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Cardiolipin (CL), the signature lipid of the mitochondrial
inner membrane, is critical for maintaining optimal mito-
chondrial function and bioenergetics. Disruption of CL meta-
bolism, caused by mutations in the CL remodeling enzyme
TAFAZZIN, results in the life-threatening disorder Barth
syndrome (BTHS). While the clinical manifestations of BTHS,
such as dilated cardiomyopathy and skeletal myopathy, point
to defects in mitochondrial bioenergetics, the disorder is also
characterized by broad metabolic dysregulation, including
abnormal levels of metabolites associated with the tricarboxylic
acid (TCA) cycle. Recent studies have identified the inhibition
of pyruvate dehydrogenase (PDH), the gatekeeper enzyme for
TCA cycle carbon influx, as a key deficiency in various BTHS
model systems. However, the molecular mechanisms linking
aberrant CL remodeling, particularly the primary, direct
consequence of reduced tetralinoleoyl-CL (TLCL) levels, to
PDH activity deficiency are not yet understood. In the current
study, we found that remodeled TLCL promotes PDH function
by directly binding to and enhancing the activity of PDH
phosphatase 1 (PDP1). This is supported by our findings that
TLCL uniquely activates PDH in a dose-dependent manner,
TLCL binds to PDP1 in vitro, TLCL-mediated PDH activation
is attenuated in the presence of phosphatase inhibitor, and
PDP1 activity is decreased in Tafazzin-knockout (TAZ-KO)
C2C12 myoblasts. Additionally, we observed decreased mito-
chondrial calcium levels in TAZ-KO cells and treating TAZ-
KO cells with calcium lactate (CaLac) increases mitochon-
drial calcium and restores PDH activity and mitochondrial
oxygen consumption rate. Based on our findings, we conclude
that reduced mitochondrial calcium levels and decreased
binding of PDP1 to TLCL contribute to decreased PDP1 ac-
tivity in TAZ-KO cells.

Cardiolipin (CL) is a unique phospholipid with four fatty
acid chains and two phosphate head groups. Following syn-
thesis in the inner mitochondrial membrane (IMM), CL un-
dergoes a specialized remodeling process by which its
predominantly saturated fatty acid chains are progressively
replaced by polyunsaturated fatty acids. The importance of the
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CL remodeling pathway is underscored by the life-threatening
disease Barth syndrome (BTHS), in which patients bear mu-
tations in TAFAZZIN, the transacylase responsible for adding
polyunsaturated fatty acid chains to monolyso-CL (MLCL)
(1–3). As a result, the biochemical hallmarks of BTHS include
a marked decrease in unsaturated CL species, an overall
decrease in CL, and a concomitant accumulation of MLCL.
The functional benefit of CL remodeling is not well under-
stood, with some studies proposing that remodeled CL does
not confer a fitness advantage compared to unremodeled CL in
yeast (4, 5).

In mammals, the process of CL remodeling predominantly
involves the replacement of oleic acid (18:1) fatty acid chains
with linoleic acid (18:2), resulting in the formation of (18:2)4
tetralinoeleoyl-CL (TLCL) (6, 7). TLCL is the most abundant
CL species in various mammalian tissues, including the human
heart, lymphoblasts, and skeletal muscle (7–12). Reduced
levels of TLCL have been linked to mitochondrial dysfunction,
whereas a linoleate-rich high-fat diet has been shown to
improve mitochondrial function and reduce mortality in a
hypertensive heart failure rat model (13). While the functional
distinction between TLCL and other CL species remains
enigmatic, one possibility is that the acyl chain composition of
CL may differentially influence lipid-protein interactions.
Studies utilizing 31P-NMR spectroscopy have revealed that CL
and MLCL exhibit distinct lipid-protein associations (14, 15).
This disparity has also been observed in an in vitro protein-
lipid binding assay, wherein bovine heart-derived CL, but not
MLCL, was shown to interact with pyruvate dehydrogenase
(PDH) (16). CL profiles also differ between organisms and
show a general taxonomic trend towards increased incorpo-
ration of unsaturated fatty acid chains in CL from higher eu-
karyotes (17). CL homeostasis can be disturbed by disease
conditions, including cancer (18), nonalcoholic fatty liver dis-
ease (19), Alzheimer’s disease (18, 20) and heart failure (21). It
is poorly understood why cells maintain such a broad spec-
trum of CL species and what the functional difference is be-
tween specific species.

We have previously reported that PDH activity and syn-
thesis of acetyl-CoA are decreased in CL-deficient yeast and
mammalian cells (16, 22), suggesting a potential regulatory
role for CL in modulating PDH activity. PDH is a crucial
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Tafazzin deficiency dysregulates PDP1, reducing PDH activity
metabolic hub that facilitates the oxidative decarboxylation
of pyruvate, resulting in the formation of acetyl-CoA, CO2,
and NADH for utilization in the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation (23). The mammalian
PDH complex consists of multiple copies of the three
enzymatic subunits: pyruvate dehydrogenase (E1), dihy-
drolipoamide acetyltransferase (E2), and dihydrolipoamide
dehydrogenase (E3). The activity of the PDH complex is
regulated by PDH kinases (PDK) and PDH phosphatases
(PDP) (24–26). Inactivation of PDH occurs when any of the
three serine residues on the E1 subunit is phosphorylated by
PDK (27). Conversely, enzyme activation occurs upon
binding of PDP to the lipoyl domain of E2, followed by
dephosphorylation of E1 (28, 29). In mammalian cells, two
isoforms of PDP exist, including PDP1, primarily expressed
in muscle tissue, and PDP2, which is most abundant in the
liver (30). The presence of calcium facilitates binding be-
tween PDP1 and the lipoyl domain of E2, enhancing the
dephosphorylation activity of PDP1 by over 10-fold (31).

