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Abstract

Calcium signaling via mitochondrial calcium uniporter (MCU) complex coordinates mitochondrial bioenergetics with
cellular energy demands. Emerging studies show that the stability and activity of the pore-forming subunit of the complex,
MCU, is dependent on the mitochondrial phospholipid, cardiolipin (CL), but how this impacts calcium-dependent
mitochondrial bioenergetics in CL-deficiency disorder like Barth syndrome (BTHS) is not known. Here we utilized multiple
models of BTHS including yeast, mouse muscle cell line, as well as BTHS patient cells and cardiac tissue to show that CL is
required for the abundance and stability of the MCU-complex regulatory subunit MICU1. Interestingly, the reduction in
MICU1 abundance in BTHS mitochondria is independent of MCU. Unlike MCU and MICU1/MICU2, other subunit and
associated factor of the uniporter complex, EMRE and MCUR1, respectively, are not affected in BTHS models. Consistent with
the decrease in MICU1 levels, we show that the kinetics of MICU1-dependent mitochondrial calcium uptake is perturbed
and acute stimulation of mitochondrial calcium signaling in BTHS myoblasts fails to activate pyruvate dehydrogenase,
which in turn impairs the generation of reducing equivalents and blunts mitochondrial bioenergetics. Taken together, our
findings suggest that defects in mitochondrial calcium signaling could contribute to cardiac and skeletal muscle
pathologies observed in BTHS patients.

Introduction
Mitochondria respond to increased cellular energy demands
through calcium (Ca2+) uptake via the mitochondrial calcium
uniporter (MCU) complex (1,2). Elevation in mitochondrial Ca2+
stimulates the activities of mitochondrial matrix dehydroge-
nases resulting in increased NADH generation, which fuels an
increase in mitochondrial respiration and ATP production. Ca2+
uptake through MCU, the pore-forming subunit, is regulated
by a number of accessory factors, including the mitochondrial
calcium uptake proteins 1, 2 and 3 (MICU1, MICU2, MICU3),
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essential MCU regulator (EMRE), dominant-negative MCU β-
subunit (MCUb) and MCU Regulator 1 (MCUR1) (3–9). Structural
studies have shown that MCU, EMRE, MICU1 and MICU2 together
form a holocomplex, which is often referred to as the uniporter
complex or uniplex (10,11).

MICU1 is the principal regulator of the MCU channel that
monitors cytosolic Ca2+ [Ca2+]i transients and allows its entry
into the mitochondria only under conditions of high [Ca2+]i

(12). MICU1 binds to Ca2+ and adopts a structural conformation
conducive for Ca2+ inflow through the MCU pore (10,13). In addi-
tion, MICU1 governs the spatial distribution of MCU in the inner
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mitochondrial membrane, which is required for the activation of
the uniporter complex (14). As a result, genetic ablation of MICU1
causes dysregulation of uniporter complex function, both by
allowing mitochondrial Ca2+ accumulation at low [Ca2+]i and by
abolishing cooperative activation of the complex at high [Ca2+]i

(15). The importance of MICU1 in mitochondrial Ca2+ signaling
is further highlighted by the fact that loss-of-function mutations
in MICU1 result in brain and skeletal muscle defects and a pro-
gressive and debilitating movement disorder in humans (16,17).
Till date, no patients have been identified with a mutation in any
of the other subunits of the uniporter complex.

Utilizing a heterologous expression system consisting of
yeast mutants of mitochondrial phospholipid biosynthesis, we
recently reported a specific requirement of cardiolipin (CL) in the
stability and activity of MCU (18). CL is a signature phospholipid
of the mitochondria, and its deficiency results in Barth syndrome
(BTHS), an X-linked cardio- and skeletal-muscle myopathy
that is caused by mutations in the CL remodeling enzyme
TAFAZZIN (previously referred to as TAZ) (19,20). Consistent
with our findings in the yeast surrogate system, we showed
that BTHS patient-derived cells and cardiac tissues also exhibit
a reduction in MCU (18). However, currently we do not know
if CL-deficiency in BTHS also impacts other subunits of the
uniporter complex and whether mitochondrial Ca2+ signaling-
dependent downstream bioenergetic processes are disrupted
in BTHS disease models. In this study, we utilized multiple
BTHS models, including patient-derived cells, cardiac tissue, a
murine skeletal muscle cell model of BTHS, and CL-deficient
yeast to uncover an essential requirement of CL for MICU1
stability and MICU1-dependent mitochondrial Ca2+ signaling.
Importantly, we found that the disruption of MCU and MICU1
blunts mitochondrial bioenergetic pathways in response to an
extra-mitochondrial Ca2+ signal in BTHS cells.

