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Abstract
Cardiolipin, the signature phospholipid of mitochondria, is a dimer that is important for a diverse
range of mitochondrial activities beyond the process of ATP production. Thus not surprisingly,
derangements in cardiolipin metabolism are now appreciated to contribute to an assortment of
pathological conditions. A comprehensive inventory of enzymes involved in cardiolipin
biosynthesis and remodeling was just recently obtained. Post-biosynthesis, the acyl chain
composition of cardiolipin is modified by up to three distinct remodeling enzymes that produce
either a homogenous tissue-specific mature form of cardiolipin or alternatively, “bad” cardiolipin
that has been linked to mitochondrial dysfunction. Here, we initially focus on the newly identified
players in cardiolipin metabolism and then shift our attention to how changes in cardiolipin
metabolism contribute to human disease.

The Signature Phospholipid
A signature dish is a unique recipe that can by itself identify its culinary master. In the same
vein, the presence of the phospholipid cardiolipin in the membranes of an organelle
identifies that organelle as a mitochondrion. Because of this capacity, cardiolipin is
commonly referred to as the signature phospholipid of the powerhouse of the cell. Indeed,
most of the cardiolipin in a cell is associated with mitochondrial membranes, especially the
inner membrane (IM) [1]. This is no accident as the IM is where cardiolipin is synthesized
[2–5]. Still, in contrast to most phospholipids that are produced in defined compartments,
most notably the endoplasmic reticulum (ER), and then disseminate throughout the cellular
endomembrane system, cardiolipin remains firmly associated with mitochondrial
membranes. This mitochondrial enrichment has been used to promote the hypothesis that
cardiolipin is critical for mitochondrial production of ATP via oxidative phosphorylation
(OXPHOS), although other arguments can be made (Box 1). Indeed, cardiolipin is only
found in membranes (bacterial and mitochondrial) that generate an electrochemical gradient
subsequently used to produce ATP. That cardiolipin is dispensable for OXPHOS, at least in
the yeast Saccharomyces cerevisiae, is perhaps surprising; that this process functions more
robustly and with higher efficiency in the presence of cardiolipin is not [2, 4, 6, 7].
Moreover, emerging evidence indicates that cardiolipin is involved in numerous distinct
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mitochondrial activities in addition to OXPHOS (Figure 1; and excellently reviewed in [2–4,
8]).

BOX 1

The hidden cost of energy?

Mitochondria were acquired in an endosymbiotic event. Over time, most of the original
mitochondrial genome has been transferred to the nucleus, and the biology of this
organelle fully integrated into both cellular and organismal metabolism. However,
evidence of the mitochondrion’s perhaps contentious origins persists. Cardiolipin is one
such clue. The immune system comprises the innate and the adaptive immune systems. In
contrast to the flexibility of the adaptive immune system, the innate immune system
recognizes hard-wired structures that are unique to potential hostile invaders. As
cardiolipin is only found in mitochondrial and bacterial membranes, and given that
eukaryotic cardiolipin is normally hidden from the immune system, cardiolipin is an
attractive candidate pathogen-associated molecular pattern. Indeed, the prevalence of
anti-cardiolipin antibodies in patients suffering from anti-phospholipid syndrome
indicates that cardiolipin is recognized by the immune system [60]. The impetus for these
anti-cardiolipin antibodies and whether the antibodies are generated against
mitochondrial or bacterial cardiolipin are not known. Additional evidence of the ability
of the immune system to present and respond to cardiolipin is mounting. CD1 molecules
bind and present lipid antigens to immune effector cells, including T cells. Human and
murine CD1d molecules can bind cardiolipin [61, 62] and the latter are capable of
stimulating cardiolipin-reactive, CD1d-restricted γδ T cells normally present in healthy
mice [62]. The presentation of mitochondrial cardiolipin by CD1d indicates that this
mitochondrial lipid gains access to the secretory pathway or alternatively, perhaps CD1d
molecules survey autophagosomes that have engulfed mitochondria. Bacterial-derived
cardiolipin could gain access to CD1d molecules either directly on the cell surface,
following engulfment of bacteria into phagosomes, or perhaps by the action of the
recently described cardiolipin pump, ATP8B1 [63]. One common theme in immune
responses is threshold. Perhaps mitochondrial cardiolipin is normally presented by CD1d
in quantities below the threshold for initiating an immune response. In fact, another
consequence of the action of MitoPLD, a phospholipase D molecule located on the
mitochondrial OM that cleaves cardiolipin to phosphatidic acid [64], may be to ensure
that only low levels of cardiolipin exit mitochondria under physiologic conditions. Thus,
it is tempting to speculate that cardiolipin, which promotes efficient production of
mitochondrial energy, may be kept in mitochondria to hide it from the immune system
and thereby prevent a potential autoimmune response.

