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Cardiolipin-deficient cells have decreased levels of the iron-
sulfur biogenesis protein frataxin

Received for publication, April 19,2020, and in revised form, July 2, 2020 Published, Papers in Press, July 6, 2020, DOI 10.1074/jbc.RA120.013960

Yiran Li', Wenjia Lou', Alexander Grevel’®, Lena Béttinger’, Zhuqing Liang', Jiajia Ji', Vinay A. Patil', Jenney Liu*,

Cungqi Ye', Maik Hiittemann”, Thomas Becker**°

, and Miriam L. Greenberg'*

From the 1Departmem‘ of Biological Sciences, Wayne State University, Detroit, Michigan, USA, the 2Institute for Biochemistry and
Molecular Biology, Faculty of Medicine, the *Faculty of Biology, and the *CIBSS Centre for Integrative Biological Signaling Studies,
University of Freiburg, Freiburg, Germany, the 4Center for Molecular Medicine and Genetics, Wayne State University School of
Medicine, Detroit, Michigan, USA, and the ®Institute of Biochemistry and Molecular Biology, Faculty of Medicine, University of

Bonn, Bonn, Germany

Edited by George M. Carman

Cardiolipin (CL) is the signature phospholipid of mitochon-
drial membranes, where it is synthesized locally and plays an
important role in mitochondrial bioenergetics. Previous studies
in the yeast model have indicated that CL is required for optimal
iron homeostasis, which is disrupted by a mechanism not yet
determined in the yeast CL mutant, crdIA. This finding has
implications for the severe genetic disorder, Barth syndrome
(BTHS), in which CL metabolism is perturbed because of muta-
tions in the CL-remodeling enzyme, tafazzin. Here, we investi-
gate the effects of tafazzin deficiency on iron homeostasis in the
mouse myoblast model of BTHS tafazzin knockout (TAZ-KO)
cells. Similarly to CL-deficient yeast cells, TAZ-KO cells exhib-
ited elevated sensitivity to iron, as well as to H,O,, which was
alleviated by the iron chelator deferoxamine. TAZ-KO cells
exhibited increased expression of the iron exporter ferroportin
and decreased expression of the iron importer transferrin re-
ceptor, likely reflecting a regulatory response to elevated mito-
chondrial iron. Reduced activities of mitochondrial iron—sulfur
cluster enzymes suggested that the mechanism underlying per-
turbation of iron homeostasis was defective iron—sulfur biogen-
esis. We observed decreased levels of Yfh1/frataxin, an essential
component of the iron—sulfur biogenesis machinery, in mito-
chondria from TAZ-KO mouse cells and in CL-deleted yeast
crd1A cells, indicating that the role of CL in iron—sulfur biogen-
esis is highly conserved. Yeast crdIA cells exhibited decreased
processing of the Yfh1 precursor upon import, which likely con-
tributes to the iron homeostasis defects. Implications for under-
standing the pathogenesis of BTHS are discussed.

As the signature lipid of the mitochondrial membrane, car-
diolipin (CL) is essential for optimal mitochondrial function
and bioenergetics (1-6). The de novo synthesis of CL occurs in
the inner mitochondrial membrane (7) and is followed by a
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remodeling process in which saturated fatty acyl chains are
replaced by unsaturated fatty acids (8, 9). Perturbation of CL
synthesis leads to defects in mitochondrial bioenergetics,
resulting in decreased respiration, reduced mitochondrial
membrane potential, and decreased ATP synthesis (3, 10-12).
CL is tightly associated with a wide range of proteins in the mi-
tochondrial inner membrane (3, 10) and is essential for the sta-
bility of respiratory chain supercomplexes (13—15). The severe
genetic disorder Barth syndrome (BTHS) results from loss of
function of tafazzin, the transacylase that remodels CL, high-
lighting the significance of this lipid (16). Patients with BTHS
suffer from cardio- and skeletal myopathy, neutropenia, and
growth retardation (17) and exhibit biochemical and bioener-
getic defects at the cellular level that are similar to those
observed in CL-deficient yeast cells (18—20). However, the clin-
ical presentation of the disorder in BTHS individuals is highly
variable, ranging from neonatal death to lack of clinical symp-
toms, suggesting that physiological modifiers strongly influence
the phenotype of CL deficiency (21). The mechanism linking
the pathology in BTHS to CL deficiency is not known.