Utilizing Tafazzin-knockout C2C12 mouse myoblasts
(TAZ-KO), the current study identifies a direct and specific
function of remodeled TLCL in binding to PDP1 and main-
taining PDH activity. Our data suggest that impaired PDP1
activity in TAZ-KO cells is likely a dual consequence of
reduced availability of TLCL to interact with PDP1 and
decreased mitochondrial calcium levels. Intriguingly, treating
TAZ-KO cells with calcium lactate (CaLac) restores PDH ac-
tivity and rescues mitochondrial oxygen consumption rate,
suggesting a potential novel therapeutic approach for treating
BTHS.
Results

TLCL decreases PDH phosphorylation and rescues PDH activity
in TAZ-KO cells

BTHS is caused by mutations in the CL remodeling enzyme
TAFAZZIN. As a result of this remodeling defect, BTHS cells
produce substantially less polyunsaturated CL and accumulate
the remodeling intermediate MLCL. In mammalian cells, the
predominant CL species in the heart and muscle is poly-
unsaturated TLCL, and several studies have suggested that
BTHS pathology results specifically from a lack of TLCL
enrichment in the heart (32–34). However, a mechanistic link
between the lack of TLCL and BTHS pathology has not been
demonstrated.

We have previously reported that acetyl-CoA synthesis is
decreased in TAZ-KO cells (16). Consistent with this, the
activity of PDH, which generates acetyl-CoA, is reduced in
these cells (16). PDH activity deficiency has also been observed
in a Tafazzin-knockdown mouse model (35). However, the
mechanism whereby CL/TAFAZZIN regulates PDH is un-
known. Insight into this mechanism came from our observa-
tion of a consistent increase in phosphorylated (inactive) PDH
in TAZ-KO cells, which was rescued by supplementation of
bovine heart CL (16). These data suggest that CL regulates
PDH activity by decreasing PDH phosphorylation. However,
how specific CL species (particularly TLCL) and in vivo
2 J. Biol. Chem. (2024) 300(3) 105697
remodeling of CL acyl chain composition modulate PDH ac-
tivity remains unclear.

To determine which CL species can rescue PDH activity,
we supplemented mitochondrial extracts from wild-type
(WT) and TAZ-KO cells with either (18:0)4 CL, (18:1)4
CL, (18:2)4 CL (TLCL), or (18:2)3 MLCL and then assayed
PDH phosphorylation and activity. Although total PDH
levels were unchanged between treatment conditions (data
not shown), TLCL significantly reduced the inhibitory
phosphorylation of PDH (Fig. 1A) and restored PDH activity
in TAZ-KO mitochondria in a dose-dependent manner
(Fig. 1, B and C). Supplementation of saturated or (18:2)3
MLCL did not significantly reduce PDH phosphorylation,
suggesting that remodeling of CL, and thereby enrichment
of TLCL, is critical for maintaining optimal PDH
activity. Despite the presence of three polyunsaturated
linoleic acid acyl chains (18:2)3 on MLCL (identical to the
four acyl chains of TLCL), it did not rescue PDH activity,
indicating that the number of acyl chains per se is also an
important determinant in the ability of CL to restore PDH
function.
TLCL-mediated rescue of PDH activity is dependent on PDP1

CL physically interacts with a myriad of different proteins in
addition to the PDH complex (16, 36). Because the acyl chain
structure of CL is predicted to influence its binding dynamics,
we hypothesized that the unique ability of TLCL to restore
PDH activity may result from its binding affinity for compo-
nents of the PDH complex and its associated regulatory en-
zymes PDK and PDP. To this end, we performed a protein-
lipid overlay assay incorporating different PDH/PDK/PDP
components to test their interaction with TLCL. PDP1 and
PDK4 are the predominant isoforms of PDP and PDK
expressed in C2C12 myoblasts (37) (Fig. 2A) and were there-
fore the isoforms tested in this analysis. Intriguingly, only
PDP1 was shown to bind with TLCL (Fig. 2B), suggesting that
restoration of PDH activity may result from the direct inter-
action between TLCL and PDP1. Although PA is also bound to
PDP1 (and to E1), we have previously demonstrated that PA
does not restore PDH activity in TAZ-KO mitochondrial ex-
tracts (16).