Cardiolipin is a lipid dimer consisting of two phosphatidyl groups bridged by a glycerol.
Thus, cardiolipin has four attached acyl chains, distinguishing it from typical phospholipids
which have two acyl chains. Besides cardiolipin synthase, which displays limited acyl chain
selectivity [9], none of the other cardiolipin biosynthetic enzymes has any acyl chain
specificity. As such, the final acyl chain composition of cardiolipin is not generated during
its biosynthesis but is instead established through deacylation-reacylation/transacylation
reactions [10]. Collectively, these remodeling mechanisms generate a final molecular form
of cardiolipin that is homogenous with respect to its acyl chain composition, displays
symmetry across the two chiral centers of cardiolipin, and is cell-type and tissue specific
[10–13]. That is, the final molecular form of cardiolipin is not the same in different
organisms or even in different tissues within the same organism, suggesting that the
different molecular forms of cardiolipin observed in different cells and tissues are tailored to
match the functional requirements and/or energetic demands of that cell/tissue [11, 14]. A
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major unresolved question is whether cardiolipin molecules with different acyl chain
compositions differ functionally in any manner. Alterations in the normal biosynthesis and
remodeling of cardiolipin have recently been associated with numerous pathological
situations including the first inborn error of cardiolipin metabolism, Barth syndrome
(BTHS) [10, 12]. Although all of the players have probably not been identified, proteins
responsible for each step in the cardiolipin biosynthetic pathway as well as three potential
cardiolipin remodeling pathways are known. The purpose of this review is to discuss the
recently completed inventory of cardiolipin biosynthetic and remodeling machinery and
detail how derangements in cardiolipin metabolism, in particular cardiolipin remodeling,
contribute to human disease.

Recent additions to the pathway
Cardiolipin biosynthesis is proprietary to the mitochondrion. Recently, the enzymes
responsible for a key step in the cardiolipin biosynthetic pathway, the dephosphorylation of
phosphatidylglycerolphosphate, and the initiation of the cardiolipin remodeling cascade
were molecularly identified.

Phosphatidylglycerolphosphate phosphatase
With the identification of Gep4p (genetic interaction with prohibitins) and PTPMT1 (PTP
localized to the Mitochondrion 1) as the phosphatidylglycerolphosphate phosphatases [15,
16], each step in the cardiolipin biosynthetic pathway has now been assigned to a specific
enzyme (Fig. 2). The ultimate identification of Gep4p and PTPMT1 as
phosphatidylglycerolphosphate phosphatases relied on drastically different strategies. Gep4p
was originally identified in a screen in yeast for genetic interactors of prohibitins (Box 2)
[17]; subsequent to this screen, Gep4p was determined to function directly in the cardiolipin
biosynthetic pathway as the phosphatidylglycerolphosphate phosphatase [15]. A gep4 null
(Δgep4) strain contains low, but detectable, levels of cardiolipin and phosphatidylglycerol,
accumulates phosphatidylglycerolphosphate, has destabilized respiratory supercomplexes,
and is unable to grow on carbon sources that require a functional OXPHOS system. Further,
recombinant Gep4p dephosphorylates phosphatidylglycerolphosphate to
phosphatidylglycerol in vitro and this activity depends on an intact phosphatase motif.

BOX 2

New players, functions needed

Several proteins that impact the accumulation/abundance of cardiolipin in mitochondria
have recently been identified in yeast, none of which directly participate in cardiolipin
biosynthesis or remodeling. Many were identified by virtue of the mitochondrion’s need
for cardiolipin or phosphatidylethanolamine [65], another structural phospholipid.
Structural lipids are characterized by a mismatch in the size of their headgroups relative
to their attached acyl chains. Cone-shaped phospholipids, including cardiolipin and
phosphatidylethanolamine, have small heads and big tails whereas inverted cone-shaped
lipids have proportionately big heads. Phosphatidylethanolamine is made by several
distinct pathways, one of which is catalyzed by a mitochondrial IM resident,
phosphatidylserine decarboxylase 1 [3]. In yeast, only the mitochondrial pathway of
phosphatidylethanolamine biosynthesis is synthetically lethal with cardiolipin synthase
[65]. Interestingly, whereas the prohibitin 1 deletion strain was the host that identified
many novel genes that impact the accumulation of cardiolipin and/or
phosphatidylethanolamine, the absence of prohibitin 1 by itself does not alter the
mitochondrial phospholipid profile [17]. Prohibitins are evolutionarily conserved proteins
that are integral to IM, form large multimeric ring-shaped complexes, and appear to serve
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a scaffolding function for a range of protein complexes that in sum total are important for
the proper organization, integrity, and composition of mitochondrial membranes [66].
Besides Gep4p, additional proteins identified that modulate mitochondrial cardiolipin
levels include Ups1p [17, 67], a soluble IMS protein that assembles with Mdm35p [68,
69], Mdm32p, an IM protein that is required for the maintenance of mitochondrial
nucleoids and mitochondrial distribution and morphology [70], and Mdm34p, an integral
OM protein that together with additional proteins, mediates the association of
mitochondrial and ER membranes [71]. Such ER–mitochondria contact sites are
important for cellular phospholipid metabolism, notably trafficking of precursors and
products between these two major phospholipid synthesizing organelles, as well as
cellular calcium homeostasis [3, 71]. In addition, the abundance of cardiolipin is
somehow influenced by Fmp30p, an integral IM resident [72]. Finally, Tam41p plays a
critical role in cardiolipin biosynthesis at a very early step in the pathway [73]. How
these proteins specifically regulate cardiolipin biosynthesis, degradation, precursor
accumulation, and/or trafficking is actively being studied and will significantly contribute
to our understanding of cardiolipin metabolism in the near future.