A previous study indicated that yeast cells lacking CL exhibit
decreased iron—sulfur biosynthesis, resulting in perturbation of
iron homeostasis (22). Iron is essential for cellular functions in
all eukaryotes, from yeast to humans (23). A deficiency in iron
causes anemia and even death, whereas iron overload can be
toxic as a result of free radical damage (24). Therefore, appro-
priate intracellular iron levels must be maintained by the regu-
lation of iron transport, storage, and regulatory proteins (25).
In mammalian cells, transferrin receptor 1 (TFR1) is responsi-
ble for the uptake of extracellular iron by binding to the plasma
iron transport protein, transferrin (25). The transmembrane
protein ferroportin-1 (FPN1) transports intracellular iron to
the outside of the cell (26). Iron is utilized in the formation of
iron—sulfur clusters, which are essential co-factors for many
enzymatic reactions, including those of electron transfer,
enzyme catalysis, and regulatory processes (27). [ron—sulfur
biosynthesis is a complex and highly conserved process. The
protein Isu provides the primary scaffold for iron-sulfur
cluster assembly (28). Cysteine desulfurase (Nfsl) removes
sulfur from cysteine and delivers it to Isu (29), a step that
requires interaction with accessory protein Isd11 (30). It has
been proposed that imported iron is carried by Ythl/
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Table 1

Decreased iron-sulfur enzyme activities in TAZ-KO mitochondria.
The enzyme activities were assayed as described under “Experimen-
tal procedures.” The data shown are means + S.D. (n =3)

Activity in TAZ-KO
mitochondria relative to WT

%

Aconitase 423+ 4.7

Complex I (NADH dehydrogenase) 56.7 * 8.6

Complex II (succinate dehydrogenase) 49275

Complex III (ubiquinol-cytochrome 52.3 4.1
¢ oxidoreductase)

Complex IV (cytochrome c¢ oxidase) 98.7 £7.2

frataxin to Isu (31). After the incorporation of sulfur and
iron, the cluster assembly reaction requires reducing equiv-
alents, which are provided by ferredoxin reductase (Arhl)
and ferredoxin (Yahl) (32, 33). The iron-sulfur cluster is
then delivered to apoproteins by interacting with the Hsp70
chaperone, Ssql, as well as several other proteins (34).

Frataxin plays a key role in iron—sulfur biogenesis (35) and is
highly conserved from prokaryotes to eukaryotes (36—38). It is
encoded in the nucleus, is targeted to the mitochondria (39),
and acts as a gatekeeper for the formation of iron—sulfur clus-
ters. Several functions of frataxin have been proposed, includ-
ing regulation of iron homeostasis, storage of iron to decrease
toxic levels of free mitochondrial iron, and control of Nfs1 ac-
tivity (40). Although the exact role of frataxin is unclear, its
interaction with Isul, Nfs1, and Isd11 suggests that it is a key
player in regulating iron—sulfur biogenesis (41). Frataxin defi-
ciency in humans causes the severe genetic disorder, Friedreich
ataxia (42, 43), which is characterized by progressive neurode-
generation and hypertrophic cardiomyopathy (44). Interest-
ingly, the yeast frataxin mutant yfh1A exhibits phenotypes simi-
lar to those of CL-deficient crdIA cells, including accumulation
of mitochondrial iron (45), decreased activity of aconitase (46),
and hypersensitivity to oxidative stress (46). In the current
study, we show that CL deficiency impairs the second process-
ing step of imported Yfh1 precursor and that CL-deficient cells
have decreased levels of mature frataxin and concomitant per-
turbation of iron homeostasis. Elucidating the role of CL in
maintaining iron homeostasis may identify specific mitochon-
drial defects that contribute to the pathology in BTHS.

Results

Impaired iron homeostasis and iron-sulfur deficiencies in
TAZ-KO cells

We reported previously that CL-deficient yeast cells exhibit
defective iron—sulfur biogenesis, as reflected in decreased activ-
ities of mitochondrial and cytoplasmic enzymes requiring
iron—sulfur co-factors and in altered iron homeostasis (22). To
determine whether the role of CL in these essential processes is
conserved, iron—sulfur biogenesis and iron homeostasis were
analyzed in the CL-deficient mouse cell line, TAZ-KO, in which
the tafazzin gene is disrupted (47). TAZ-KO cells exhibit the
prototypical biochemical phenotypes of BTHS, including
decreased levels of total CL and unsaturated CL species and
increased monolysocardiolipin (47). Iron—sulfur-requiring
enzymes were assayed in TAZ-KO cells, as shown in Table
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Figure 1. Protein levels of iron-sulfur enzymes are unaltered in TAZ-KO
cells. Western blotting analysis of mitochondrial protein (30 n.g of total pro-
tein) purified from mouse cells grown to 100% confluency. ACO2, aconitase
2; SDHA, succinate dehydrogenase subunit a; UQCRCI, ubiquinol-cyto-
chrome ¢ oxidoreductase core 1 subunit; NDUFB6, NADH dehydrogenase
[ubiquinone] 1B subcomplex subunit 6. The signal intensities of protein
bands and surrounding background were scanned and quantified using
Imagel. The background-subtracted value for each protein band was normal-
ized to that of NDUFB6 and quantified relative to WT.