Results
MICU1 abundance and stability are reduced in a
murine myoblast model of BTHS

We recently showed that the abundance and stability of the
pore-forming subunit, MCU, is reduced in multiple cellular mod-
els and patient samples of BTHS (18). However, it is not known
if CL-requirement is specific to MCU or is it also required for the
abundance, assembly, or activity of the other regulatory compo-
nents of the uniporter complex. A previous study had shown
that MICU1, the principal regulatory subunit of the uniporter
complex, binds CL in vitro (21). To uncover the role of CL in
MICU1 function in vivo, we determined MICU1 abundance in a
C2C12 Taz-KO murine myoblast cell line model of BTHS by SDS-
PAGE/immunoblotting and observed a ∼50% reduction in the
steady-state levels of MICU1 in C2C12 Taz-KO myoblasts as com-
pared to the wild type (WT) cells (Fig. 1A and B). Consistent with
a decrease in the monomeric protein, the abundance of MICU1
containing uniporter complexes was also moderately reduced in
Taz-KO cells, as observed by Blue Native Polyacrylamide gel elec-
trophoresis/immunoblotting (BN-PAGE) (Fig. 1C). These findings
suggest that a reduction in CL levels and/or an accumulation of
its precursor monolysocardiolipin (MLCL) results in the reduced
abundance of MICU1 in Taz-KO cells.

MICU1 associates with the inner mitochondrial membrane
peripherally but its interactions with other integral membrane
components of the uniporter complex, MCU and EMRE (6,22),
and its ability to bind CL in vitro (21) suggests that loss of CL
may prevent membrane anchoring of MICU1 in vivo, which in

turn would trigger its degradation. To test whether the stability
of MICU1 protein in vivo is dependent on CL, we performed
a cycloheximide chase assay in C2C12 WT and Taz-KO cells.
Inhibition of nascent protein synthesis by cycloheximide allows
measurement of the turnover rate of a protein in vivo. Using this
assay, we observed a more rapid rate of turnover of MICU1 in
CL-depleted Taz-KO cells as compared to WT cells (Fig. 1D and E).

We had previously shown that MCU turnover is increased in
C2C12 Taz-KO cells at a much longer timescale of around 72 h (18).
Therefore, following cycloheximide treatment, we measured the
levels of MCU at the same time-points at which MICU1 was
degraded. Consistent with our previous study (18), we found
that the basal levels of MCU were reduced in Taz-KO cells when
compared to the WT cells; however, the abundance of MCU
remained unchanged within the 6 h timeframe in WT as well as
in Taz-KO cells (Fig. 1D). This result suggests that reduced MICU1
stability upon loss of CL is independent of MCU.

Uniporter components do not exhibit a generic
requirement for CL

CL requirement for the abundance and stability of both MCU
and MICU1 led us to ask if there is a generic requirement of
CL for uniporter subunits. To answer this, we utilized yeast,
Saccharomyces cerevisiae, which provides a ‘clean’ background to
test the effect of CL on the uniporter complex subunits, as it
does not contain any homologs of the core components of the
uniporter machinery (23). Upon heterologous expression of the
human MICU1 protein alone, without the co-expression of MCU
and EMRE, we observed a ∼50% reduction in the abundance of
MICU1 in CL-deficient crd1Δ yeast mitochondria compared to
WT (Fig. 2A and B). These data clearly established that the effect
of CL on MICU1 abundance is independent of MCU and because
crd1Δ cells do not accumulate MLCL, the reduced abundance of
MICU1 could be attributed to CL deficiency. In contrast to MICU1,
the levels of human MCUR1 protein remained unaltered when
expressed in WT and crd1Δ cells (Fig. 2C and D), suggesting that
the requirement of CL is specific to MICU1.

Next, we measured the abundance of endogenous EMRE
and MCUR1 in C2C12 WT and Taz-KO cells to test whether
CL-depletion also affects these integral membrane subunits
of the uniporter complex. BN-PAGE/immunoblot analysis of
EMRE in C2C12 WT and Taz-KO mitochondria revealed that the
abundance of EMRE containing oligomeric uniporter complexes
were unaltered under CL deficiency (Fig. 2E). Similarly, the
levels of MCUR1 containing uniporter complexes also remained
unchanged in CL-deficient cells (Fig. 2F). Taken together, these
data reveal that the uniporter subunits do not have a generic
requirement of CL.