To further investigate whether restoration of PDH activity
by TLCL is dependent on PDP1, we tested the ability of TLCL
to activate PDH in the presence of the serine/threonine
phosphatase inhibitor PhosSTOP (38). Our results showed
that PDP1 inhibition attenuated TLCL-mediated activation of
PDH in TAZ-KO mitochondria (Fig. 3, A and B). As expected,
TLCL supplementation alone resulted in decreased inhibitory
phosphorylation of PDH (p-PDH) (Fig. 3A, lane 1 vs. 3).
However, pretreating cells with phosphatase inhibitor blocked
the ability of TLCL to reduce p-PDH levels (Fig. 3A, lane 3 vs.
4). The observations regarding phosphorylation of PDH were
mirrored in PDH activity, where pretreatment with phospha-
tase inhibitor substantially reduced PDH activity in TLCL-
supplemented cells (Fig. 3B). Taken together, these findings
suggest that remodeled TLCL enhances PDH activity by
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Figure 1. PDH activity is rescued by supplementation of C(18:2)4 CL. A, phosphorylated PDH (p-PDH) levels were assayed in mitochondria obtained from
WT and TAZ-KO myoblasts. Mitochondria were incubated on ice for 2.5 h with the indicated CL species. The signal intensities of protein bands were
quantified using ImageJ software (bottom panel). The protein band was normalized to NDUFB6 and quantified relative to the WT control-treated sample. B
and C, mitochondria from WT and TAZ-KO myoblasts were treated with or without C(18:2)4 CL, and PDH activity was assayed as described in “Experimental
procedures”. Data points represent mean ±S.D. (error bars) for each individual biological replicate of each group. * 0.01<p < 0.05, ** 0.001<p < 0.01, ***
<p < 0.001.

Tafazzin deficiency dysregulates PDP1, reducing PDH activity
binding to PDP1, thereby facilitating the dephosphorylation of
PDH-E1.
Binding of PDP1 to PDH is reduced in TAZ-KO cells

Next, we examined the reasons for decreased PDH
phosphorylation in TAZ-KO cells upon treatment with
TLCL. The previous experiment suggests that restoration of
PDH activity by TLCL is dependent on PDP1 (Fig. 3).
Therefore, we hypothesized that TLCL enhances the activity
of PDP1. PDP1 activates PDH by first binding to the lipoyl
domain of PDH-E2 and then subsequently binding to the
PDH-E1 subunit to dephosphorylate the key regulatory
serine residues (28, 29, 39, 40). To test the hypothesis that
TLCL facilitates binding of PDP1 to PDH-E1, we employed
two approaches. First, we used recombinant PDP1 protein as
bait and performed a pull-down assay using WT and TAZ-
KO cell lysates. Our results revealed decreased interaction
between PDP1 and both the E1 and E2 subunits of PDH in
TLCL-deficient TAZ-KO cells (Fig. 4A), despite no signifi-
cant difference in steady-state levels of PDP1 protein
(Fig. 4B). As a complementary approach, we implemented
co-immunoprecipitation (Co-IP) and consistently observed a
decrease in the interaction between endogenous PDP1 and
both E1 and E2 in TAZ-KO lysates (Fig. 4C). These findings
indicate that the binding of PDP1 to PDH subunits E1 and
E2 is decreased in TAZ-KO cells, supporting a mechanism
whereby diminished TLCL levels result in a lower affinity of
PDP1 for its PDH substrate.
PDP1 activity is reduced in TAZ-KO cells
Based on the previously reported findings that TLCL levels

and PDH activity are substantially reduced in TAZ-KO cells
(16, 37) and our data demonstrating that TLCL enhances PDH
activity in a PDP1-dependent manner (Fig. 3), we predicted
that PDP1 activity is decreased in TAZ-KO cells. To directly
test PDP1 activity, we employed an in vitro PDP1 activity assay
modified from Shan et al., (41). In this assay, we incubated
increasing amounts of recombinant PDP1 protein with com-
mercial PDH complex (Sigma, P7032) following incubation
with WT or TAZ-KO lysates. To validate the system, we first
confirmed that the addition of recombinant PDP1 to PDH
effectively resulted in reduced levels of phosphorylated PDH
relative to PDP1-free controls. We then tested our hypothesis
by assaying PDH phosphorylation following the addition of
recombinant PDP1 protein that had been previously incubated
with either WT or TAZ-KO lysates. We observed decreased
PDP1-mediated PDH dephosphorylation following incubation
of PDP1 with TAZ-KO cell lysate. Specifically, incubation of
PDP1 with WT lysate resulted in a �70% reduction in PDH
phosphorylation vs. only a �10% reduction following TAZ-KO
lysate incubation (Fig. 5). To achieve a similar degree of PDH
dephosphorylation, 30% more PDP1 protein was required in
the reaction mixture when it had been previously incubated
with lysate from TAZ-KO cells vs. WT cells. This suggests that
PDP1 is modified in the TAZ-KO intracellular environment,
resulting in diminished in vitro enzyme activity. Notably, the
PDH phosphorylation measured in this assay reflected only
that of the exogenous PDH complex, as levels of endogenous
J. Biol. Chem. (2024) 300(3) 105697 3



Figure 2. C(18:2)4 CL binds to PDP1 in vitro. A, PDP and PDK isoform mRNA levels were evaluated in WT myoblasts by qPCR. Expression levels were
normalized to Actb as an internal control. Data points represent mean ±S.D. (error bars) for each individual biological replicate of each group. *** <p <
0.001. B, the indicated CL species, phosphatidic acid (PA), phosphatidylcholine (PC), and phosphatidylserine (PS), were serially diluted and spotted onto a
PVDF membrane that was incubated overnight in buffer containing 25 μg of the indicated recombinant proteins PDP1. Interactions were detected by
immunoblotting with an antibody against the His tag.