1. Activities of aconitase, NADH dehydrogenase, succinate
dehydrogenase, and ubiquinol-cytochrome ¢ reductase
were decreased in TAZ-KO mitochondria to 42-57% of
WT. Levels of these mitochondrial proteins were not
decreased in the mutant mitochondria (Fig. 1), suggesting
that the defect was in catalytic activity. Although previous
studies indicated that CL is required for activity of cyto-
chrome ¢ oxidase (48, 49), which does not require an iron—
sulfur co-factor, complex IV activity was not affected in
TAZ-KO cells.

A decrease in iron—sulfur biogenesis is expected to lead to
impaired iron homeostasis, which would be reflected in altered
transport of iron (50). As discussed above, TFR1 and FPN1
mediate iron transport in mammalian cells (51). TFR1 transfers
extracellular iron into cells by endocytosis (25), and FPN1
exports iron (26). In TAZ-KO cells, the TFR1 mRNA and pro-
tein levels are decreased, whereas the levels of FPNI1 are
increased (Fig. 2), as expected if iron levels are elevated. In
agreement with this, an 18% increase in mitochondrial iron was
observed in TAZ-KO cells relative to WT (data not shown),
similar to what was observed in yeast crd1A cells, which lack
CL (22), and in cells with a deficiency in iron—sulfur cluster syn-
thesis or export of iron—sulfur co-factors (52-57). Fibroblasts
obtained from Friedreich ataxia patients exhibit a greater (40%)
increase in mitochondrial iron (58). Increased mitochondrial
iron levels lead to hypersensitivity to oxidative stress, which
results in sensitivity to HO, (28, 45, 53) or iron supplementa-
tion (46, 59-61). Consistent with this, TAZ-KO cells exhibited
significantly greater sensitivity than WT cells to H,O, (Fig. 34)
and to iron (Fig. 3B). To test whether increased sensitivity of
TAZ-KO cells to H,O, was due to elevated iron, the effect on
viability of the iron chelator deferoxamine (DFO) was
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Figure 2. TAZ-KO cells exhibit altered expression of genes for iron transport. A, mRNA levels of iron transport genes TFR7 and FPNT from WT and TAZ-KO
cells were quantified by gPCR. The values are reported as fold change in expression in mutant relative to WT. Expression was normalized to the mRNA levels of
the internal control GAPDH. The data shown are means = S.D. (n = 3). *, p < 0.05. B, Western blotting analysis of FPN1 and TFR1 from total extracts of mouse
cells grown to 100% confluency. ACTIN is included as a loading control. The signal intensities of protein bands and surrounding background were scanned
and quantified using ImageJ. The background-subtracted value for each protein band was normalized to that of ACTIN and quantified relative to WT.

determined. Growth of TAZ-KO cells treated with DFO was
less sensitive to HyOs-induced death than untreated TAZ-KO
cells (Fig. 3C). Taken together, these findings are consistent
with impaired iron homeostasis and defective iron—sulfur bio-
genesis in TAZ-KO cells and indicate that the requirement for
CL in these processes is conserved from yeast to mammals.