MICU1 abundance is reduced in BTHS patient-derived
cells and cardiac tissue

To directly test if CL deficiency impacts MICU1 abundance
in BTHS patient-derived samples we used a BTHS patient B-
lymphocyte cell line, which have reduced levels of CL (18).
Immunoblot analysis showed a marked reduction (∼70%) in the
levels of MICU1 in the patient B-lymphocyte cells as compared to
the control (Fig. 3A and B). Consistent with our cellular models,
we found a reduction in MICU1 abundance in four out of
five cardiac tissue samples obtained from five different BTHS
patients (Fig. 3C and D). The differences in the levels of MICU1
in patient cardiac tissues could be due to differences in the
age, the genetic background, or the type of mutation in these
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Figure 1. MICU1 abundance and stability are reduced in C2C12 Taz-KO cells. (A) SDS-PAGE immunoblot analysis of MICU1 in mitochondria isolated from C2C12 WT

and Taz-KO myoblasts. VDAC1 is used as a loading control. (B) Quantification of relative MICU1 levels from (A) by densitometry using ImageJ software. Data shown as

mean ± SD. n = 3. ∗∗P < 0.005. (C) BN-PAGE immunoblot analysis of MICU1 in digitonin-solubilized mitochondria isolated from C2C12 WT and Taz-KO myoblasts. Blot is

representative of three independent experiments. (D) SDS-PAGE immunoblot analysis of MICU1 and MCU in C2C12 WT and Taz-KO myoblasts treated with 20 μg/ml

cycloheximide (CHX) for the indicated time-points. ATP5A is used as loading control. (E) Quantification of relative MICU1 levels from (D) by densitometry using ImageJ

software. Data are represented as mean ± SD. n = 3. ∗P < 0.05, ∗∗P < 0.005.

BTHS patients. Additionally, we found that the abundance of
MICU2, a paralog of MICU1 (2,7), was also reduced to ∼50% in
BTHS patient B-lymphocytes when compared to the control
cells (Fig. 3E and F).

MCU-complex-dependent mitochondrial Ca2+ uptake is
disrupted in C2C12 Taz-KO myoblasts

A decrease in MICU1 abundance predicts a reduction in MICU1-
dependent Ca2+ uptake kinetics in C2C12 Taz-KO myoblasts.
MICU1 has been previously shown to perform a ‘gatekeeper’ role
in mitochondrial Ca2+ uptake, such that under low [Ca2+]i it
blocks Ca2+ entry into the mitochondria and under high [Ca2+]i

it opens the MCU pore to facilitate rapid entry of Ca2+ into
the mitochondria (12,15). Therefore, we measured mitochon-
drial Ca2+ uptake with increasing concentrations of exogenously
added Ca2+. We found that compared to WT mitochondria, at low
concentrations of exogenous Ca2+, BTHS mitochondria showed
an increased tendency to uptake Ca2+ (Fig. 4A–C and E) however,
at higher concentrations we observed a significant reduction in
mitochondrial Ca2+ uptake (Fig. 4D and E). These results suggest
a disruption in MICU1-mediated control of Ca2+ uptake, which
is likely due to reduced mitochondrial CL in Taz-KO myoblasts.

Ca2+-stimulated mitochondrial bioenergetics is
disrupted in CL-deficient C2C12 cells

Mitochondrial Ca2+ regulates the activities of mitochondrial
matrix dehydrogenases including pyruvate dehydrogenase
(PDH) (2). Mitochondrial matrix [Ca2+] regulates PDH activity by
stimulating PDH phosphatase, which dephosphorylates the E1-α

subunit of the PDH complex, thereby activating the PDH enzyme.
Previous studies have shown that genetic ablation of MCU in
cardiac and skeletal muscle mitochondria results in increased
levels of the phosphorylated form of PDH, which leads to a
decrease in overall PDH activity (24,25). Thus, we asked whether
decreased mitochondrial Ca2+ uptake in Taz-KO cells results in
the accumulation of phosphorylated PDH in the mitochondria.
To test this, we first validated our assay conditions and the
antibodies against the phosphorylated form of PDH in C2C12
WT cells by using a λ-phosphatase enzyme (Fig. 5A).

Next, we treated C2C12 WT and Taz-KO cells with iso-
prenaline hydrochloride (ISO), a β-adrenergic agonist, known
to elevate intracellular [Ca2+]i followed by an increase in
mitochondrial Ca2+ uptake (24,25). Upon a 40 min treatment with
ISO, WT cells showed an expected decrease in the levels of PDH
phosphorylation (Fig. 5B and C). However, the Taz-KO cells were
refractory to the mitochondrial Ca2+ uptake-mediated decrease
in PDH phosphorylation status (Fig. 5B and C). Additionally, we
found that the overall abundance of the PDH subunit (PDHA1)
was reduced and the relative levels of phosphorylated PDH was
higher in Taz-KO cells as compared to the WT cells (Fig. 5B and C).
We further validated this observation by directly measuring PDH
activity in WT and Taz-KO cells. Treatment with ISO significantly
elevated PDH activity in WT cells but not in Taz-KO cells (Fig. 5D),
suggesting that a decrease in the mitochondrial Ca2+-mediated
dephosphorylation of PDH translates to blunted PDH activity in
BTHS cells upon a β-adrenergic signal. Moreover, consistent with
the reduction in total PDHA1 levels in Taz-KO cells, the basal
PDH activity was also reduced by ∼40% in Taz-KO cells when
compared to WT (Fig. 5D). Mitochondrial Ca2+ uptake enhances
the activities of matrix dehydrogenases, which results in
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Figure 2. Loss of CL does not cause a generic decline in uniporter subunits.