Until recently, the molecular function and preferred substrate(s) of PTPMT1, a member of
the PTEN (phosphatase and tensin homolog) family that resides in mitochondria [18], were
a mystery. Ptpmt1−/− mice die in utero prior to embryonic day 8.5 [16]. Therefore, the
activity and/or substrate of PTPMT1 are required for life. Ptpmt1−/− mouse embryonic
fibroblasts (MEFs) grow slowly, display OXPHOS defects, exhibit significantly reduced
complex I levels, and contain fewer mitochondria that are bigger and have altered IM
(cristae) morphology [16]. Cardiolipin and phosphatidylglycerol levels are reduced, albeit
not totally absent, relative to control MEFs, and phosphatidylglycerolphosphate
accumulates. Recombinant PTPMT1 dephosphorylates phosphatidylglycerolphosphate in
vitro in a reaction that, based on a comparison of the structures of the substrate-bound and
unbound phosphatase domain of PTPMT1, involves a large conformational change [19].

Gep4p is only found in fungi and plants whereas PTPMT1 is widely evolutionarily
conserved. Yet, these two unrelated proteins are both anchored to the matrix-side of the IM
and catalyze the same reaction [15, 16, 18]. The ability of PTPMT1 to rescue a Δgep4 strain
underscores their functional homology [16]. The localization of both proteins to the matrix
face of the IM is notable because cardiolipin synthase is known to synthesize cardiolipin in
the context of this IM leaflet [20] even though cardiolipin is present on both sides of the IM
and, to a lesser extent, the outer membrane (OM) [1].

Cardiolipin phospholipases
Cardiolipin remodeling is initiated by the removal of a single acyl chain resulting in
monolysocardiolipin. In yeast, cardiolipin remodeling is completed by tafazzin (Taz1p), a
transacylase that takes an acyl chain from another phospholipid and attaches it to
monolysocardiolipin thus regenerating intact cardiolipin. Cld1p (cardiolipin deacylase 1)
functions upstream of Taz1p in the remodeling of cardiolipin [21]. Whereas Δtaz1 yeast has
reduced cardiolipin and elevated monolysocardiolipin, Δcld1Δtaz1 yeast lack detectable
monolysocardiolipin and accumulate normal levels of cardiolipin [21]. Furthermore, the
cardiolipin that accumulates in Δcld1 mitochondria is enriched in palmitic acid (C16:0)
instead of palmitoleic acid (C16:1) and oleic acid (C18:1) found in wild type yeast
cardiolipin. However, two observations suggest that Cld1p may participate in additional
metabolic pathways. First, the growth phenotype of the Δcld1Δtaz1 strain is more severe
than either single mutant. Second, Cld1p can hydrolyze phospholipids in addition to
cardiolipin.
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In Drosophila melanogaster and mammals, calcium-independent phospholipase A2 enzymes
are at least partially responsible for the initiation of cardiolipin remodeling. In flies, deletion
of iPla2-Via partially restores the monolysocardiolipin:cardiolipin ratio (alterations in this
ratio are a biochemical hallmark of the absence of Taz1p activity [10, 22]) and rescues the
male sterility of TAZ−/− flies [23]. In mice, a direct role in cardiolipin remodeling has only
been provided for the calcium-independent phospholipase, iPLA2γ [24–26]. Whole body
deletion of Ipla2 (gamma), the gene encoding iPLA2γ, is not, as in the case of
Ptpmt1−/−[16], embryonic lethal [24–26]. Therefore, the absence of cardiolipin remodeling
per se is not as detrimental as the complete loss of cardiolipin. However, there are
consequences associated with deletion of Ipla2 (gamma). Specifically, Ipla2 (gamma)−/−

mice display several bioenergetic alterations including a reduced tolerance to cold and
exercise, conditions that demand mitochondrial activity [25]. In the myocardium of Ipla2
(gamma)−/− mice, there is a specific reduction in cardiolipin content and change in
molecular forms of cardiolipin; other lipids are unaffected [25]. These observations strongly
implicate iPLA2γ as participating in cardiolipin remodeling, presumably by deacylating
cardiolipin to monolysocardiolipin, although this needs to be formally demonstrated.
Interestingly, the absence of iPLA2γ in the brain, while resulting in an altered distribution of
cardiolipin molecular species, increases the absolute levels of cardiolipin [24]. The presence
of some cardiolipin with a normal mature acyl chain composition in the knockout mice
indicates that phospholipases in addition to iPLA2γ also participate in cardiolipin
remodeling. Where Cld1p and iPLA2γ reside within mitochondria has not been
demonstrated. As such, it is presently not possible to properly integrate their respective
activities with the downstream reacylation of monolysocardiolipin that can be mediated by
up to three different enzymes each with a distinct subcellular residence.