Impaired processing of imported Yfh1 precursor in yeast
crd1A cells

Previous studies in yeast cells indicated that CL is required
for the optimal import of some mitochondrial proteins (11, 62).
Therefore, we speculated that altered iron—sulfur biogenesis in
CL-deficient cells may result from defective import of proteins
required for iron—sulfur biogenesis. In addition, Yfh1 matura-
tion may be perturbed, because the biogenesis of Yth1 involves
two processing steps of the Yfh1 precursor by the mitochon-
drial processing peptidase upon import into mitochondria (63,
64). To analyze whether biogenesis of Yfh1 depends on CL, we
imported radiolabeled Yfh1 precursor into isolated WT and
crd1A mitochondria. The intermediate and mature forms were
only detected in the presence of a membrane potential, con-
firming that the Yfh1 precursor was imported into WT and
crdIA mitochondria (Fig. 4A). Interestingly, the second proc-
essing step of the Ythl precursor was impaired, whereas the
first processing was only mildly decreased (Fig. 44). In contrast,
the import of other proteins (Isulp and Yahlp) involved in
iron—sulfur biosynthesis was largely unaffected or only mildly
reduced (Nfs1p) (Fig. 4B). The decreased import rates of Yth1p
and Nfslp are likely due to the reduced membrane potential
(Figs. 4C) (10, 60), which drives protein translocation into the
matrix and inner membrane. Consistent with the impaired
processing of Yth1, crdIA exhibited decreased Yth1 protein lev-
els but unchanged Nfsl and Isul levels (Fig. 54). Decreased
Yfhl in crd1A was not the result of reduced gene expression,
because YFH1 transcript levels were comparable in WT and CL
mutant cells (Fig. 5B).
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Ythl was previously shown to associate with the mitochon-
drial inner membrane (39), which is enriched in CL. Therefore,
the possibility was tested that CL physically interacts with Yfh1.
As shown in the protein lipid overlay assay (Fig. 6), purified
recombinant Yth1 displayed a high affinity for CL. Yth1 did not
bind to phosphatidylcholine, phosphatidylethanolamine, phos-
phatidylinositol 4,5-bisphosphate, or phosphatidylinositol
(3,4,5)-trisphosphate. Comparatively weaker binding to
phosphatidic acid was also observed. These findings suggest
that binding to CL may be required for optimal processing
of Yth1.

Decreased frataxin in TAZ-KO cells

Because perturbation of iron homeostasis and iron-sulfur
biogenesis is conserved in CL-deficient mammalian cells, we
considered the possibility that in mammalian cells, as in yeast,
the underlying defect is in mitochondrial frataxin. In agree-
ment with this, mitochondria from TAZ-KO cells exhibited
decreased levels of mature frataxin, consistent with defec-
tive mitochondrial processing of the protein (Fig. 7A).
Taken together, these experiments suggest that CL is
required for optimal processing of Yfh1/frataxin and that
perturbation of CL synthesis leads to defects in iron—sulfur
biogenesis and iron homeostasis as a result of Yfh1/frataxin
deficiency.

Discussion

In this study, we demonstrate for the first time that CL-defi-
cient cells exhibit defective processing of imported Yth1 pre-
cursor. Yfh1/frataxin is a unique protein with respect to proc-
essing in both yeast and mammalian cells, because the
precursor undergoes two cleavages by the mitochondrial proc-
essing peptidase (MPP) to form the mature protein (63).
Impaired second-step processing (Fig. 4) is the likely mecha-
nism underlying reduced levels of mature Yth1/frataxin in CL-
deficient yeast and mouse mitochondria (Figs. 5 and 7). These
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Figure 3. Sensitivity of TAZ-KO cells to oxidants is rescued by DFO. The
cells were seeded equally in 96-well plates and incubated for 3 h until they
attached to the plate. 20 um H,0, (A) or 50 mm FeCls (B) was added, and the
cells were incubated for the indicated times, after which cell viability was
measured by MTT assay, as described under “Experimental Procedures.” C,
TAZ-KO cells were either mock-treated (CTRL) or exposed to 200 um DFO for
3 h prior to the addition of 20 um H,0,. The data shown are means = S.D.
(n=3).* p<0.05.

findings suggest the model shown in Fig. 8. Accordingly, fol-
lowing import into mitochondria, processing of the Yth1/fra-
taxin precursor to the intermediate by the MPP occurs similarly
in CL mutant and WT cells. However, optimal processing of
the intermediate to the mature form, which is deficient in the
mutant (Fig. 4), requires CL. A possible explanation for this
defect is that CL is required to maintain the proper conforma-
tion of Yth1/frataxin to expose its second cleavage site to MPP
to facilitate the processing step. This is supported by the obser-
vation that Yfh1/frataxin binds to CL in vitro (Fig. 6) and has
been shown to associate with the inner membrane (37). Gordon
et al. (65) reported that cells deficient in the mature form
of Yth1 failed to exhibit any defects, suggesting that the inter-
mediate can functionally compensate for the deficiencies in
the yf11A mutant. However, iron—sulfur defects were clearly
observed in both crdIA yeast and TAZ-KO mouse cells, which
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have abundant levels of the intermediate form of Yfth1/frataxin.
Therefore, it is likely that Yfh1 does not fold properly in CL-de-
ficient mitochondria, leading to a defect in its processing and
potentially contributing to the iron homeostasis defects.