(A) SDS-PAGE immunoblot analysis of MICU1 in mitochondria isolated from WT

and crd1� yeast expressing human MICU1. Por1 is used as a loading control.

(B) Quantification of relative MICU1 levels from (A) using ImageJ software. Data

shown as mean ± SD. n = 3. ∗∗∗∗P < 0.0001. (C) SDS-PAGE immunoblot of MCUR1-

V5 in mitochondria isolated from WT and crd1� yeast expressing human MCUR1

tagged with V5. Por1 is used as a loading control. (D) Quantification of relative

MCUR1 levels from (C) using ImageJ software. Data shown as mean ± SD. n = 3. ns,

not significant. (E) BN-PAGE immunoblot of EMRE in mitochondria isolated from

C2C12 WT and Taz-KO cells. Blot is representative of three independent experi-

ments. (F) BN-PAGE immunoblot of MCUR1 in mitochondria isolated from C2C12

WT and Taz-KO cells. Blot is representative of three independent experiments

WT, wild type.

increased mitochondrial NADH production (24,26). Therefore,
we measured NADH production in C2C12 WT and Taz-KO
cells upon ionomycin stimulation. As expected ionomycin
treatment resulted in increased production of NADH in WT cells
as compared to Taz-KO cells (Fig. 5E and F). Inhibiting NADH
dehydrogenase by rotenone increased NADH signal in both

Figure 3. MICU1 is reduced in BTHS patient-derived B-lymphocytes and cardiac

tissue. (A) SDS-PAGE immunoblot analysis of MICU1 in mitochondria isolated

from control and BTHS patient B-lymphocytes. VDAC1 is used as a loading

control. (B) Quantification of relative MICU1 levels using ImageJ software. Data

shown as mean ± SD. n = 3. ∗∗∗P < 0.0005. (C) SDS-PAGE immunoblot analysis of

MICU1 in cardiac tissue lysates obtained from control and five BTHS patients

(P1–P5). ATP5A is used as a loading control. (D) Quantification of immunoblots

from (C) using ImageJ software. Data shown as mean ± SD. n = 5. (E) SDS-PAGE

immunoblot analysis of MICU2 in mitochondria isolated from control and BTHS

B-lymphocytes. VDAC1 is used as a loading control. (F) Quantification of relative

MICU2 levels using ImageJ software. Data shown as mean ± SD. n = 3. ∗P < 0.05.

WT and Taz-KO cells to a similar extent (Fig. 5G). These data
indicate that the mitochondrial NADH production is controlled
by MCU-mediated Ca2+ dynamics.

Elevation in mitochondrial Ca2+ has previously been
shown to enhance mitochondrial respiration (24,25). Therefore,
we asked if a reduction in the activation of PDH enzyme
and a concomitant decrease in NADH production diminish
mitochondrial respiration. To test this idea, we measured
oxygen consumption rates (OCR) in intact C2C12 WT and
Taz-KO cells after stimulating them with ISO to increase
[Ca2+]i and subsequent mitochondrial Ca2+ uptake. WT cells
showed a modest but significant increase in both basal and
CCCP-driven maximal respiration following ISO stimulation
(Fig. 5H and I). However, CL-deficient Taz-KO cells were unable
to stimulate either basal or maximal mitochondrial respiration
following treatment with ISO (Fig. 5H and I). These data suggest
that mitochondrial Ca2+-stimulated elevation in respiration
following an acute stress signal is blunted in BTHS Taz-KO
cells. Collectively, these results show that optimal levels of
CL are essential for stimulating Ca2+-driven mitochondrial
bioenergetic functions in BTHS cells.

Discussion
Mitochondrial dysfunction caused by a decline in the levels and
composition of CL is a hallmark of BTHS, an inherited X-linked
genetic disorder characterized by debilitating cardiomyopathy
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Figure 4. MCU-mediated mitochondrial Ca2+ uptake is reduced in C2C12 Taz-KO cells. (A–D) Permeabilized C2C12 WT and Taz-KO cells were pulsed with different

[Ca2+] as indicated. Representative traces show bath [Ca2+] (μM). (E) Rate of [Ca2+]m as function of MCU channel activity. Data are represented as mean ± SEM. n = 3.
∗P < 0.05, ns, not significant. [Ca2+]m, mitochondrial Ca2+.

and skeletal muscle myopathy (27,28). Although cellular and
mitochondrial functions of CL have been extensively studied
(29,30), we still do not know the full repertoire of CL-dependent
mitochondrial functions that underlie BTHS disease pathogene-
sis (20). CL depletion leads to a decrease in mitochondrial energy
generation and an increase in oxidative stress, both of which
are regulated by mitochondrial Ca2+ signaling (2,31). However,
the biochemical link between CL depletion, mitochondrial Ca2+
signaling and mitochondrial bioenergetics has not been deter-
mined in BTHS models. Here, we uncover the link between
these processes by demonstrating a disruption in mitochondrial
Ca2+ import machinery and a suppression of Ca2+-stimulated
mitochondrial bioenergetics in CL-depleted BTHS cells, a finding
that could explain some of the clinical symptoms present in
BTHS patients.

