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Abstract

The mitochondrion relies on compartmentalization of certain enzymes, ions and metabolites for
the sake of efficient metabolism. In order to fulfil its activities, a myriad of carriers are properly
expressed, targeted and folded in the inner mitochondrial membrane. Among these carriers, the
six-transmembrane-helix mitochondrial SLC25 (solute carrier family 25) proteins facilitate
transport of solutes with disparate chemical identities across the inner mitochondrial membrane.
Although their proper function replenishes building blocks needed for metabolic reactions,
dysfunctional SLC25 proteins are involved in pathological states. It is the purpose of the present
review to cover the current knowledge on the role of SLC25 transporters in health and disease.
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INTRODUCTION

Healthy cells rely on the finely tuned channelling of metabolic substrates and products
across their subcellular compartments. To aid this purpose, a myriad of transporters and
channels are expressed, correctly folded and properly targeted to their final location. This is
how ions and metabolites are funneled across organelle membranes by means of transporters
[1]. The mitochondrion is no exception to this, as kilograms of chemical species are
exchanged daily in a cycle of metabolic supply and demand with other organelles and the
cytoplasm [2]. Although the outer mitochondrial membrane is relatively permeable to
solutes up to 5 kDa due the presence of voltage-dependent anion channels, the inner
mitochondrial membrane is comparatively impermeable to maintain efficient oxidative
phosphorylation [3,4]. To overcome such a physical barrier, 53 members of the
mitochondrial inner membrane family of proteins [SLC25 (solute carrier family 25)]
facilitate the transport of molecules involved in the urea and citric acid cycles, oxidative
phosphorylation, DNA maintenance and iron metabolism among other processes [5-7]. The
identity and physiological roles of many of these proteins have been successfully determined
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by means of ingenious approaches. However, the mechanism by which the transport of its
substrates is accomplished is still the subject of a considerable amount of research.

Up to the present time, the only known representative structures of this family correspond to
the solved NMR-based structure of the mitochondrial UCP2 (uncoupling protein 2; PDB
code 2LCK) and the thoroughly characterized ANT (adenine nucleotide translocator; PDB
code 10KC) [8,9]. Despite their high degree of structural conservation, the chemical
identities of the transported species can be considerably different. Discrete residues in a
common substrate-binding site determine selectivity [10,11]. In addition, mitochondrial
carriers may transport more than one kind of solute as shown in reconstitution experiments
[5]. This also implies that the sensitivity to traditional inhibitors may vary among the
different members of the SLC25 family [5].

Members of the SLC25 family can also be involved either directly or indirectly in the
progression of pathological states. Growing evidence maps SLC25 family members, such as
the ANT, in an intricate route by which pro-apoptotic proteins from the Bcl-2 family can
elicit cell demise due to oxygen radical signalling [12]. The dual nature of these proteins
may equip the cell with an additional tier of regulatory factors by which mitochondrial
activity can be altered. The purpose of the present review is therefore to address the
physiological and pathological roles of the mitochondrial six-transmembrane-helix
transporters in the regulation of cell life and death. For an excellent set of reviews also
devoted to the SLC25 family, we refer the reader to [1] and the more recent [7].

THE SLC25 CARRIERS IN TIME

Pioneering studies concerning the mechanisms of oxidative phosphorylation clearly showed
that mitochondria play a vital role in the generation of ATP. Antithetically, little was known
about the mechanisms underlying transport of molecules between the organelle and the
cytosol. The first studies convincingly suggesting the presence of a mitochondrial carrier
relied on experiments measuring exchange of 14C-labelled ADP and ATP between the
mitochondria and the cytosol [3,13]. These experiments demonstrated the existence of an
active ANT embedded in the inner mitochondrial membrane [13,14]. Krdmer and
Klingenberg [15] found that such an exchange reaction (ADP3~ATP4") was dependent on
membrane energization. Using a different technique, i.e. the swelling of mitochondria in iso-
osmatic solutions, transport systems for phosphate, dicarboxylates, citrate, 2-oxoglutarate
and aspartate/glutamate were detected in the late 1960s [16]. These proteins were then
purified and reconstituted in the subsequent years (for more details, see [17]). These results
suggested that mitochondria express highly selective carriers to fulfil their metabolic needs.
A key feature that aided the characterization of such transport systems was the inhibition of
such transporters with substrate analogues and key inhibitors such as 2--butylmalonate for
the case of the malate, citrate and 2-oxoglutarate systems [18].