In the current study, the Ythl/frataxin deficiency in crdIA
could account for defective iron—sulfur biogenesis, resulting in
decreased activity of enzymes requiring iron—sulfur co-factors
(Table 1) and perturbation of iron homeostasis (Figs. 2 and 3).
The phenotypes observed in the crd1A cells are similar to those
of the yf11A mutant, including accumulation of mitochondrial
iron (45), decreased activities of iron—sulfur enzymes (46), and
hypersensitivity to oxidative stress (46). These findings are con-
sistent with defective iron—sulfur biogenesis in both mutants.
Yth1/frataxin, which is essential for iron-sulfur biogenesis,
functions as a chaperone that delivers iron to the scaffold as-
sembly protein, Isul (66). Direct interaction between CL and
frataxin, as suggested by the experiment in Fig. 6, may facilitate
processing of the protein by the MPP. The current studies do
not distinguish between decreased total and unsaturated CL
and increased monolyso-CL as the cause of frataxin deficiency
in TAZ-KO cells. However, the observation that mature Yth1 is
decreased in yeast cells that completely lack CL suggests that
CL interaction promotes frataxin maturation.

The findings in this report may have implications for under-
standing the pathology in BTHS, which is characterized by
wide disparities in clinical phenotypes among patients, strongly
suggesting that physiological modifiers exacerbate the outcome
of altered CL metabolism (21). In this context, iron homeostasis
and the robustness of iron—sulfur biogenesis may be factors
that modify the clinical phenotype of BTHS. Interestingly, the
iron chelator DFO, which has been proposed as a treatment to
counteract oxidant sensitivity in Friedreich ataxia (58), partially
rescued decreased growth of TAZ-KO cells (Fig. 3C).

Elegant studies in other laboratories have established that
many of the proteins required for iron—sulfur biogenesis are
highly conserved from bacteria to humans (67). In this light, it
is not surprising that model organisms have been invaluable in
elucidating the complex mechanisms underlying this process.
The striking finding in the current study, utilizing yeast and
mammalian models of CL deficiency, is that the signature mito-
chondrial lipid CL plays a pivotal and highly conserved role in
the process, linking lipid biosynthesis to iron—sulfur biogenesis
for the first time.

Experimental procedures
Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this work are
listed in Table 2. Complete synthetic medium (CSM) contained
adenine (20.25 mg/liter), arginine (20 mg/liter), histidine (20
mg/liter), leucine (60 mg/liter), lysine (200 mg/liter), methio-
nine (20 mg/liter), threonine (300 mg/liter), tryptophan (20
mg/liter), uracil (20 mg/liter), yeast nitrogen base without
amino acids, and glucose (2%). CSM-lactate medium contained
2% lactate as carbon source in place of glucose. Complex me-
dium (YPD) contained yeast extract (1%), peptone (2%), and
glucose (2%). For import studies, yeast cells were grown over-
night in YPD precultures at 30 °C. Subsequently, the cells were

J. Biol. Chem. (2020) 295(33) 11928-11937 11931
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Figure 4. CL promotes processing of the Yfh1 precursor. Mitochondria (Mito.) were isolated from WT and crd1A cells and incubated with 3*S-labeled pre-
cursors Yfh1 (top panel of A), or 35S-labeled Isu1, Yah1, or Nfs1 (B) in the presence or absence of a membrane potential (Ays). Following import, the samples
were treated with proteinase K, which removes portions of the nonimported precursor proteins. The import reactions were analyzed by SDS-PAGE and autora-
diography. A, lower panels, quantification of the intermediate and mature forms of Yfh1 in four independent import experiments with the corresponding
standard error of the mean. As control, the longest import time point of Yfh1 into WT mitochondria was set to 100%. C, the membrane potential of WT and
crd1A mitochondria was measured by quenching of the fluorescence of DiSCs. The reaction was stopped by addition of the AVO mix.

transferred to CSM containing 2% (w/v) galactose as carbon
source. The cells were grown at 30 °C until they reached the sta-
tionary phase, followed by a shift to 35 °C for 2 h.

Mouse cells and growth conditions

The C2C12 tafazzin knockout mouse cell line, TAZ-KO, has
been described previously (47). Growth medium consisted of
Dulbecco’s modified Eagle’s Medium (Gibco) containing 10% fe-
tal bovine serum (Hyclone), 2 mm glutamine (Gibco), penicillin
(100 units/ml), and streptomycin (100 wg/ml) (Invitrogen). The
cells were grown at 37 °C in a humidified incubator with 5% CO..