Our recent study demonstrating an essential requirement
of CL for the stability and activity of MCU identified the mito-
chondrial membrane phospholipid composition as an important
physiological determinant of uniporter function in vivo (18). This
functional study was later corroborated by a structural study,
which mapped physical interactions between CL and MCU (11)
as well as an in vitro proteoliposome-based study that demon-
strated a requirement of CL for optimal MCU activity (32). CL has
previously been shown to closely interact and stabilize multiple
integral inner mitochondrial membrane proteins (33). This is
true for MCU (18) but in this study, we found that the loss of
CL in C2C12 Taz-KO cells does not affect the abundance of EMRE
or MCUR1, two of the other integral membrane proteins that
interact with MCU (Fig. 2E and F). These observations suggest
that the requirement of CL for the integral inner mitochondrial
membrane proteins is not universal. Interestingly, we found that
CL is required for the stability of MICU1, a peripheral mem-
brane protein, and its stability is independent of MCU because

MICU1 turnover occurred with much faster kinetics compared
to that of MCU (Fig. 1D and E). We validated this assertion by
showing that MICU1 abundance is reduced in CL-deficient crd1�

yeast mitochondria, which lack MCU and EMRE (Fig. 2A and B).
Notably, a previous study had shown that purified MICU1 could
bind CL in vitro (21). This in vitro study, together with our in
vivo findings, jointly suggests that CL directly tethers MICU1 to
the inner mitochondrial membrane and that this tethering is
independent of MCU-MICU1 interactions.

Ca2+ signaling mediated up-regulation of mitochondrial
bioenergetics is primarily manifested by the enhanced activities
of matrix dehydrogenases, such as PDH. Mitochondrial Ca2+
serves as a key regulator of PDH by stimulating the activity of
the Ca2+-dependent PDH-phosphatase, which dephosphorylates
PDH, and thereby activates it. Interestingly, a recent study has
shown an increase in the levels of phosphorylated PDH in
BTHS murine myoblasts, however the biochemical mechanism
underlying the change in PDH phosphorylation status was not
determined (34). Our results showing an ISO-based decrease in
the levels of phosphorylated PDH in C2C12 WT cells, but not
in Taz-KO cells (Fig. 5B and C), suggests that the CL-mediated
control of the PDH phosphorylation status and activity (Fig. 5D)
is likely through diminished mitochondrial Ca2+ signaling.

A previous study comprising of 15 BTHS patients demon-
strated diminished oxygen uptake and utilization in skeletal
and cardiac muscles, when compared to age-matched controls
while going from rest to peak exercise (35). This finding was
recapitulated in a BTHS mouse model that showed significantly
reduced mitochondrial OCR during increased workload with no
changes at resting conditions (36). During aerobic exercise, β-
adrenergic signaling mediates excitation-contraction coupling
to stimulate mitochondrial bioenergetics in skeletal muscles
through intracellular Ca2+ signaling (37–39). Our finding that
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Figure 5. Ca2+-stimulated mitochondrial bioenergetics is impaired in Taz-KO cells. (A) SDS-PAGE immunoblot analysis of phosphorylated PDH (p-PDH) and total

PDH (PDHA1) in C2C12 WT mitochondrial lysate treated with or without λ-phosphatase for 10 min. (B) SDS-PAGE immunoblot analysis of p-PDH and total PDHA1 in

mitochondria isolated from C2C12 WT and Taz-KO myoblasts treated either with DMSO or 25 μM ISO for 40 min. ATP5A is used to show equal loading. (C) Quantification

of relative p-PDH levels from (B) normalized to total PDHA1 by densitometry using ImageJ software. Data shown as mean ± SD. n = 3. ∗P < 0.05. ns, not significant.