The monolysocardiolipin remodelers
At least three distinct enzymes have the capacity to attach an acyl chain to
monolysocardiolipin: tafazzin, monolysocardiolipin acyltransferase 1 (MLCLAT1), and
acyl-CoA:lysocardiolipin acyltransferase-1 (ALCAT1). Having the ability to attach an acyl
chain onto monolysocardiolipin does not necessitate a role in cardiolipin biogenesis.
Although most attention to date has been given to the role of acyl chain remodeling in the
biogenesis of mature cardiolipin, the process of cardiolipin remodeling may additionally be
harnessed to fix oxidatively damaged cardiolipin and/or to change the molecular form of
existing cardiolipin to modulate mitochondrial function, processes about which significantly
less is known. Clearly, the best evidence for a direct role in the generation of mature
molecular forms of cardiolipin exists for tafazzin. Because much less is known about the
other two remodeling enzymes, the exact role of MLCLAT1 and ALCAT1 in cardiolipin
metabolism is not firmly established although some insights have recently been garnered for
both.

Tafazzin
Yeast tafazzin, Taz1p, is an integral interfacial membrane protein that associates with both
the IM and OM always facing the intermembrane space (IMS) [27]. Due to the nature of its
membrane association (membrane anchor inserts into but not through the bilayer), Taz1p-
mediated cardiolipin remodeling is predicted to occur in the context of leaflets exposed to
the IMS [4, 27]. Topologically, this implies that newly synthesized cardiolipin, produced in
the matrix leaflet of IM [20], must flip to the opposite side. How this occurs is not known.
Tafazzin is a transacylase [28]. Transacylases utilize phospholipids as acyl chain donors and
are bidirectional. Presumably, directionality is enforced by acyltransferases that restore the
generated acyl donor lyso-phosphatidylcholine to phosphatidylcholine, thus removing the
possible substrate for the reverse reaction. Importantly, tafazzin is capable of remodeling all
four acyl chain positions in cardiolipin through a series of forward and reverse
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transacylations [29]. Interestingly, this process does not require the active participation of a
phospholipase, but does necessitate that a phospholipase generates a lysolipid
(monolysocardiolipin or lyso-phosphatidylcholine) as the input material. In the absence of
acyl chain specificity and with the ability to modify assorted phospholipids, how then does
tafazzin-mediated remodeling contribute to the establishment of the mature molecular form
of cardiolipin? One possibility is that differences in the free energy of different molecular
forms of cardiolipin together with the acyl chain composition of available donor lipids
results in the generation of a fairly homogenous cardiolipin pool even in the absence of
tafazzin acyl chain specificity [30]. This could explain why expression of human TAZ1 in a
Δtaz1 yeast strain results in production of mature yeast cardiolipin and not mature human
cardiolipin [31]. Additionally, the specificity of phospholipases may contribute to the final
form of cardiolipin by preferentially initiating remodeling of newly synthesized or partially
remodeled cardiolipin [21, 32].

MLCLAT1
The protein responsible for the monolysocardiolipin acyltransferase activity originally
identified in pig liver mitochondria [33] was recently identified using a clever biochemical
strategy involving a final affinity purification employing a monolysocardiolipin-adriamycin
column [34]. The recovered peptides matched the α subunit of the porcine trifunctional
protein (TFP). TFP is a stoichiometric heterodimer of α and β subunits that catalyzes three
steps in the β-oxidation of long-chain fatty acids in the mitochondrial matrix. Homology
searches revealed a hit for a human protein that is identical to the C-terminal 59 kDa (537
amino acids) of human TFPα. Curiously, in spite of this absolute conservation with TFPα,
the absence of an initiator methionine in the previously unidentified human protein
(accession number AAX93141), and the fact that both genes are encoded on chromosome 2,
it was concluded that the new 59 kDa protein was distinct from TFPα and designated as
MLCLAT1. This conclusion needs to be revisited. TFPα is a bonafide mitochondrial protein
[35] that can bind cardiolipin [36], associates with the matrix-facing IM leaflet, and is thus
positioned to mediate cardiolipin remodeling without any additional trafficking steps. It also
contains a cleavable presequence whose removal generates a predicted 79 kDa protein that is
similar in size to that detected in pig liver mitochondria using a MLCLAT1 antisera [34].
Further, in silico analyses predict a cytoplasmic localization of the 59 kDa MLCLAT1. In
contrast to TFPβ, recombinant TFPα is soluble when expressed alone suggesting that it may
function independent of its association with TFPβ [36]. Finally, mitochondria contain
numerous proteases that can generate multiple isoforms from a single polypeptide with
distinct functional capacities. Thus, whether MLCLAT1 and TFPα are the products of the
same or distinct genes is an open question. This is an important issue as mutations in TP-
ALPHA (gene that encodes TFPα) are associated with β-oxidation defects in humans [37].
Interestingly, patients with TP-ALPHA mutations suffer from cardiomyopathy and skeletal
myopathy, phenotypes that are also observed in BTHS patients who lack normal cardiolipin
remodeling due to mutations in TAZ1 [12].