MTT cell proliferation assay

3000 cells were suspended in 100 ul of growth medium and
seeded into 96-well plates. Viable cells were measured in tripli-
cate using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT; Fisher) after 3, 24, and 48 h. In brief, 10 ul

11932  J Biol. Chem. (2020) 295(33) 11928-11937

of 5 mg/ml MTT were added to each well. As a negative con-
trol, MTT was applied to wells lacking cells. The plates were
incubated for the indicated times at 37 °C, after which the me-
dium was carefully removed, and 150 ul of DMSO was added
to dissolve the MTT product. The plates were covered with foil
and incubated for 10 min at 37 °C. Samples from each well were
mixed well with a pipette, and absorbance was read at 570 nm.

Mitochondria isolation

The cell pellets were washed with cold PBS and suspended in
mitochondrial isolation buffer (280 mm sucrose, 0.25 mm
EDTA, 20 mm Tris-HCI, pH 7.2). Mouse cells were collected
and manually homogenized with a glass homogenizer. Yeast
cell extracts were collected by disrupting the cell wall with glass
beads. Mitochondria were isolated by differential centrifuga-
tion. Cell debris was removed by centrifugation at 800 rpm
for 5 min. Mitochondria were subsequently collected by
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Figure 6. CL physically interacts with Yfh1. Yfh1 protein was purified from
E. coli cells expressing a His-tagged Yfh1 gene on the pET28a vector. Serial
dilutions of the indicated lipids were spotted on a nitrocellulose membrane,
which was incubated overnight in buffer containing 30 ug of Yfh1 protein.
Interactions between Yfh1 and lipids were determined by immunoblotting
with antibody against the His tag. PA, phosphatidic acid; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; CL, cardiolipin; PIP2, phosphatidyl-
inositol 4,5-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate.

centrifugation at 11,500 rpm for 10 min. Protein concentration
was determined using a DC protein assay kit (Bio-Rad). For
protein import studies, mitochondria were isolated by differen-
tial centrifugation (68). In brief, yeast cells were grown to an
early logarithmic growth. Subsequently, the cells were har-
vested by centrifugation (5,500 X g, 8 min, 20°C), incubated
with DTT buffer (10 mm DTT, 100 mm Tris, H,SO,4 pH 9.4)
and treated with Zymolyase 20T from Arthrobacter luteus
(Nacalai Tesque, Kyoto, Japan) to digest the cell wall. We
opened the plasma membrane with a glass potter in homogeni-
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zation buffer (0.6 m sorbitol, 10 mm Tris-HCl, pH 7.4, 1 mm
EDTA, 1 mm PMSF) at 4°C. After removal of cell debris (2,500 X
g, 5 min, 4°C), mitochondria were isolated (17,000 X g, 15 min,
4°C), resuspended in S.E. buffer (250 mm sucrose, 1 mm EDTA,
10 mm MOPS/KOH, pH 7.2) in 10 mg/ml protein concentration
and stored in aliquots at —80 °C until use.

Immunoblotting

Mammalian or yeast cell extracts corresponding to 30 ug of
protein were analyzed by SDS-PAGE using a 10% gel. Immuno-
blotting was performed using primary antibodies as indicated
and corresponding secondary antibodies conjugated to horserad-
ish peroxidase. Immunoreactivity was visualized using enhanced
chemiluminescence substrate (Thermo).

Enzyme assays

NADH dehydrogenase activity was assayed by measuring
electron transfer from NADH to coenzyme Q;. The absorbance
of each sample was measured at 340 nm to account for rote-
none-insensitive NADH oxidation. Succinate dehydrogenase
activity was measured spectrophotometrically at 600 nm as
described, with some modifications (68). The 1-ml incubation
volume contained 1 g/liter BSA, 80 mm potassium phosphate, 2
mM EDTA, 10 mm succinate, 0.2 mm ATP, 0.3 mMm potassium
cyanide, 80 um dichloroindophenol, 1 uMm antimycin A, 50 um
decylubiquinone, and 3 uMm rotenone, pH 7.8. Antimycin A and
rotenone were dissolved in ethanol. Decylubiquinone was
dissolved in DMSO. Succinate dehydrogenase from purified
mitochondria was measured in the incubation buffer at 1-min
intervals for 5 min with absorptivity at 600 nm. Ubiquinol-
cytochrome c oxidoreductase activity of isolated mitochondria
was measured spectrophotometrically at 550 nm by supplying

J. Biol. Chem. (2020) 295(33) 11928-11937 11933



CL is required for frataxin maturation

A WT TAZ-KO
26_"'~ ——

frataxin
< precursor

< intermediate

10— = mature
. <« NDUFB6
- =
>
k]
c 1.2
8 1
[
£ 08
o *
3 06
©
E 04
o
2 02
©
g o
WT TAZ-KO