During the late 1990s the complete sequence of ANT, UCP, PiC (phosphate carrier), citrate,
oxoglutarate/malate and carnitine/acylcarnitine carriers were elucidated either by Edman
degradation (for ANT and UCP) or specific gene sequencing [6,11,19-22]. These findings
were a major breakthrough in mitochondrial transport research as their structural highlights
suggested that these proteins belonged to a single family: in all cases, the carriers exhibited a
tripartite structure composed of ~ 100 amino acid repeats [23]. Each repeat presented two
transmembrane domains and a common signature sequence with the form P-X-D/E-X-X-K/
R. Although these findings strongly suggested that proteins from the same family could
facilitate many other transport activities, their isolation and structural determination
remained a mystery, mainly because these proteins were poorly expressed (see [1]).
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However, following the development of massive DNA sequencing techniques as well as
bioinformatics tools, the detection of novel carriers from multiple sources was considerably
accelerated. Today, researchers estimate the presence of 35 carriers in Saccharomyces
cerevisiae, 58 in Arabidopsis thaliana and 53 in humans by means of transport and sequence
analysis [24]. As metabolite carriers, these proteins are able to modulate several pathways
within the mitochondria, peroxisomes and the cytosol. However, this cellular role indirectly
confers on the SLC25 members a dual persona: dysfunctional transport activity of members
of this family has been related to pathological states. A direct link between abnormal SLC25
activity and disease has been documented in cases of autism (aspartate/glutamate carrier)
[25,26], carnitine deficiency (carnitine/acylcarnitine carrier) [27,28], HHH
(hyperornithinaemia, hyperammonaemia and homocitrullinuria) syndrome (ornithine carrier)
and the SLC25a38-associated congenital sideroblastic anaemia [27,29,30] (see the
Physiological and pathological roles of SLC25 carriers section below).

IDENTIFICATION, PURIFICATION AND ANALYSIS OF MITOCHONDRIAL
SLC25 PROTEINS

Early experiments aimed at detecting members of the SLC25 family relied on assays
measuring transport of radiolabelled molecules or on the swelling of isolated mitochondria
derived from the transport of an osmotically active compound [31,32]. Transport Kinetics of
radioactive solutes can be measured provided a fast method of transport inhibition is
available (i.e. a selective carrier inhibitor). In cases where there is no available inhibitor,
transport can be terminated by pelleting the mitochondrial sample out of the medium. This
technique is known as centrifugal filtration [33]. Once the reaction has stopped, the presence
of the transported molecule can be assayed in the pellet and the supernatant with an
appropriate method. As with any other characterization, controls should be included. This
involves the measurement of transport of molecules with structural similarities. When
measuring transport using the swelling method, addition of an anion will only trigger
swelling provided a cation is capable of crossing the inner mitochondrial membrane [31].
Transport of a cation can be mediated by simple diffusion (as in the case of NH,4 * salts) or
facilitated by ionophores or selective transporters. Once in the mitochondrial matrix, the
presence of ammonium salt will induce water-dependent swelling. A marked decrease in the
light-scattering properties of the mitochondrial suspension is indicative of a transport
process. Some disadvantages of the swelling approach are the presence of more than one
transporter with redundant activity (isoforms). In addition, the transport activity monitored
in vitro does not necessarily mimic that of the transport activity of a given carrier /n vivo
[34]. Finally, if the level of expression of a carrier is very low, this would considerably
affect the sensitivity of the swelling assay.