Tafazzin deficiency dysregulates PDP1, reducing PDH activity
PDH-E1 pulled down from cell lysates during the PDP1 in-
cubation were negligible (data not shown).

Taken together, these findings suggest that PDP1 activity is
reduced in TAZ-KO cells, as evidenced by decreased binding
affinity between PDP1 and its PDH substrate, decreased
in vitro dephosphorylation activity, and abrogated rescue of
PDH activity and phosphorylation in TLCL-supplemented
mitochondria pretreated with phosphatase inhibitor.

Mitochondrial calcium levels are decreased in TAZ-KO cells
Calcium enhances the activation of PDP1 by increasing its

binding affinity for PDH-E2 (29, 38, 42). Therefore, impaired
Figure 3. PDP1 activity is required for TLCL-mediated rescue of PDH activit
in mitochondria from TAZ-KO myoblasts treated with or without phosphatase i
represent mean ±S.D. (error bars) for each individual biological replicate of ea
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binding of PDP1 to PDH-E1/E2 suggests a potential secondary
mechanism of PDP1 inhibition in TAZ-KO cells resulting
from decreased mitochondrial calcium levels. In support of
this, a recent study demonstrated that the expression of pro-
teins associated with the mitochondrial calcium uniporter
(MCU) is substantially reduced in BTHS patient-derived tis-
sues and that MCU-mediated calcium uptake is impaired in
TAZ-KO C2C12 myoblasts (43).

To further investigate mitochondrial calcium uptake and
concentration, we titrated cells with calcium chloride to in-
crease intracellular calcium levels while simultaneously
tracking Fluo-4 AM (calcium indicator) and TMRM
y. A, phosphorylated PDH (p-PDH) levels and PDH activity (B) were evaluated
nhibitor and supplemented for 2.5 h with or without C(18:2)4 CL. Data points
ch group. * 0.01<p < 0.05, ** 0.001<p < 0.01.



Figure 4. The binding of PDP1 to PDH is reduced in TAZ-KO cells. A, WB
analysis of the bait-prey pull-down assay. B, cell lysates from WT and TAZ-
KO cells were subjected to WB analysis using the indicated antibodies. C, co-
immunoprecipitation assay for PDP1, PDH-E1, and PDH-E2 protein interac-
tion. The indicated myoblast lysates were immunoprecipitated using the
antibodies specified on the left side of the figure, and eluted protein was
subjected to WB analysis by probing for the specific proteins listed on the
right side. The negative control lane represents WT lysate passed through
empty beads lacking primary antibodies.

Figure 5. PDP1 activity is decreased in TAZ-KO cells. Increasing amounts
of recombinant PDP1 protein were incubated with WT or TAZ-KO lysates.
PDP1 eluted from this mixture was subsequently incubated with PDH
complex for 1 h. The dephosphorylation activity of PDP1 was evaluated by
assaying phosphorylated PDH (p-PDH) using WB analysis. p-PDH levels were
quantified by dividing the amount of p-PDH signal by total PDH-E1 in each
sample, and values were normalized relative to the first lane in each group
(containing the lowest concentration of eluted PDP1).

Tafazzin deficiency dysregulates PDP1, reducing PDH activity
(mitochondrial membrane potential (MMP) probe) fluores-
cence by confocal microscopy (44, 45). To precisely measure
mitochondrial calcium, cells were permeabilized to clear
cytosolic calcium and imaged in an intracellular buffer con-
taining 1 μM thapsigargin, which eliminates ER calcium
signals by inhibiting the predominant ER Ca2+ ATPase (46).
Steady-state analysis revealed decreased mitochondrial cal-
cium signals in TAZ-KO mitochondria compared to WT
(Fig. 6A). TMRM analysis demonstrated that the MMP is also
reduced in TAZ-KO cells, which is consistent with our pre-
vious observation (Fig. 6B) (47). Using this methodology, cal-
cium uptake can be visualized by an increase in mitochondrial
matrix Fluo-4 AM signal. TAZ-KO cells showed no significant
difference in the rate of mitochondrial calcium uptake relative
to WT through 120 s of imaging (Fig. 6C). Interestingly, after
the gradual addition of calcium, TAZ-KO cells showed a drop
in the TMRM signal at approximately 120 s of imaging
(Fig. 6D). The concomitant drop in TAZ-KO mitochondrial
Fluo-4 AM signal at this timepoint reflects the rapid loss of
mitochondrial calcium following the loss of membrane
potential. These data indicate that the decreased levels of
mitochondrial matrix calcium in TAZ-KO cells are not due to
decreased mitochondrial calcium uptake but a reduced
capacity to maintain calcium levels as high as WT cells. In
summary, these data suggest that decreased PDP1 activity and
binding affinity for PDH-E2 are due, at least in part, to reduced
mitochondrial calcium levels in TAZ-KO cells.

