proteins covering a wide range of functions (Table S1). Here
we focus on analyzing the most prominently aﬀected protein complexes.
CL is long known to be required for the stability of the OXPHOS
supercomplexes [47] and it has been shown previously that deﬁcient CL
biosynthesis and remodeling can destabilize them [26,45,48]. The
complexome proﬁling analysis of BTHS ﬁbroblasts presented here
corroborated these ﬁndings and revealed that defective CL remodeling
speciﬁcally destabilized higher order OXPHOS supercomplexes containing multiple copies of complex IV (Fig. 1a-d). Notably, interaction
between complexes III and IV appeared not to be aﬀected. Since complex IV has been shown to interact with complexes I and III in mammalian supercomplexes [49] this suggested that the altered CL species
composition primarily impairs the complex I-IV interaction. Recently,
several structures of mitochondrial respiratory chain supercomplexes
were obtained, but all of them contain only one complex IV monomer
per complex I [50–52]. Several cardiolipin molecules were modeled
into these structures, some of which may be involved in the interactions
between the complexes. However, at the moderate structural resolution
achieved in these studies, if any, only some of the lipids bound to a
membrane protein complex can be found and the assignment of speciﬁc
fatty acids to the bound cardiolipins is not possible. Thus, the structural
information presently available is not suﬃcient to analyse the interaction between complex IV and the other complexes in molecular detail. This holds especially for the binding of the additional complex IV
moieties in supercomplexes S2–4, which were found to be most aﬀected
in our present study.
Another higher order assembly aﬀected by the TAZ mutations were
the dimers of complex V, which were clearly destabilized in the patient
samples (Fig. 1e). Since rows of ATPase dimers are known to shape
curved inner mitochondrial membranes [53], their destabilization
could contribute to the altered cristae morphology in BTHS [27,41].
This notion corresponds well with a several fold overall increase in
abundance of the MICOS/MIB complexes (Fig. 2a), which are key
players in the organization of the inner mitochondrial membrane and
the formation of contact sites with the outer membrane [34,54].
Moreover, strongly increased amounts of the mitochondrial fusion and
cristae regulator OPA1 were detected in BTHS patient cells (Fig. 2b). On
the other hand, a ~150 kDa complex of LETM1, another factor known
to be involved in mitochondrial morphogenesis, was absent in cells
carrying TAZ mutations and the total abundance of this protein was
markedly reduced (Fig. 2b). Based on these ﬁndings it is tempting to
speculate that the destabilization of OXPHOS complexes and in particular complex V dimers by the aberrant CL, impairs normal cristae
formation in BTHS mitochondria and results in upregulation of the
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correlated with structural and metabolic adaptations in BTHS and
provided novel insights into the molecular details of supercomplex
destabilization, aberrant cristae morphology and metabolic changes
resulting from TAZ mutations. Moreover, the complexome data presented here will be a valuable resource for further studies of BTHS induced changes at the level of proteins and protein complexes, which
could not be analyzed further within the scope of the present study.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.08.041.
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