As with many integral mitochondrial membrane proteins, purification and reconstitution of
operational mitochondrial carriers requires preliminary steps involving isolation of
mitochondria and solubilization with suitable detergents. Once in the soluble form,
mitochondrial carriers can be reconstituted in liposomes and their activity assayed using
appropriate techniques (for authoritative methods, see [35,36]). To avoid contamination with
outer membrane proteins, a suspension of purified mitochondria was incubated in hypo-
osmotic buffer to produce mitoplasts, i.e. mitochondria devoid of the outer membrane. Once
generated, mitoplasts are typically resuspended in non-ionic detergents with a low critical
micellar concentration such as Triton (Triton X-100 or Triton X-114). Lipids such as
cardiolipin (diphosphatidylglycerol) may be added in the solubilization buffer to enhance
purification and activity following reconstitution of certain carriers such as PiC, ANT and
the CIC (citrate carrier) [35-37]. Then, the pool of proteins is ultracentrifuged to separate
insoluble material. The resulting supernatant is usually applied to a column containing the
bone mineral hydroxyapatite. Compared with other mitochondrial proteins, SLC25 proteins

Biochem J. Author manuscript; available in PMC 2014 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gutiérrez-Aguilar and Baines Page 4

usually bind with a relatively low affinity to this mineral. Hence, the first eluting fractions
are enriched with these carriers. Additional chromatographic steps involving celite may
increase purification yields of a given carrier [37,38]. Finally, variation of solubilization
buffer conditions and chromatographic parameters can enhance the selectivity of the SLC25
protein to be purified.

A cleaner approach for measuring the transport activity of a given carrier involves the
expression of the protein in Escherichia coli, and its purification and reconstitution in
liposomes [39]. The liposome composition should closely mimic the inner mitochondrial
membrane where the dimeric lipid cardiolipin can play an important role in the translocation
mechanism [35,40,41]. In some cases, sequence comparison between a novel carrier and
other carriers of known function can lead to an educated guess of the starting solute to be
tested [42]. Unfavourable factors affecting the heterologous expression and reconstitution
approach may include incorrect folding due to the lack of post-translational processing [43]
or a disparate codon usage [44].

To bypass these common issues, a popular method is the expression of a solute carrier of
unknown function in the model organism S. cerevisiae [45-47]. Mutants of this yeast
lacking several of the 35 mitochondrial carriers are readily available [48]. Thus phenotype
complementation studies can be performed with relative ease [49-51]. The combination of
these approaches has led to the identification of the transport activity of dozens of carriers
[1,7,52,53]. Despite being highly selective proteins, certain SLC25 carriers can transport
solutes with dissimilar chemical moieties. This is the case of SLC25a10 or DIC
(dicarboxylate carrier), which is able to transport succinate, phosphate, thiosulfate and
malate [54,55]. This finally implies that many carriers are capable of transporting certain
solutes in reconstituted systems, but may be responsible for different transport activities /n
vivo. In addition, recent studies have demonstrated that certain SLC25 proteins can be
targeted to other subcellular compartments such as SLC25a17in humans, which encodes a
peroxisomal carrier able to transport CoA, FAD and NAD™* [56].

STRUCTURE OF SLC25 CARRIERS

The SLC25 proteins are nuclear encoded and targeted to the mitochondria by means of a
mitochondrial targeting sequence, which may be located anywhere within the six
transmembrane helices [57]. PiC appears to present an additional import signal within the N-
terminus of the protein, but is dispensable for import [43,58]. Mitochondrial targeting
sequences in SLC25 proteins are recognized by the TOM (translocase of the mitochondrial
outer membrane) complex in the outer membrane, translocated through the Tom40 pore and
inserted in the inner mitochondrial membrane by the carrier translocase Tim22. Once
embedded in the inner membrane, carriers are thought to interact with other proteins and
lipids, such as respiratory chain components and cardiolipin [57,59,60].