CaLac treatment rescues PDH activity and OCR in TAZ-KO cells

In light of our findings that TAZ-KO cells have reduced
mitochondrial calcium levels, we sought to test if restoring
mitochondrial calcium would rescue PDH activity. To test this,
we treated cells with calcium lactate (CaLac), a compound that
passively diffuses across cell membranes and increases free
calcium levels, thereby circumventing deficiencies in intracel-
lular calcium transport (48).

Treatment of TAZ-KO cells with CaLac resulted in a
reduction in PDH phosphorylation (Fig. 7, A and B). Moreover,
the oxygen consumption rate (OCR) was increased in TAZ-
KO cells treated with CaLac. Even at a concentration of
2.5 mM CaLac, basal OCR was restored to WT levels (Fig. 7C),
and a higher concentration of CaLac (12.5 mM) further
enhanced the OCR beyond WT levels (Fig. 7D). These findings
indicate that increasing mitochondrial calcium levels improves
PDH activity and mitochondrial respiratory function in TAZ-
KO cells.

Discussion

In this study, we highlight the significance of CL remodeling
to maintain the function of PDH, the gatekeeping enzyme for
the TCA cycle. PDP1 activity, which activates PDH, is reduced
in TAZ-KO mitochondria. We hypothesize that at least two
factors contribute to PDP1 inhibition in TAZ-KO cells—
ecreased TLCL, which binds PDP1 and likely enhances its
interaction with PDH, and decreased mitochondrial calcium,
which has been shown to inhibit PDP1 binding and activation
(29, 38, 42).

Many studies aimed at understanding TAFAZZIN defi-
ciency in the context of BTHS have focused on indirect
downstream phenotypes without identifying the primary/
direct consequence of impaired CL remodeling. The ex vivo
experiments conducted in our study identified a direct and
J. Biol. Chem. (2024) 300(3) 105697 5
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Figure 6. TAZ-KO mitochondria exhibit decreased calcium levels. WT
and TAZ-KO cells were preloaded with Fluo-4 AM and TMRM before per-
meabilization with 50 μg/ml (w/v) digitonin and 1 μM thapsigargin. Steady-
state quantification of Fluo-4 AM (A) and TMRM (B) signals in WT and TAZ-
KO mitochondria was performed using Image J software. n = 31. Subse-
quently, WT and TAZ-KO mitochondria were injected with 5 mM CaCl2
(100 μl) into the 250 μl imaging solution at the indicated time points
(indicated as each *, with the resulting effective [Ca2+] listed below). Fluo-4
AM (C) and TMRM (D) density were quantified over time. Data points
represent mean ±S.D. (error bars) for each individual biological replicate of
each group. ** 0.001<p < 0.01, *** <p < 0.001.

Tafazzin deficiency dysregulates PDP1, reducing PDH activity
specific role for remodeled TLCL in binding to PDP1, thereby
facilitating the activation of PDH through dephosphorylation.
This model is supported by our finding that when phosphatase
activity is inhibited, TLCL is unable to rescue PDH activity,
suggesting dependency on PDP1 activity. Although PDP1
binding and activity are enhanced by calcium (42), the ability
of TLCL to rescue PDH in isolated mitochondria using a
calcium-free buffer suggests that this mechanism operates
independently of modulating mitochondrial calcium levels.
Instead, TLCL may serve as a scaffolding molecule to promote
the interaction between PDP1 and PDH, thereby facilitating
PDH activation. This is supported by the observed dose-
6 J. Biol. Chem. (2024) 300(3) 105697
dependency of TLCL rescue, wherein increasing levels of
TLCL would effectively create additional sites for PDP1 to
interact with PDH.

Interestingly, we did not observe decreased calcium uptake
associated with Tafazzin deficiency as Ghosh et al. reported.
This discrepancy may be the result of differences in how cal-
cium treatments were administered to cells (gradual addition
of calcium in the current study vs. an acute, highly concen-
trated single injection of calcium by Ghosh et al.). However,
both studies provide evidence of decreased mitochondrial
matrix calcium levels in TAZ-KO cells relative to WT (43).
Given the importance of calcium homeostasis, the exact nature
of how decreased mitochondrial calcium affects TAZ-KO cells
remains to be determined. However, it can be excluded that
calcium activates PDP1 activity by facilitating the binding of
PDP1 to PDH-E1, as we did not observe a difference in the
binding affinity between PDP1 and PDH-E1 (as measured by
immunoprecipitation) when TAZ-KO cells were treated with
either exogenous calcium or the calcium chelator EGTA (data
not shown). Therefore, it is likely that decreased mitochondrial
calcium acts in conjunction with the reduction in TLCL to
reduce the dephosphorylation of PDH-E1 by PDP1.