0.8

0.6

04

Frataxin/Gapdh

0.2

TAZ-KO

Figure 7. Decreased frataxin in CL-deficient mammalian cells. A, Western blotting analysis of frataxin from WT and TAZ-KO mitochondria. NDUFB6 is
included as a loading control. The signal intensities of protein bands and surrounding background were scanned and quantified using ImagelJ. The back-
ground-subtracted value for each protein band was normalized to that of NDUFB6 and quantified relative to WT. The data shown are means = S.D. (n = 2). %,
p < 0.05. B, mRNA levels of frataxin from WT and TAZ-KO cells were quantified by qPCR. The values are reported as fold change in expression in mutant relative
to WT. Expression was normalized to the mRNA levels of the internal control Gapdh. The data shown are means + S.D. (n = 3).
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Figure 8. Model: CL is essential for the optimal processing of frataxin.
Frataxin precursor is synthesized in the cytoplasm and imported into mito-
chondria, where it is processed twice by the MPP. The model proposes that
CL is required for maintaining an optimal conformation of Yfh1/frataxin for
processing from the intermediate to the mature protein. Improperly folded
Yfh1/frataxin in CL-deficient mitochondria results in defective processing,
potentially contributing to the iron homeostasis defects.

decylubiquinol and cytochrome ¢ and following the rate of
reduction of cytochrome ¢, while inhibiting cytochrome c oxi-
dase with 2 mm KCN. Aconitase activity was assayed by the
aconitase—isocitrate dehydrogenase—coupled assay in which
NADPH formation was monitored at Az4 (69). Cytochrome ¢
oxidase was assayed by monitoring oxygen consumption. The
cells were solubilized in buffer (10 mm HEPES, pH 7.4, 40 mMm
KCl, 1% Tween 20, 2 mm EGTA, 1 mm sodium vanadate, 10 mm
KF, 1 mm PMSF, 1 uMm oligomycin) and sonicated for 5 s. Total
protein concentration was determined using the DC protein
assay kit (Bio-Rad) with BSA as the standard. Oxygen con-
sumption was analyzed in a closed 200-ul chamber equipped
with a micro Clark-type oxygen electrode type (Oxygraph Plus
System, Hansatech Instruments) at 25 °C. 30 um cytochrome ¢
(from bovine heart, Sigma) was added after a baseline measure-
ment. Oxygen consumption was recorded on a computer and
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analyzed with Oxygraph software. The turnover number was
defined as nmol of oxygen consumed per minute per milligram
of protein.

gPCR analysis

The cells were harvested, and total RNA was isolated using
the RNeasy plus mini kit (Qiagen). cDNAs were synthesized
with transcriptor first-strand cDNA synthesis kit (Roche Diag-
nostics), and quantitative PCRs were performed in a 25-ul vol-
ume using Brilliant™ SYBR® Green qPCR Master Mix (Stra-
tagene) in 96-well plates. Duplicates were included for each
reaction. The primers used for qPCR are listed in Table 3. The
RNA level of the gene of interest was normalized to levels of
GAPDH, which served as an internal control. PCRs were initi-
ated at 95 °C for 10 min for denaturation followed by 40 cycles
consisting of 30 s at 95 °C and 60 s at 55 °C.

Import of precursor proteins into mitochondria

Precursor proteins were synthesized in rabbit reticulocyte
lysates in the presence of [3**S]methionine (70). Import into iso-
lated mitochondria was performed in import buffer (3% [w/v]
BSA, 250 mm sucrose, 80 mm KCl, 5 mm methionine, 5 mm
MgCl,, 2 mm KH,PO,, 10 mm MOPS-KPH (pH 7.2), 2 mu
NADH, 4 mm ATP, 20 mum creatine phosphate, 0.1 mg/ml crea-
tine kinase) at 24.°C. The import reaction was stopped by the
addition of AVO (8 M antimycin A, 1 M valinomycin, 20 um
oligomycin). In control reactions, AVO was added before the
import experiment to dissipate AW. After the import reaction,
mitochondria were treated for 15 min on ice with proteinase K
(15-30 pg/ml) to remove the nonimported precursor proteins.
Subsequently, the protease was inactivated by incubation with
PMSF for 10 min on ice (final concentration, 4 mm).