Although there are abundant functional data as to which carriers mediate a given transport
activity, the only available 3D structures of solute carriers correspond to ANT (PDB code
10KC) and UCP2 (PDB code 2LCK) [8,9]. The ANT model from Bos taurus mitochondria
shows the carrier in the cytosolic conformation (opening facing the intermembrane space).
From this crystal structure, it is possible to define this conformationasa30 A (1 A=0.1
nm) pit formed by six transmembrane helixes. On the bottom of the void (10 A), the ANT
signature motif RRRMMM is thought to constitute a nucleotide-binding domain (RRR),
whereas the tri-methionine sequence has been proposed to form a ‘plug’ directly involved in
the pore’s gate. On a proposed translocation model, a patch of positive amino acids located
at the carrier entrance in the cytosolic conformation attracts ADP3~ at its initial binding site.
Additional positive pockets may provide secondary and tertiary binding sites down the ANT
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cavity. A set of tyrosine residues may provide a scaffold or ladder by which the adenine
heterocycle may be transported downwards to the cavity gate. Once correctly bound to its
solute, ANT as well as every single carrier is thought to undergo conformational changes
within a matrix-orientated salt bridge, facilitating release of the anion [9,61]. For ANT, this
conformation is thought to preclude transport of molecules in the opposite direction (ATP
transport to the cytoplasm).

As mentioned above, the second SLC25 member with a solved structure at the atomic level
is UCP2. A solution NMR method, coupled to a method that uses fragment fitting from the
PDB, allowed the determination of the GDP-bound form of UCP2 [8]. Despite relatively
low homology with ANT, most hallmarks from the mitochondrial carrier family can be
clearly distinguished in this protein (i.e. the tripartite structure). Perhaps the most striking
difference between ANT and UCP2 lies in the third repeat. Transmembrane helix 5 appears
to be shifted towards the inter-membrane space, whereas the amphipathic helix 3 is tilted
around 45°. This deviation appears to have a direct impact on the carrier architecture
rendering it in a pore-like configuration.

PHYSIOLOGICAL AND PATHOLOGICAL ROLES OF SLC25 CARRIERS

Mitochondrial SLC25 carriers play a fundamental role during physiological and pathological
processes. A schematic diagram illustrating the different carriers and their substrates is
shown in Figure 1. Although their proper expression, targeting and transport mechanism is
critical for mitochondrial—cytosol crosstalk, dysfunctional or defective carriers can lead to
pathological conditions and disease.

SLC25al: citrate (tricarboxylate) carrier

Palmieri, Klingenberg and co-workers [62—64] first purified and reconstituted the CIC of the
inner mitochondrial membrane. It was subsequently cloned by Kaplan et al. [19], which
confirmed its identity as a SLC25 member. CIC is widely distributed, with its MRNA being
detected in the majority of tissues, with highest expression in the liver and kidney [65]. It is
a tricarboxylate transporter in that, in addition to citrate, it can also mediate the exchange of
malate, isocitrate, aconitate and PEP (phosphoenolpyruvate). The exchange stoichiometry is
exactly 1:1, e.g. one citrate out for one malate in, and is thus electroneutral. It can be
selectively inhibited by 1,2,3-BTA (1,2,3-benzenetricarboxylate) as well as by
phenylglyoxals and PLP (pyridoxal 5'-phosphate). Interestingly, CIC can also be inhibited
by anthracyclines such as doxorubicin [66], which may account for the mitochondriotoxic
effects of these anticancer agents. CIC has been found to be overexpressed in tumours, and
CIC inhibition induces autophagy [67]. Lastly, studies in yeast indicated that, in order to
facilitate efficient citrate shuttling, citrate synthase directly interacts with the SLC25al
carrier [68,69].