(D) Relative PDH activity in mitochondria isolated from WT and Taz-KO myoblasts treated either with DMSO or 25 μM ISO for 40 min. Data shown as mean ± SD. n = 3.
∗P < 0.05. ns, not significant. (E) NAD(P)H fluorescence changes in C2C12 WT and Taz-KO cells after sequential additions of ionomycin (0.25 μM) and rotenone (20 μM). (F)

Quantification of �NAD(P)H fluorescence after ionomycin addition. (G) Quantification of �NAD(P)H fluorescence after rotenone addition. Data shown as mean ± SEM.

n = 3. ∗P < 0.05. ns, not significant. (H and I) Basal (H) and maximal (I) oxygen consumption rate (OCR) in intact C2C12 WT and Taz-KO cells treated with either DMSO or

25 μM ISO. Data represented as mean ± SD (n = 15, three biological replicates each with five technical replicates per experiment). ∗P < 0.05, ns, not significant. CCCP and

antimycin A were used to measure maximum respiratory capacity and mitochondria-specific respiration, respectively. OCR data are reported as % OCR normalized to

total protein content.

BTHS myoblasts are unable to stimulate mitochondrial oxygen
consumption in response to a treatment with ISO, a β-adrenergic
agonist (Fig. 5H and I), suggests that reduced mitochondrial Ca2+
signaling could be responsible for the exercise intolerance defect
often observed in BTHS patients.

Taken together, our data support a model that under
conditions of acute energetic needs, the reduced abundance
of MCU and MICU1 in CL-depleted BTHS cells leads to decreased
mitochondrial Ca2+ uptake, which in turn prevents Ca2+-
dependent stimulation of PDH dephosphorylation leading
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Figure 6. A model depicting perturbed mitochondrial calcium signaling in BTHS cells. Depletion of CL and an accumulation of its precursor monolysocardiolipin (MLCL)

in BTHS mitochondria result in a reduced abundance of MCU, MICU1 and MICU2. Addition of β-adrenergic agonist (ISO) fails to stimulate uptake of Ca2+ (shown as red

dots) in BTHS mitochondria to the same extent as in the control mitochondria. This prevents Ca2+-dependent dephosphorylation of pyruvate dehydrogenase leading

to reduced PDH activity. This in turn decreases tricarboxylic acid (TCA) cycle output in the form of NADH resulting in reduced mitochondrial respiration in BTHS

mitochondria. CL, cardiolipin; MLCL, monolysocardiolipin; ISO, isoprenaline hydrochloride; PDP, pyruvate dehydrogenase phosphatase; PDH, pyruvate dehydrogenase;

p-PDH, phosphorylated PDH.

to diminished PDH activity that results in reduced NADH
production and mitochondrial respiration (Fig. 6). These defects
in Ca2+-stimulated mitochondrial bioenergetics could help
explain some of the pathophysiology of BTHS including cardiac
arrhythmia and proximal muscle myopathy that are commonly
observed in these patients. Additional evidence for the role
of defective mitochondrial Ca2+ signaling in BTHS pathology
comes from human genetic studies with MICU1 patients,
who share overlapping clinical features with those seen in
BTHS patients (16,17,27). In summary, our results highlight
mitochondrial Ca2+ signaling as an important signaling pathway
that could contribute to BTHS disease pathology.

Materials and Methods
Mammalian cell culture and BTHS heart tissue samples

The control (ND11500) and BTHS patient (GM22194) B-lymphocytes
were obtained from the Coriell Institute for Medical Research.
B-lymphocytes were cultured in high glucose Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
15% fetal bovine serum (Sigma). Murine C2C12 WT and Taz-KO
myoblasts were generously provided by Dr Miriam L. Greenberg
and were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. All cell lines
were incubated in 5% CO2 at 37◦C. Deidentified BTHS patient
heart samples were obtained from Barth syndrome Registry and
DNA Bank. Whole cell protein was extracted in lysis buffer (BP-
115, Boston BioProducts) supplemented with protease inhibitor
cocktail (cOmplete Mini EDTA-free; Roche Diagnostics) and the

protein concentrations were determined by BCA assay (Pierce™
BCA Protein Assay).

Yeast strains and growth conditions

Yeast Saccharomyces cerevisiae crd1� mutant used in this study
was purchased from Open Biosystems and the isogenic WT
BY4741 strain was obtained from Dr Miriam L. Greenberg. The
authenticity of crd1� was confirmed by PCR, replica plating on
dropout plates, and phospholipid analyses. Yeast cells were
precultured in YPD (1% yeast extract, 2% peptone and 2%
dextrose). The final cultures were grown in synthetic complete
(SC) medium, which contained 0.17% yeast nitrogen base
without amino acids, 0.5% ammonium sulfate, 0.2% dropout
mix containing amino acids and 2% galactose (SC-galactose).
Human MICU1 was cloned in pRS313-TEF yeast expression
vector and human MCUR1 was cloned in pRS41N vector, as
described previously (40). Cells expressing MICU1 and V5-tagged
MCUR1 were grown in SC-galactose histidine drop-out media
and SC-galactose media supplemented with ClonNAT antibiotic,
respectively, to resist plasmid curing. Growth in liquid media
was measured spectrophotometrically at 600 nm. Final cultures
were started at an optical density of 0.1 and were grown to late
logarithmic phase at 30◦C.