Treating TAZ-KO cells with CaLac rescued both PDH
phosphorylation and OCR in a dose-dependent manner, sug-
gesting that decreased calcium levels play a role in TAZ-KO-
associated PDH deficiency and mitochondrial dysfunction.
Interestingly, Ghosh et al. did not observe enhanced PDH
dephosphorylation or activity following treatment with
isoprenaline hydrochloride, a β-adrenergic agonist known to
indirectly increasemitochondrial calciumuptake (43). In light of
the ability of CaLac to diffuse passively across membranes (a
characteristic not shared by isoprenaline hydrochloride), these
two sets of findings collectively suggest that TAZ-KO cells
possess a defect in maintaining mitochondrial calcium homeo-
stasis. However, CaLac treatment has also been shown to
enhance the activity of lactate dehydrogenase B (LDHB), which
converts lactate into pyruvate—the primary substrate of PDH
(48). Therefore, we cannot rule out the possibility that CaLac
treatment enhances PDH activity in part by increasing substrate
availability. However, we view this possibility as less likely, due to
previous reports of both lactate and pyruvate accumulation in
TAZ-KO cells (16, 37). This is also supported by our finding that
cells treated with GSK2837808A, a specific lactate dehydroge-
nase A inhibitor that favors LDHB-mediated conversion of
lactate to pyruvate, failed to activate PDH activity and rescue
OCR in TAZ-KO cells (data not shown). Interestingly, treating
TAZ-KO cells with 12.5 mM CaLac restored OCR to levels
exceeding what was observed in untreated WT cells. Although
CaLac likely enhances the activity of calcium-sensitive PDP1,
the observation that phospho-PDH levels are similar between
these groups suggests that CaLac may act through an additional
mechanism to enhance mitochondrial function. Indeed, several
enzymes in the TCA cycle and ETC are also calcium-sensitive,
including isocitrate dehydrogenase, oxoglutarate dehydroge-
nase, cytochrome c oxidase, and ATP synthase (49). Therefore,
CaLac treatment may represent an especially robust means for
mitigating mitochondrial dysfunction.



Figure 7. CaLac treatment restores PDH activity and rescues OCR in TAZ-KO cells. Phosphorylated PDH (p-PDH) levels were measured by WB following
treatment with calcium lactate (CaLac) at the indicated concentrations (A) and with 10 mM CaLac (B). Oxygen consumption rates (OCR) of myoblasts
subjected to 2.5 mM CaLac (C) and 12.5 mM CaLac (D) treatments. n = 5. Data points represent mean ±S.D. (error bars) for each individual biological replicate
of each group. * 0.01<p < 0.05, ** 0.001<p < 0.01, *** <p < 0.001.

Tafazzin deficiency dysregulates PDP1, reducing PDH activity
Overall, this study addresses a gap in our understanding of
BTHS by identifying a novel and direct role for remodeled
TLCL in binding to PDP1 to promote activation of PDH.
While an exact understanding of the in vivo binding dynamics
between TLCL, PDP1, and PDH-E1/E2 will require additional
studies, the current work suggests that reduced mitochondrial
calcium levels likely contribute to diminished PDP1 and PDH
activity in the context of Tafazzin deficiency.
Experimental procedures

Cell lines and growth conditions

The TAZ-KO C2C12 mouse myoblast model was generated
previously from WT C2C12 cells using CRISPR/Cas9 targeted
against exon three of the Tafazzin gene (37). Off-target
analysis was performed based on the top 10 predicted off-
target sites as previously described (16). Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) con-
taining 4.5 g/L glucose, supplemented with 10% fetal bovine
serum (Hyclone), 2 mM glutamine (Gibco), penicillin (100
units/ml), and streptomycin (100 μg/ml). All cell lines were
incubated in 5% CO2 at 37 �C.
Mitochondrial extraction

Cells (1X107) were washed once with PBS and homogenized
with a glass homogenizer in mitochondrial isolation buffer
(280 mM sucrose, 0.25 mM EDTA, 0.02 M Tris (pH 7.4)). Cell
debris was removed by centrifugation at 720g for 5 min.
Mitochondria were subsequently collected by centrifugation at
J. Biol. Chem. (2024) 300(3) 105697 7
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14,812g for 10 min. Protein concentration was determined by
Bradford assay (Bio-Rad).

CL supplementation and PDH activity

Mitochondria isolated from 1X107 myoblasts were sus-
pended in a 1:1 ratio of 50 mM NaCl and 50 mM imidazole
(pH 7.4). Individual CL species were prepared fresh in 50%
ethanol prior to each experiment. For every 100 μg of mito-
chondria, 1.5 μl of 10% digitonin (protein/digitonin ratio
100:150) was added, followed by the addition of 1 μl of CL
(20 mg/ml) or 4 μl of CL (5 mg/ml) or 50% ethanol (control).
The interaction was kept on ice for 2.5 h, and then 2 μl of 10%
digitonin was added to each group to reach a final protein/
digitonin ratio of 100:350. For PDH activity, 10 to 30 μg of
lysate was used with a PDH activity assay kit (MAK183, Sigma)
at 37 �C. The mitochondrial lysate was extracted with the
addition of a phosphatase inhibitor in the corresponding assay
(PhosSTOP, Roche).

RNA extraction and real-time qPCR analysis

cDNA was synthesized from total RNA using SuperScript
(Invitrogen). Real-time qPCR was carried out with the
QuantSudio3 real-time qPCR machine (Applied Biosystems)
using PowerUp SYBR Green reagents (Thermo Fisher). Rela-
tive mRNA transcript levels were quantified with the 2–ΔΔCT
method (where CT is the threshold cycle), using Actb as an
internal control. Primers used in this study are listed in
Table 1.