CIC is necessary for fatty acid synthesis as it transports citrate out of the mitochondria
where it can be cleaved to release acetyl-CoA, the essential starting block for fatty acid and
sterol synthesis. The remaining OAA (oxaloacetate) is converted into malate, which then re-
enters the mitochondria through CIC in exchange for citrate, and thus the cycle begins anew.
From a pathological perspective, starvation [70] and hypothyroidism [71] decrease CIC
expression and activity, whereas hyperthyroidism increases activity [72]. Decreased activity
is also observed in Type 1, but not Type 2, diabetes [73,74]. Consistent with this, insulin up-
regulates CIC expression [75] and its activity appears to be required for efficient glucose-
stimulated insulin secretion in Fcells [76]. The SLC25a1 gene is also one of six
mitochondrial protein-encoding genes that are deleted in DiGeorge/22g11 deletion
syndrome, which causes a variety of cognitive and psychiatric disorders [77,78]. Whether
the loss of SLC25al protein plays a causative role in the syndrome has yet to be tested and it
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should be noted that deletion of the carrier gene in yeast yielded no discernible phenotype
[79]. CIC has also been reported to be up-regulated in ovarian and colon cancer [80], but
again whether this is part of the oncogenic mechanism has yet to be established.

SLC25a2 and SLC25al5: ornithine carriers

SLC25a3: P;

There are two genes encoding mitochondrial ornithine carriers: SLC25a2and SLC25a15 or,
somewhat confusingly, ORNTZ2and ORNTI respectively. The first mitochondrial ornithine
carrier was identified and cloned in S. cerevisiae [81]. In humans, ORNT1 was the first of
the two isoforms to be cloned [30], with the highly homologous ORNT2 being cloned 4
years later [82,83]. ORNT1 is expressed in most tissues, with the highest levels being
observed in the liver, pancreas, lung and kidney, whereas ORNT2 was more restricted to the
liver, testis, spleen, lung and pancreas [83]. In all cases the level of ORNTZ2 mRNA was
lower than that of ORNTI. Reconstitution of both isoforms demonstrated that they facilitate
the import of ornithine into the matrix in exchange for citrulline and H* out [84]. Transport
by both carriers was further enhanced by P; and dicarboxylates and inhibited by mercurials,
PLP and spermine. However, ORNT?2 has a lower activity than ORNT1 and also has a lower
affinity for ornithine and citrulline [83].

ORNTSs are essential for the urea cycle. Ornithine is brought into the matrix through ORNTS
where it is converted into citrulline by the addition of carbamoyl phosphate. The citrulline is
then exported back out by ORNTSs where it can be processed further, ultimately producing
urea and ornithine. In addition to ornithine, ORNT1 can also transport the amino acids
lysine and arginine, whereas ORNT2 can transport histidine [83]. Therefore ORNTs may
represent a major mechanism by which some of the amino acids required for mitochondrial
protein synthesis are imported into the mitochondrion.

It has been well established that inactivating mutations in the SLC25a15 gene, i.e. the one
that encodes ORNTZ, cause HHH syndrome [30], which is characterized by early-onset
neurological deficits. This further emphasizes the critical role of this carrier in the urea
cycle. Whether there are mutations that cause defective ORNTZ2, and therefore HHH, has not
been documented. Interestingly, overexpression of ORNT2 in fibroblasts from patients with
ORNT1 deficiencies can partially rescue the phenotype, indicating that there is some
functional redundancy between the two isoforms [82]. Indeed, HHH patients who have an
additional gain-of-function mutation in their SLC25a2 (ORNT2-encoding) gene have much
milder symptoms than their siblings [85].

carrier

The mitochondrial PiC transports P; to the mitochondrial matrix to supply P; required for
ADP phosphorylation. PiC is translated as two isoforms (PiC, and PiCy) as a result of
alternative splicing events, which differ in the presence of two exons (3A and 3B) [86-88].
Although the former is expressed in muscle, the latter is expressed ubiquitously. Most of
what is known about PiC comes from studies in S. cerevisiae mitochondria.