Mitochondria isolation

Mitochondria from mammalian cells were isolated using the
Mitochondria Isolation Kit from Abcam (110 170; Abcam) and
stored at −80◦C until further use. Protein concentration was
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determined by BCA assay (Pierce™ BCA Protein Assay). Isolation
of crude mitochondria from yeast was performed as previously
described (41). Briefly, yeast cells grown to late logarithmic phase
were pelleted and resuspended in DTT buffer (0.1 M Tris–HCl,
pH 9.4, 10 mM DTT) for 20 min at 30◦C. The cells in DTT buffer
were pelleted by centrifugation at 3000 × g for 5 min and were
resuspended in spheroplasting buffer (1.2 M sorbitol, 20 mM
potassium phosphate, pH 7.4) and treated with 3 mg zymolyase
(US Biological Life Sciences) per gram of cell pellet for 45 min
at 30◦C. Spheroplasts were homogenized in homogenization
buffer (0.6 M sorbitol, 10 mM Tris–HCl, pH 7.4, 1 mM EDTA,
1 mM PMSF [Phenylmethanesulfonyl fluoride], 0.2% [w/v] BSA
(fatty acid-free, Sigma–Aldrich) with 15 strokes using a glass
teflon homogenizer. After subsequent centrifugation steps, the
mitochondrial pellet was centrifuged at 12000 × g for 15 min.
Crude mitochondrial fractions were resuspended in SEM buffer
(250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH, pH 7.2) and
stored at −80◦C.

SDS-PAGE, BN-PAGE and immunoblotting

Denatured and native proteins were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and Blue Native PAGE (BN-PAGE), respectively. For SDS-PAGE,
mitochondrial lysate (20 μg) was separated on NuPAGE 4%–
12% Bis-Tris gels (Thermo Fisher Scientific, Carlsbad, CA, USA)
and transferred onto polyvinylidene fluoride (PVDF) membranes
using a Trans-Blot SD semi-dry transfer cell (Bio-Rad, Hercules,
CA, USA). For BN-PAGE, mitochondria were first solubilized in
buffer containing 1% digitonin (Thermo Fisher Scientific, Carls-
bad, CA, USA) at 9 g/g of mammalian mitochondrial protein,
followed by incubation for 15 min at 4◦C and centrifugation
at 20 000 × g for 30 min. Clear supernatant containing native
protein complexes was collected and 50X G-250 sample additive
was added. Twenty micrograms of protein was loaded on 3%–12%
native PAGE Bis-Tris gel (Thermo Fisher Scientific, Carlsbad, CA,
USA) and transferred onto PVDF membranes using a wet transfer
method. After transfer, the membranes were probed with the
following primary antibodies against: MICU1, 1:2000 (12524S; Cell
Signaling); MCU, 1:2500 (14997S; Cell Signaling); MICU2, 1:1000
(ab101465; Abcam); VDAC1, 1:2500 (ab14734; Abcam); ATP5A,
1:2500 (ab14748; Abcam); and V5-tag, 1:5000 (R960–25; Invitro-
gen). For PDH phosphorylation measurements, the following
primary antibodies were used: p-PDH (S293) (ab177461; Abcam)
and PDHA1 (168 379; Abcam). Antimouse or antirabbit secondary
antibodies (1:5000) were incubated for 1 h at room temperature,
and membranes were developed using Clarity™ Western ECL
(Bio-Rad Laboratories).

Protein turnover measurement

C2C12 cells were grown in DMEM high glucose media supple-
mented with 10% FBS for ∼14 h. Cells were washed with PBS
and treated with 20 μg/ml cycloheximide for 0, 2, 4 and 6 h,
respectively. At the indicated time points, cells were washed
with PBS again and lysed using RIPA lysis buffer supplemented
with 1× protease inhibitor cocktail (Roche). Total protein content
of the lysate was quantified by BCA assay and 20 μg of protein
was separated and detected by SDS PAGE/immunoblotting.

Mitochondrial Ca2+ uptake measurement in
permeabilized cells

WT and Taz-KO C2C12 cells were washed with Ca2+ free
PBS, pH 7.4. An equal number of cells (∼4 × 106 cells) were

resuspended and permeabilized with 40 μg/ml digitonin in
1.5 ml of intracellular medium (ICM) composed of 120 mM
KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES-Tris, pH 7.2.
The experiments were performed in the presence of 5 mM
succinate and 1 mM Mg-ATP at 37◦C with constant stirring.
For measuring mitochondrial Ca2+ uptake, the permeabilized
cells were suspended in a medium containing 1.0 μM Fura-2FF.
Fluorescence was monitored in a multiwavelength excitation,
dual-wavelength emission fluorimeter (DeltaRAM, Photon Tech-
nology International). Extramitochondrial Ca2+ was recorded at
an excitation ratio (340 nm/380 nm) and emission at 510 nm
of Fura-2FF fluorescence. For individual experiments, Ca2+
pulses of 1 μM, 2 μM, 5 μM and 20 μM were added at 400 s,
and the changes in extramitochondrial Ca2+ fluorescence were
monitored. Mitochondrial Ca2+ uptake rate was derived from
the decay of bath [Ca2+] after Ca2+ pulses.