Regardless of the aforementioned details, the involvement of MLCLAT1 in cardiolipin
remodeling is substantiated by all available evidence [33, 34]. Of the three cardiolipin
remodeling enzymes, MLCLAT1 alone has the combined acyl chain and lyso-lipid
specificity to participate only in cardiolipin metabolism and potentially explain the mature
molecular form of cardiolipin in many tissues. Moreover, MLCLAT1 can physically
associate with monolysocardiolipin and possibly cardiolipin [34, 36]. Knockdown of
MLCLAT1 in HeLa cells decreases the rate of incorporation of linoleate (18:2) into
cardiolipin [34]. Finally, overexpression of the 59 kDa MLCLAT1 in TAZ1-deficient
lymphoblasts increases incorporation of linoleic acid into cardiolipin as well as total
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cardiolipin mass. Thus, MLCLAT1 has the capacity to participate in cardiolipin remodeling
but future studies are needed to define its relative contribution to this process.

ALCAT1
From its first description, the role of ALCAT1 in cardiolipin remodeling was dubious due to
its localization in the mitochondrial associated membrane (MAM), a specialized
compartment of the ER [38–40]. Biochemically, ALCAT1 reacylates lyso-lipids, in addition
to monolysocardiolipin, and preferentially incorporates CoA loaded with long-chain,
unsaturated fatty acyl chains [38, 39]. Recent work has identified an unanticipated role for
ALCAT1 in cardiolipin metabolism [40]. Overexpression of ALCAT1 in a murine myoblast
cell line reduces the total cardiolipin pool, decreases the amount of mature cardiolipin, and
increases the proportion of cardiolipin containing long-chain polyunsaturated fatty acids,
including docosohexaenoic acid, commonly associated with mitochondrial dysfunction [5].
ALCAT1 overexpression increases the rate of mitochondrial ATP production and
exacerbates the production of reactive oxygen species (ROS) during oxidative stress.
Curiously, overexpression of ALCAT1 partially uncouples mitochondrial respiration due to
proton leakage and yet hyperpolarizes the mitochondrial IM. Importantly, endogenous
ALCAT1 expression and enzyme activity is increased in two mouse models of metabolic
disease suggesting that ALCAT1 upregulation may drive the mitochondrial dysfunction
associated with these pathologies. Consistent with this possibility, Alcat1−/− mice are
protected from diet-induced obesity. Notably, the amount of mature cardiolipin (containing
18:2 linoleic acid) is increased, as is the total amount of cardiolipin, in hearts of Alcat1−/−

mice. Interestingly, MLCLAT1 expression is upregulated in Alcat1−/− mice and
downregulated upon ALCAT1 overexpression. Thus, these data suggest that in contrast to
the cardiolipin remodeling by TAZ1 and perhaps MLCLAT1, which establish and
potentially maintain the acyl chain composition of mature cardiolipin, remodeling of
monolysocardiolipin by ALCAT1 signals mitochondrial dysfunction through the generation
of “bad” cardiolipin [40]. Although the upstream phospholipase(s) required for ALCAT1
remodeling has not been determined, a role for iPLA2γ is suggested by the observation that
Ipla2 (gamma)−/− mice are also protected from diet-induced obesity [26].

Consequences of altered cardiolipin metabolism
Given its importance for numerous mitochondrial and cellular activities, in addition to
OXPHOS (Figure 1), it is not surprising that alterations in the abundance and molecular
form of cardiolipin are associated with a plethora of pathological states [41], including aging
(widely perceived of as a pathology) [42], ischemia and reperfusion [42], heart failure [5,
43], inherited and diabetic cardiomyopathy [12, 44], and cancer [45]. For instance, in a rat
model of spontaneous heart failure, variable changes in monolysocardiolipin remodeling
enzymes are observed [43]. Interestingly, Mlclat1 expression is increased, Taz1 is decreased,
and Alcat1 is unaffected, suggesting that MLCLAT1 expression and activity may be a part
of the physiologic response to counteract the acute diminution in mature cardiolipin that is
observed in this heart failure model [5]. Due to its high content of unsaturated acyl chains,
cardiolipin is known to be susceptible to oxidative attack. Indeed, cardiolipin is oxidatively
damaged following an ischemic insult in hearts from old but not adult rats an observation
that may explain the decreased bioenergetic capacity observed in older rats [42].
Additionally, the copper overload that occurs in Atp7b−/− mice, a model of Wilson’s
disease, a recessive disorder caused by mutations in ATP7B and characterized by excessive
tissue copper accumulation, may induce mitochondrial damage subsequent to copper-
generated free radical-mediated fragmentation of cardiolipin [46]. Moreover, the acyl chain
composition of cardiolipin is altered and there is an increase in the abundance of immature
species of cardiolipin in brain tumors that also have impaired OXPHOS activity and
efficiency [45], parameters that are influenced by respiratory supercomplexes whose
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stability is dependent on cardiolipin [2–4, 6, 7]. These findings suggest that the impaired
energy metabolism observed in cancer, first described by Otto Warburg, may in part be
driven by changes in the metabolism of cardiolipin [45]. Consistent with the notion that
deficits in cardiolipin can significantly alter cellular metabolism is the increase in glycolysis
that occurs very quickly following deletion of Ptpmt1 [16].