Mitochondrial PiC deficiency in humans has a lethal outcome. In 2007, the first report
describing a homozygous mutation (G72E) in two patients, presenting hypertrophic
cardiomyopathy and muscular hypotonia, demonstrated the importance of this carrier for
proper oxidative phosphorylation [89]. Studies from biopsies obtained from these patients
revealed a non-canonical mitochondrial network with apparently low mitochondrial
proliferation. It is possible that the lack of this protein considerably decreases AW , and this
in turn impairs proper import of nuclear-encoded mitochondrial precursor proteins, as seen
in model organisms [90].
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A potential role for PiC in mitochondria-dependent cell death is also beginning to be
understood as recent studies have shown that overexpression of this carrier triggers the
intrinsic pathway of apoptosis in many scenarios. Kroemer and co-workers detected the
functional interaction between the CMV (cytomegalovirus)-encoded protein VMIA (viral
mitochondria-localized inhibitor of apoptosis) and PiC [91]. Once bound, the complex
suppresses phosphate transport to the mitochondria thereby inhibiting ATP synthesis. This
collapses the phosphorylation potential within the cell, which in turn leads to the
characteristic CMV-induced cell rounding. In addition, a role for PiC in mitochondrial
permeability transition has also been proposed [92]. This suggests that cell death pathways
are conserved in eukaryotic organisms and mitochondrial carriers may indeed play a role in
such events.

SLC25a4, SLC25a5, SLC25a6 and SLC25a31: adenine nucleotide translocases

Translocation of adenine nucleotides between the mitochondria and cytosol is among the
most characterized of mitochondrial activities. The carriers SLC25a4 (ANT1), SLC25a5
(ANT2), SLC25a6 (ANT3) and SLC25a31 (ANT4) are responsible for this finely tuned task
[42]. Their role as the main suppliers of ADP to the mitochondria and ATP to the cytoplasm
confers on these proteins metabolic control over many cellular processes. As such, their
function is a major determinant of cell fate. This means that ANT expression and transport
activity must be finely tuned in order to avoid disturbances in cell homoeostasis. ANT1 is
preferentially present in differentiated tissues (i.e. brain, heart and skeletal muscle). ANT2,
however, is expressed mainly in proliferating tissues such as tumours. ANT3 is universally
expressed in every tissue, and ANT4 is present in liver and testis, although at very low
levels when compared with ANT3 [42,93].

Being one of the most expressed proteins in the inner mito-chondrial membrane, ANT can
bind respiratory supercomplexes and components of the protein import machinery [59]. In
addition, ANT can bind type 2 transglutaminase, a Ca2* -dependent enzyme involved in
post-translational modification of glutamine residues [94]. Studies of this potential
interaction demonstrated that transglutaminase, a disulfide isomerase, is crucial in down-
regulating ANT1 oligomerization under physiological conditions, thus maintaining its ATP/
ADP translocating activity. In cardiac tissue, ANT can also interact with the intermembrane
space protein creatine kinase, gaining preferential access to ATP, which is needed to
synthesize creatine phosphate in cells with high energetic needs [95].

Pathologically, mutations in the SLC25a4 gene are associated with adPEO (autosomal
dominant progressive external ophthalmoplegia). Expression of mutant forms of ANT
associated with adPEO reduces ATP/ADP transport [96], and leads to large-scale mtDNA
deletions which are characteristic of the disease [97]. ANT deficiency also leads to dilated
cardiomyopathy. Mice lacking S/c25a4 display myocardial hypertrophy and ventricular
dilation characterized by increased cardiomyocyte apoptosis [98]. The mechanism by which
ANT genetic invalidation elicits cell demise may be related to a decrease in the
mitochondrial BPC (basal proton conductance) [99]. In mouse muscle mitochondria, the
presence of ANT is responsible for 50-66 % of the BPC. Respiratory chain-mediated
superoxide production may increase considerably when BPC is poor. Under these
conditions, the protonated form of superoxide may cross membranes and further activate
pro-apoptotic pathways [99].