NAD(P)H measurement in mammalian cells

C2C12 WT and Taz-KO cells (∼5 × 106 cells) were suspended
in Hanks’ balanced salt solution (Sigma). Autofluorescence of
NAD(P)H was monitored at 350/460 nm (excitation/emission)
using a multiwavelength excitation, dual-wavelength emission
fluorimeter (DeltaRAM, Photon Technology International). These
experiments were conducted at 37◦C. C2C12 cells were stimu-
lated with 0.25 μM ionomycin at 100 s after baseline recording
followed by 20 μM rotenone at 300 s.

PDH phosphorylation measurement in mammalian
cells

C2C12 cells (∼2 × 106) were seeded in 150 mm tissue-culture
treated dishes and grown in DMEM media supplemented with
10% FBS at 37◦C, 5% CO2 for ∼14 h. At this point, cells were treated
with 25 μM ISO or DMSO (vehicle) for 40 min and harvested.
Mitochondria were isolated using the Mitochondria Isolation Kit
from Abcam (110 170; Abcam). Proteins were extracted from the
mitochondria using RIPA lysis buffer supplemented with 1× pro-
tease inhibitor cocktail (Roche) and 1× PhosSTOP phosphatase
inhibitor (Roche) and the protein content was quantified by BCA
Assay. Lysates (20 μg) were separated by SDS-PAGE, transferred
onto PVDF membranes, and immunoblotted by the indicated
primary antibodies.

PDH activity measurement in mammalian cells

PDH activity was measured using PDH Activity Assay Kit (Sigma–
Aldrich, MAK183) according to manufacturers’ instructions.
Briefly, C2C12 cells were grown in 10 cm dish to ∼90% confluency
in DMEM media supplemented with 10% FBS at 37◦C, 5%
CO2. Cells were treated with 25 μM ISO or DMSO (vehicle)
for 40 min and the cells were harvested followed by two
washing with phosphate buffered saline. Cells were then
homogenized in 200 μl of ice-cold PDH assay buffer using pellet
pestle followed by centrifugation at 10 000 × g for 5 min and
the supernatant was collected. Next, in clear 96-well plate,
supernatant corresponding to 150 μg protein in 50 μl of PDH
assay buffer at room temperature was mixed with 50 μl of the
reaction mix, and incubated at 37◦C for 2 min. The absorbance
was then measured at 450 nm every 2 min at 37◦C using
Synergy™ (BioTek) microplate reader till the most active sample
was near the end of the linear range of the standard curve. The
PDH activity in all groups was calculated and represented as
relative PDH activity compared to WT levels.
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OCR measurement in intact mammalian cells

OCR measurements were carried out as previously described
(42) with minor modifications. Briefly, C2C12 WT and Taz-KO
myoblasts were cultured in high glucose DMEM growth media
supplemented with 10% FBS (Sigma) and 1 mM sodium pyruvate
(Life Technologies). The cells were then seeded in XF24-well cell
culture microplates (Agilent Technologies) at 10 000 cells/well in
250 μl of DMEM growth media containing 10 mM galactose as
sugar source and incubated at 37◦C, 5% CO2 for ∼14 h. Before
the OCR was measured, 475 μl of prewarmed growth medium
was added to each well and cells were incubated at 37◦C for
30 min. OCR measurements were carried out in intact cells
using Seahorse XF24 Extracellular Flux Analyzer (Agilent Tech-
nologies). ISO (Sigma) was injected through port A at a final
concentration of 25 μM. Mix, wait and measure cycles were set
to 2, 3 and 2 min, respectively. For the mitochondrial stress test,
oligomycin, carbonyl cyanide 3-cholorophenylhydrazone (CCCP)
and antimycin A were sequentially injected through ports B,
C and D to achieve final concentrations of 1 μM, 10 μM and
1 μM, respectively. Immediately after the assay, the cell culture
microplates were washed twice with 500 μl PBS and 50 μl RIPA
lysis buffer (25 mM Tris. HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS supplemented with 1× protease
inhibitor cocktail) was added to each well and incubated on ice
for 15 min. Protein concentration in each well was measured
by BCA assay (Thermo Scientific) and the OCR values were
normalized to the total protein content.

Statistical analyses

Statistical analyses were performed in GraphPad Prism software
using two-tailed unpaired Student’s t test on data obtained
from three independent experiments that were performed on
different days with different biological replicates.
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