Barth syndrome is an X-linked disease caused by mutations in the TAZ1 gene that encodes
the monolysocardiolipin transacylase, TAZ1 [2, 12]. BTHS patients display an acute
diminution in tetra-linoleoyl (18:2) cardiolipin that is typically the major molecular species
of cardiolipin in the human heart [47]. Patients suffer from cardiac and skeletal myopathies
and cyclic neutropenia and major causes of mortality are heart failure and opportunistic
infection. Numerous nonsense, frameshift, and splicing mutations have been detected in the
patient population, as well as 36 missense mutations (Box 3). In the absence of tafazzin
activity there is a decrease in the absolute abundance of cardiolipin, the acyl chain
composition of the remaining cardiolipin pool is heterogenous, and monolysocardiolipin, the
remodeling intermediate, accumulates [2, 10, 12]. The relative contribution of each of these
individual changes in the mitochondrial phospholipid profile to mitochondrial dysfunction
and resultant pathophysiology is unresolved. The suppression of many of the phenotypes of
TAZ−/− flies by the additional inactivation of the upstream phospholipase, iPla2-Via [23]
indicates that the absolute levels of cardiolipin, and not necessarily the final acyl chain
composition, are important. By contrast, the severe growth defect of Δcld1Δtaz1 yeast
compared to wild type yeast supports the opposite conclusion, that remodeled cardiolipin is
better than unremodeled cardiolipin with respect to mitochondrial function [21]. Clearly, this
remains an unresolved issue.

BOX 3

Loss-of-function mechanisms of BTHS mutant tafazzins

Although not formally demonstrated, mutations that impact splicing or introduce a
frameshift or stop codon are anticipated to produce aberrant, truncated forms of TAZ.
Because Taz1p does not function as an obligate homodimer [49], such products should be
null alleles and not function as dominant-negatives. To date, 36 missense mutations have
been identified in the BTHS patient population occurring at 26 unique loci. Although
there are a few mutation hotspots, including those that affect Arg94 and Gly197, most
BTHS mutations are rare events that are distributed throughout the gene and therefore
provide little in the way of clues as to the basis for their presumed loss-of-function.
Additionally, correlations between particular mutations and the severity of disease are not
apparent. Molecular studies in mammalian model systems are presently hamstrung by the
lack of appropriate reagents, most notably antibodies. Still, progress on this front has
been made utilizing a yeast compendium of BTHS mutations. Many basic processes,
including cardiolipin biosynthetic and remodeling pathways are conserved from yeast to
humans. Support for this statement is provided by the observation that 20 of the 23
missense mutations that have been individually modeled in the yeast tafazzin ortholog
fail to complement a Δtaz1 yeast strain [74]. Of the 8 mutants characterized in detail,
three distinct loss-of-function mechanisms have been defined: submitochondrial
mislocalization, altered assembly, and complex lability [27, 74]. These findings are
interesting for several reasons. First, they emphasize the importance of the correct
compartmentalization of Taz1p for cardiolipin remodeling. Second, they imply that the
ability to engage in a normal range of interactions is critical for Taz1p activity. And third,
they reveal a direct link between the stability of Taz1p quaternary structure and Taz1p-
mediated cardiolipin remodeling. Characterization of the remaining yeast BTHS panel
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should reveal additional loss-of-function mechanisms that could identify targets that can
be clinically exploited to the benefit of BTHS patients.

Although mRNA analyses suggest that multiple splice variants of human TAZ1 are
expressed [10], how these findings translate to protein expression is presently not known.
Upon overexpression, all analyzed mammalian isoforms localize to mitochondria; however,
there may be differences in their submitochondrial distribution [48]. In yeast, Taz1p
assembles in a range of complexes, two of which involve separate Taz1p–ATP synthase and
Taz1p–ADP/ATP carrier interactions [27, 49]. Both Taz1p binding partners are required for
OXPHOS and notably, variable respiratory defects are observed in BTHS patient biopsies
[12]. These defects could reflect deficits in the function of TAZ1–binding partners in the
absence of tafazzin or instead be due to the destabilization of respiratory supercomplexes
secondary to overall cardiolipin depletion. Destabilization of respiratory supercomplexes has
been detected in BTHS lymphocytes [50] and in some [51], but not all [6], Δtaz1 yeast
strains.