If ANT inactivity renders cardiomyocytes prone to disease, it is tempting to hypothesize that
ANT overexpression should be cardioprotective. However, cardiomyocytes with elevated
levels of ANT are more susceptible to Bax-dependent apoptosis [12]. Bax is thought to
mediate translocation of cytochrome cto the cytosol, thus initiating intrinsic apoptosis. The
mechanism by which ANT (an inner membrane protein) can facilitate Bax-induced outer
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membrane permeabilization is not evident; however, this is true even in model organisms
[100]. In order to be recruited to the outer membrane in an ANT-dependent pathway, Bax
translocation necessitates ROS (reactive oxygen species) signalling as MNTBAP
[manganese(111) tetrakis-(4-benzoic acid)porphyrin chloride; a ROS scavenger] efficiently
inhibits this process [12].

SLC25a7, SLC25a8, SLC25a9, SLC25a14 and SLC25a27: uncoupling proteins

The substantial family of UCPs includes SLC25a7 (UCP1), SLC25a8 (UCP2), SLC25a9
(UCP3), SLC25a14 (UCP5) and SLC25a27 (UCP4), all of which have been cloned and
characterized since their initial discovery by the groups of Nicholls [101] and Klingenberg
[102]. With the exception of UCP2, which is ubiquitously expressed [103], UCPs exhibit
tissue-specific expression patterns. UCP1 expression is primarily restricted to brown adipose
tissue [104], UCP3 is specific to cardiac and skeletal muscle [105], and UCP4 and UCP5 are
primarily expressed in the brain [106]. Their regulation is also somewhat different. UCP1 is
activated by fatty acids and can be inhibited by purine nucleoside di- and tri-phosphates
such as GDP [107]. In contrast, although UCP2 and UCP3 can be also be activated by fatty
acids, they are less sensitive to purine inhibition. Less is known about the neuronal UCPs,
although both UCP4 and UCP5 have been reported to be GDP-sensitive [108].

UCPs are not involved in basal proton leak across the inner membrane (which is most likely
to be through ANT). Instead, they are responsible for inducible increases in proton
conductance. However, the mechanism by which UCPs transport protons across the inner
membrane is still controversial and may be explained in terms of three different models
[107]. In one model, negatively charged fatty acids embedded in UCP facilitate the
movement of the positive protons through the transporter. In a second model, protonated
fatty acids flip-flop to the matrix where they release the proton and are then transported back
to the intermembrane space by UCP. A third model suggests that UCPs are true proton
carriers and that fatty acids stimulate transport by relieving tonic inhibition of UCP by
purine nucleotides. UCPs are also highly regulated at the protein expression level. For
example, cold will rapidly increase levels of all UCPs, as will fatty acids and capsaicin
[107]. UCP2 and UCP3 can also be up-regulated by cytokines and thyroid hormone
[109,110]. Oxidative stress has been shown to up-regulate UCP5, whereas insulin decreases
both UCP4 and UCP5 levels [111,112].

Physiologically, UCP1 is involved in heat production in brown adipose tissue, which is
required for non-shivering thermogenesis in neonates, and UcpI-null mice are more cold
sensitive than their wild-type counterparts [113]. Less is known about the physiological role
of UCP2 and UCP3. One suggestion is that, by mildly uncoupling oxidative
phosphorylation, they reduce ROS production, thereby protecting the cell from these
harmful radicals [107]. Another related function is that they may transport fatty acid
peroxides out of the mitochondrial matrix, again resulting in a reduction in toxic radicals
[114]. Finally, evidence suggests that UCP2 may act as a negative regulator of glucose-
stimulated insulin secretion in the pancreas [115]. Still less is known about the physiological
contributions of UCP4 and UCP5, although both have been shown to reduce mitochondrial
ROS production, much like the other UCPs. In addition, UCP4 interacts with complex Il and
may regulate the contribution of this complex to oxidative phosphorylation [116].