Membrane potential measurement

The mitochondrial membrane potential was determined by
quenching of the fluorescence dye DiSCs (15). DiSCj is taken
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Table 2
Yeast strains used in this study
Strain Genotype Source

FGY3 MATa, ura3-52, lys2-801, ade2-101, trp1-Al, his3-A200, leu2-A1 Ref. 72

FGY2 MATa, ura3-52, lys2-801, ade2-101, trp1-Al, his3-A200, leu2-A1, crd1A:URA3 Ref. 72

FGY3 yfhIA MATa, ura3-52, lys2-801, ade2-101, trp1-Al, his3-A200, leu2-A1, yfhi1A:KanMX4 This study

Table 3

Primers used for qPCR analysis Author contributions—Y. L., V. A. P., and M. L. G. conceptualiza-

Gene Prime Sequence tion; Y. L. data curation; Y. L., W. L., A.G,L.B,Z. L,J.J,J. L,

Tfr1 Forward TCCTGTCGCCCTATGTATCT C. Y, M. H,, and T. B. investigation; Y. L., T. B., and M. L. G. writ-
Reverse CAGCAGCTCTTGAGATTGTTTG o oriod . itino-revi it

Fpni Forward CGOTCTTTOGTCCTITGATITG fng original draft,’Y. L., T.‘ B, and M. L. G. wr‘ltmg rev‘le‘w antfl edit
Reverse GCAGAAGGTCAAGAAGGTAGTT  ing; M. L. G. funding acquisition; M. L. G. project administration.

Gapdh Forward AGTCTTTTGGGTGGCGGTCA
Reverse ACATTGACGCTGGTGCCAAG

Frataxin Forward ACCTCCACTACCTCCAGATT Funding and additional information—This work was supported by
Reverse TCTTCCGCCAGTCTTTCATAC i i

YEHI Fornard GACGAGACAGEGTATGAAAGA grants from the National Institutes of Health‘ Grant HL 117880 and
Reverse ATCGTAGTCCTCCAGGGTATAG by funds from the Barth Syndrome Foundation (to M. L. G.). T. B.

ACT1 Forward TCCGGTGATGGTGTTACTCA was supported by funds from the Deutsche Forschungsgemein-
Reverse GGCCAAATCGATTCTCAAAA

up by mitochondria in a membrane potential-dependent man-
ner, which leads to quenching of the fluorescence signal in the
reaction mix. For this assay, isolated mitochondria were incu-
bated with DiSC; in membrane potential buffer (0.6 M sorbit,
0.1% (w/v) BSA, 10 mm MgCl,, 0.5 mm EDTA, 20 mm KP;, pH
7.2) supplemented with 5 mM succinate and 5 mM malate for
the indicated time points. The reaction was terminated by the
addition of the AVO mix.

Protein lipid overlay assay

PET28a-Ythl was constructed by inserting the YFHI gene
carrying a polyhistidine tag (His tag) at the C terminus into a
PET28a plasmid. PET28a-Yfhl was transformed into Esche-
richia coli BL21 (DE3) pLysS cells for isopropyl B-p-thiogalac-
topyranoside—induced overexpression. The cells were lysed
with a French press, and Yth1-His protein was purified from
extracts using a His-Bind purification kit (Millipore). Protein
lipid overlay assays were performed according to the protocol
of Dowler et al. (71) with modification. In brief, lyophilized lip-
ids were dissolved in a 1:1 solution of methanol and chloroform
to make 1 mm stocks. Lipids were diluted to concentrations
ranging from 500 to 5 um in a 2:1:0.8 solution of methanol:chlo-
roform:water. Then 1-ul lipid samples from each dilution were
spotted on nitrocellulose membranes. After drying for 1 h at
room temperature, the membranes were incubated in blocking
buffer (50 mm Tris-HCI, pH 7.5, 150 mMm NaCl,, 0.1% Tween 20
and 2 mg/ml BSA) with gentle rocking for 1 h at room tempera-
ture. The membranes were incubated overnight at 4°C with
gentle rocking in 10 ml of blocking buffer containing 25 ug of
purified Yth1-His protein. Yth1-His protein bound to lipid on
the membrane was detected by immunoblotting using primary
antibodies against the His tag and corresponding secondary
antibodies.

Data availability

All data are contained within the article.
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schaft, Germany’s Excellence Strategy Grant CIBSS-EXC 2189
under Project 390939984 and Grant BE 4679/2-2. The content is
solely the responsibility of the authors and does not necessarily rep-
resent the official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: CL, cardiolipin; BTHS,
Barth syndrome; TAZ-KO, tafazzin knockout C2C12 cells; DFO,
deferoxamine; MPP, mitochondrial processing peptidase; qPCR,
quantitative PCR; TFR, transferrin receptor; FPN, ferroportin;
CSM, complete synthetic medium; MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; PMSF, phenylmethylsulfonyl
fluoride.
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