Tafazzin deficiency is associated with the accumulation of mitochondria with abnormal
ultrastructure [49, 52–56]. Membrane bending is hypothesized to involve three potential
players: protein scaffolds, structural phospholipids, and lipid-modifying enzymes [57].
Oligomers of the ATP synthase are the scaffolds for IM bending and are necessary [58], but
not sufficient [49], for normal cristae ultrastructure. In addition to attached headgroups,
another determinant in the overall structure of a lipid is the degree of incorporation of
unsaturated fatty acyl chains: unsaturated fatty acids occupy more space than saturated fatty
acids. Thus, immature cardiolipin is predicted to have less structural capacity than mature
cardiolipin. Finally, as a transacylase, tafazzin has the capacity to alter the local abundance
of multiple classes of structural phospholipid [28]. Therefore, the abnormal cristae
morphology in the absence of tafazzin could be caused by changes in the abundance and/or
molecular form of cardiolipin, the absence of the tafazzin–ATP synthase interaction, and/or
the lack of transacylase activity physically attached to the ATP synthase. However,
abnormal cristae morphology is not driven simply by reduced cardiolipin levels as altered
IM ultrastructure is only detected upon differentiation of Taz−/− embryonic stem cells into
cardiomyocytes even though cardiolipin levels are equally impacted in both cell types [52].
Interestingly, Δtaz1 yeast accumulate oxidatively damaged proteins, which indicates an
overall increase in ROS, when grown in media requiring mitochondrially-derived ATP [59].
Together these observations suggest that in the absence of Taz1p-mediated remodeling,
conditions that require active OXPHOS result in an increased production of ROS, perhaps
secondary to alterations in the assembly and efficiency of the respiratory chain, some of
which may directly modify cardiolipin. Whether oxidatively damaged cardiolipin drives or
is the consequence of alterations in cristae morphology remains to be determined. Changes
in the biogenesis of both IM and OM proteins could additionally contribute to ultrastructural
abnormalities [1, 2].

A major recent advance was the development of a mouse model of BTHS [54, 56]. This
newly generated model utilizes a doxycycline-inducible shRNA to knockdown endogenous
TAZ. Tafazzin knockdown reduces the amount of mature cardiolipin, alters the acyl chain
composition of remaining cardiolipin, results in accumulation of monolysocardiolipin, and is
associated with the appearance of ultrastructurally abnormal mitochondria. Critically, both
cardiac and skeletal muscle functions are reduced, consistent with BTHS pathology. Thus,
whereas the exact molecular mechanisms responsible for these phenotypic changes have yet
to be established, the BTHS mouse model should prove invaluable in acquiring this basic
information. BTHS patients additionally suffer from cyclic neutropenia. Unfortunately, it
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does not appear as if the BTHS mouse model will be suitable to study this extremely
intriguing aspect of BTHS pathogenesis [56].

Concluding remarks
Our knowledge of how cardiolipin metabolism is integrated into cellular physiology and
how deficits or changes in its metabolism contribute to disease pathogenesis remains
rudimentary. With the recent acquisition of a complete biosynthetic and remodeling
inventory, future studies can address the regulation of cardiolipin metabolism in and
contribution to health and disease. Multiple fundamental questions remain with many
exciting chapters to be developed (Box 4). With a comprehensive list of parts in place and
the recent establishment of many model systems, including mouse models, forthcoming
answers to these and additional questions will undoubtedly further highlight the importance
of this signature phospholipid of the mitochondrion.

Box 4

OUTSTANDING QUESTIONS

• How do mitochondria in distinct tissues establish a homogenous pool of
cardiolipin that differs with respect to acyl chain composition?

• Do different molecular forms of cardiolipin have distinct functional capacities?

• Does the process of cardiolipin remodeling repair damaged cardiolipin
molecules?

• How does cardiolipin and/or monolysocardiolipin gain access to the distinct
subcellular compartments in which the monolysocardiolipin remodeling
enzymes reside?

• Do the same phospholipases provide monolysocardiolipin for all three known
remodeling enzymes, or are additional phospholipases also involved?

• Do the different remodeling enzymes work on the same or different pools of
cardiolipin?

• What is the relative importance of each monolysocardiolipin remodeling
enzyme for cardiolipin remodeling and mitochondrial function?

• What is the physiological consequence of the pathogenic remodeling catalyzed
by ALCAT1?