Construction of bacterial expression vector for PDP1 cDNA

Methods were adapted and modified from the protocol by
Huang et al. (30). Briefly, the coding region of PDP1 cDNA
corresponding to the mature polypeptide was constructed by
PCR using cDNA as a template and native Q5 Hot Start High
Fidelity Polymerase (NEB). The resulting PCR product con-
tained NcoI and XhoI restriction sites flanking the coding re-
gion. The forward primer (50-AAA CCA TGGCTT CTA CAC
CGC AGA AAT TTT AC-30), corresponding to bases 215 to
237 of PDP1 cDNA, included the NcoI restriction site. The
reverse primer (50-TTT CTC GAG CTG TTC CTG GTT TTG
GTA TGC-30), corresponding to bases 1594 to 1664, contained
the XhoI restriction site. The primers were designed based on
the transcript sequenced archived on the Ensembl website
(MGP_C3HHeJ_T0064368.1). The resulting cDNA was
digested with NcoI and XhoI endonucleases and subcloned
between the NcoI and XhoI sites of the pET-28a expression
Table 1
qPCR Primers used in this paper

Gene Forward

Actb GGTCGTACCACAGGCATTGTGATG
Pdp1 ATGCCAGCACCAACTCAACT
Pdp2 ACTGTGTCCTACTGGATCTTCAA
Pdk1 GGACTTCGGGTCAGTGAATGC
Pdk2 AGGGGCACCCAAGTACATC
Pdk3 TCCTGGACTTCGGAAGGGATA
Pdk4 CGCTTAGTGAACACTCCTTCG
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vector to produce a carboxyl-terminal fusion with His6 tag
encoded by the vector (plasmid PDP1). The plasmids were sent
for sequencing to confirm the correct orientation of PDP1
(Genewiz).

Expression and purification of PDP1 protein

PDP1 and pGro7 (Takara) were co-transformed into BL21
(DE3) competent cells. The resulting transformants were then
selected on LB agar plates containing kanamycin (100 μg/ml)
and chloramphenicol (34 μg/ml). The cells were pre-cultured
the day before and diluted by 1:50 with 100 ml of fresh cell
medium containing 0.1% L-arabinose. The cells were then
incubated at 37 �C with constant shaking at 230 rpm the next
day until the OD600 of the culture reached 0.5 to 0.7. The cells
were induced with 0.4 mM β-D-thiogalactopyranoside and
incubated for another 2 h at 37 �C. The cells were then har-
vested and resuspended in lysis buffer containing 50 mM
HEPES, 150 mM NaCl, 20 mM imidazole supplemented with
0.4 mM phenylmethylsulfonyl fluoride (PMSF), 0.5% Tri-
tonX100, and 10 mM β-mercaptoethanol. The cells were
sonicated on ice to avoid foaming or excessive heat. The
extraction was clarified by removing inclusion bodies at 600g
for 30 min at 4 �C. The supernatant was purified and
concentrated using nickel resin (HisPur Ni-NTA, Thermo
Scientific) and centrifugal filters (Amicon Ultra, Millipore).

PDP1 pull down and protein immunoprecipitation

Purified PDP1-His6 was immobilized on HisPur resin col-
umns (Pierce Pull-down polyHis protein: protein interaction
Kit, Thermo Scientific). WT and TAZ-KO myoblasts (2 × 106)
were lysed in a buffer containing 25 mM Tris, 75 mM NaCl,
and 0.1% Tween 20 (pH 7.4) and washed once with PBS. After
lysing on ice for �30 min, the cells were briefly sonicated and
centrifuged to obtain a clarified supernatant that was then
incubated overnight at 4 �C in a column with immobilized
PDP1-His. The next day, the column was washed 5 times
before elution. The lysates were then used for immunopre-
cipitation by using specific antibodies. PDH-E1, 1:500 (sc-
377092, SantaCruz), PDH-E2, 1:2000 (13426-1-AP, Pro-
teintech), ACTIN, 1:1000 (sc47778, Santa Cruz); PDP1, 1:1000
(65,575, Cell Signaling).

PDP1 dephosphorylation assay

Eluted PDP1 from the PDP1 pull-down assay was further
incubated with purified PDH complex in PDP1 buffer con-
taining 10 mM HEPES, pH 7.5, 100 μM EDTA, 0.5% BSA, and
Reverse

GGAGAGCATAGGCCTCGTAGATGG
GGGTGTGTACCTCAGACGATT
CAGGTTCCTACTCGTGGCA
TCCTGAGAAGATTGTCGGGGA
TGCCGGAGGAAAGTGAATGAC
GAAGGGCGGTTCAACAAGTTA
CTTCTGGGCTCTTCTCATGG
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1 mM DTT at room temperature (41). The dephosphorylation
of Ser293 of PDH was tested using p-PDH (Ser293), 1:1000
(AP1062; Millipore).

Protein-lipid overlay assay

Protein lipid overlay assays were conducted following the
method outlined by Dowler et al. with modifications (50).
Different species of CL (Avanti 850,081, 710,334, 710,335,
791,108), phosphatidylcholine (PC, Avanti 840,051), phos-
phatidylserine (PS, Sigma P7769), and phosphatidic acid
(Avanti 840,875) were dissolved in a solution of methanol and
chloroform (1:1) to create 1 mM stocks. Subsequently, the
lipids were diluted to various concentrations (500, 250, 125,
62.5, and 31.25 μM) in a mixture of methanol:chloroform:-
water (2:1:0.8). Each dilution of the lipid (1 μl) was then
applied to a polyvinylidene fluoride (PVDF) membrane.
Following a 1 h drying period at room temperature, the
membranes were subjected to a blocking buffer (50 mm Tris-
HCl, pH 7.5, 150 mM NaCl2, 0.1% Tween 20, and 3% BSA) for
1 h at room temperature with gentle rocking. The membranes
were incubated overnight at 4 �C with gentle rocking in 10 ml
of blocking buffer containing 25 μg of indicated protein PDP1,
PDK4 (Sino Bio), or E1 (Cloud-Clone Corp). Protein binding
to the membrane lipids was detected through immunoblotting
using primary anti-His tag antibody 1:1000 (MA1-21315,
Invitrogen) and a secondary antibody conjugated to HRP
(1:10,000, Invitrogen).

Mitochondrial Ca2+ uptake measurements

Myoblasts were cultured in Attofluor cell chambers for
microscopy experiments (Thermo Fisher). The method was
adapted and optimized in C2C12 myoblasts from McKenzie
et al. (44). In brief, myoblasts were incubated for 45 min in
250 μl staining solution: 156 mM NaCl, 3 mM KCl, 2 mM
MgSO4, 1.25 mM KH2PO4, 10 mM D-glucose, 2 mM CaCl2,
and 10 mM HEPES pH 7.35, 5 μg/ml (w/v) Fluo-4 AM, 0.005%
TritonX100. After cells were washed with Ca2+-free Hanks’
Balanced Salt Solution (HBSS), they were incubated with
300 μl intracellular medium containing 6 mM NaCl, 130 mM
KCl, 7.8 mM MgCl2, 1 mM KH2PO4, 0.4 mM CaCl2, 2 mM
EGTA, 10 mM HEDTA, 2 mM malate, 2 mM glutamate,
2 mM ADP, 20 mM HEPES (pH 7.1), 50 μg/ml (w/v) digitonin
and 1 μM thapsigargin. The imaging process involved
capturing images every 4 s using a 60X oil immersion objective
fitted to a TCS SP8 confocal fluorescence microscope (Leica).
The first 60 s were regarded as the baseline, followed by the
addition of 100 μl of 5 mM CaCl2 at each indicated time point.
Images were analyzed using ImageJ, where multiple regions of
interest (ROI) were selected, and the fluorescence intensity
was computed over different time intervals. To calculate ΔF
(fluorescence change), the median intensity values were
divided by the average of the first 60 s of recording per single
ROI. The final free Ca2+ ion concentration [Ca2+] in the IM
imaging solution was calculated using Maxchelator WEB-
MAXC EXTENDED (http://www.stanford.edu/%7Ecpatton/
maxc.html).
Western blot analysis

Protein was extracted in RIPA buffer with proteinase and
phosphatase inhibitor cocktail (ChemCruz). 20 μg of dena-
tured total protein for each sample was loaded into an SDS-
PAGE gel and separated by electrophoresis. The gel was
transferred onto PVDF membranes using a wet transfer
method. After transfer, the membranes were probed with the
following primary antibodies against NDUFB6, 1:10,000
(ab110244, Abcam); p-PDH (Ser293), 1:1000 (AP1062, Milli-
pore); IP3R 1:500 (sc-271197, Santa Cruz), GRP75 1:500
(sc-133137, Santa Cruz), and VDAC1 1:500 (sc-390996, Santa
Cruz). Total protein was quantified from each sample using a
No-Stain labeling reagent (Invitrogen) and subsequently used
for total protein normalization (TPN). Anti-mouse or anti-
rabbit secondary antibodies (1:10,000, Invitrogen) were incu-
bated for 1 h at room temperature, and membranes were
developed using SuperSignal West Pico PLUS or West Atto
ECL (Thermo Scientific).

OCR measurements in intact mammalian cells

WT and TAZ-KO C2C12 myoblasts were plated in XF96-
well cell culture microplates (Agilent Technologies) at
30,000 cells/well in 80 μl of DMEM complete growth medium
and incubated at 37 �C, 5% CO2 for �4 h. Before OCR mea-
surement, 200 μl of pre-warmed 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 a Seahorse
XFe96 Extracellular Flux Analyzer (Agilent Technologies).
Calcium lactate (CaLac, Sigma) was injected through port D at
a final concentration of 5 μM and 2.5/12.5 μM individually. For
the mitochondrial stress test, oligomycin, carbonyl cyanide
p-trifluoro-methoxyphenyl hydrazone (FCCP), and antimycin
A were sequentially injected through ports A, B and C to
achieve final concentrations of 2 μM, 1 μM, and 0.5 μM,
respectively.

Statistical analysis

All values are presented as mean ± SD. Statistical analyses
were performed in GraphPad Prism software using a two-
tailed unpaired Student’s t test on data obtained from at
least three independent experiments performed with different
biological replicates.

Data availability

All data are contained within the article.
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