• How does cardiolipin metabolism contribute to the mitochondrial dysfunction
observed in numerous disease states including BTHS?
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Figure 1. Cardiolipin, the center of mitochondrial physiology
The importance of cardiolipin (CL) to normal mitochondrial function is now appreciated to
be multifaceted [2–4, 8]. (i) Although not absolutely required, cardiolipin significantly
improves the efficiency and adaptability of the OXPHOS machinery by at least 2 distinct
mechanisms. First, cardiolipin stabilizes higher order assemblies of respiratory complexes,
called supercomplexes, and is required for the association of the major ADP/ATP carrier
with respiratory supercomplexes [2, 7, 8]. This is predicted to increase both the efficiency of
electron flow and ADP/ATP exchange. Second, cardiolipin functions as a proton trap that
restricts the flow of protons [75]. (ii) One consequence of reduced functionality of the
electron transport chain in the absence of cardiolipin is the generation of a weaker
electrochemical gradient (ΔΨ). This negatively impacts the biogenesis of proteins destined
for the mitochondrial matrix and/or IM via translocases in the IM (TIM22 and TIM23) [2].
Interestingly, cardiolipin is also required for the biogenesis of proteins destined for the outer
membrane (OM; import of OM proteins is membrane potential-independent) presumably by
stabilizing the OM translocases, TOM and SAM (sorting and assembly machinery) [1]. (iii)
Mitochondria are highly dynamic organelles with their shape and cellular numbers dictated
by balanced fission and fusion events. IM fusion, performed by dynamin-related GTPases,
Mgm1p in yeast and OPA1 in mammals, requires a balance of long and short isoforms.
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Cardiolipin restricts the short isoforms to cardiolipin-enriched membranes and promotes
sMgm1p GTPase activity, which is required for IM fusion [76, 77]. Mitochondrial division
is mediated by the dynamin-related GTPase, DRP1 (Dnm1p in yeast). Overexpression of a
DRP1 variant defective in cardiolipin binding alters mitochondrial morphology consistent
with it functioning as a dominant-negative allele [78]. (iv) The importance of cardiolipin and
perhaps mature cardiolipin to cristae morphology is highlighted by the repeated observation
in multiple cardiolipin-deficient models of mitochondria with abnormal IM ultrastructure [7,
49, 52–56]. (v) The presence of cardiolipin in membranes identifies those membranes as
being mitochondrial. Thus, not surprisingly, the ability to recognize and/or bind cardiolipin-
containing membranes is one method through which diverse cellular activities impinge at
the level of the mitochondrion. For instance, cardiolipin promotes apoptosis by serving as a
recruitment platform for caspase 8 downstream of Fas receptor signaling [79].
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Figure 2. Overview of cardiolipin biosynthesis and remodeling
The biosynthesis of cardiolipin (CL) occurs in the mitochondrion.
Phosphatidylglycerolphosphate synthase (Pgs1p) catalyzes the first and committed step in
cardiolipin biosynthesis producing the short-lived phosphatidylglycerolphosphate (PGP)
from the condensation of cytidine 5′-diphosphate-diacylglycerol (CDP-DAG) and
glycerol-3-phosphate (G3P). PGP is dephosphorylated to phosphatidylglycerol (PG) by a
phosphatase, identified recently in yeast as Gep4p and even more recently in mammals as
the phylogenetically unrelated PTPMT1 [15, 16]. When cardiolipin synthase, Crd1p, forms
CL from PG and another molecule of CDP-DAG, the result is immature cardiolipin
characterized by a random assortment of attached acyl chains that are saturated and variable
in length. Acyl chain remodeling is responsible for the final molecular composition of
mature cardiolipin which is typically defined by the symmetric incorporation of unsaturated
longer fatty acyl chains [10–12]. The remodeling process is initiated by a phospholipase, in
yeast the cardiolipin deacylase Cld1p [21] and in mammals the calcium-independent iPLA2γ
[24–26], which remove an acyl chain from cardiolipin generating the remodeling
intermediate, monolysocardiolipin (MLCL). The regeneration of cardiolipin from
monolysocardiolipin is accomplished by up to three distinct proteins, tafazzin (Taz1p),
monolysocardiolipin acyltransferase 1 (MLCLAT1), and acyl-CoA:lysocardiolipin
acyltransferase-1 (ALCAT1). Whereas MLCLAT1 and ALCAT1 utilize acyl-CoA as the
acyl chain donor for the reacylation of MLCL [33, 38, 39], Taz1p is a transacylase that takes
an acyl chain from another phospholipid, preferentially phosphatidylcholine (PC) or
phosphatidylethanolamine, and adds it to monolysocardiolipin [28]. Also notable is that the
acyl chain specificity of these three enzymes is not the same. Tafazzin lacks acyl chain
specificity [29], MLCLAT1 prefers 18:2 linoleoyl-CoA [33, 34], and ALCAT1 utilizes acyl-
CoA loaded with diverse long-chain, unsaturated acyl chains [38, 39]. Black boxes highlight
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currently undefined processes/information. Amazingly, each cardiolipin remodeling enzyme
resides in a distinct subcellular compartment suggestive of distinct functional outcomes.
Whereas Taz1p and MLCLAT1 remodeling generates, and perhaps maintains, the tissue-
specific, homogenous mature cardiolipin, ALCAT1 remodeling produces “bad” cardiolipin
that is associated with pathologic processes.
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