Pathologically, both pharmacological and genetic inhibition of UCP2 has been shown to
reverse the deleterious effects of obesity-and diabetes-induced pancreatic islet dysfunction
[115,117]. A recent study has also implicated mutations in the SLC25a7 gene as a cause of
diabetic retinopathy [118], indicating that UCP1 may also be present in the retina. Mutations
in UCP3-encoding genes have also been correlated with obesity and diabetes [119].
Mutations in the neuronal-specific UCP4-encoding gene have been associated with
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schizophrenia [120]. However, what effect all of these mutations have on the respective
UCP’s expression and function has not been tested. UCPs may also play a role in
oncogenesis. UCP2 expression in particular has been reported to be up-regulated in
numerous cancers, and its expression is correlated with chemotherapeutic resistance [121].
Gene silencing of UCP2 induced cell death in primary breast cancer cells [122], and
pharmacological blockade of UCP2 sensitized leukaemia cells to chemotherapeutic agents
[123]. UCP4 and UCP5 are also up-regulated in breast and colon cancer cells respectively
[111,124], although a causative role for either of these proteins has yet to be established.

SLC25a10: dicarboxylate carrier

DIC, which is ubiquitously expressed, was first identified in S. cerevisiae [125] and
subsequently in mammalian mitochondria [126]. DIC transports malate (and succinate) out
of the mitochondrion in exchange for P; and is therefore electroneutral. It is inhibited by P;
and other phosphate analogues [127] as well as substrate analogues such as alkyl malonates.
Inhibition of DIC may also play a role in fatty-acid-mediated uncoupling [128,129]. DIC
appears to be similar to CIC in that it interacts with a key component of the TCA
(tricarboxylic acid) cycle, malate dehydrogenase in this case [130], presumably to improve
functional coupling of the pathway with the shuttle system.

DIC plays a role in gluconeogenesis by acting as an OAA shuttle. OAA is converted into
malate by malate dehydrogenase; physical binding of this enzyme to DIC greatly enhances
functional coupling. The malate is then transported out by DIC where it is reconverted into
OAA. Cytosolic OAA is then converted into PEP by carboxylate kinase. The Pj/malate
exchange also provides another source of cytosolic malate to be exchanged for citrate by
CIC. Thus DIC could also play a role in fatty acid synthesis [131] and indeed inhibition of
DIC prevents fat accumulation during differentiation of 3T3-L1 adipocytes [132]. Another
less appreciated physiological role for DIC is that, in addition to transporting dicarboxylates,
it is responsible for the import of GSH into the mitochondrial matrix. This trait appears to be
shared with the OGC (oxoglutarate carrier; SLC25all, see below). Overexpression of DIC
accelerated mitochondrial GSH accumulation [133], whereas knockdown of the carrier
reduced it by ~ 40 % [134]. Thus DIC is important for maintaining the redox status of the
mitochondrion.

Little is known about DIC in pathology. Unlike CIC, whose activity and expression are
decreased in Type 1 diabetes, the specific activity of DIC is actually increased. However,
similar to CIC, its activity remains unchanged in Type 2 diabetes [73]. Prenatal exposure of
rats to the pollutant perfluoro-octane sulfonate resulted in the down-regulation of cardiac
DIC (along with other carriers) when the pups were weaned [135]. The autosomal recessive
disorder ethylmalonic encephalopathy is associated with increased levels of ethyl malonate,
which inhibits DIC [136]. How this contributes to its pathology remains to be elucidated.

SLC25al1l: oxoglutarate carrier

The OGC, which was first cloned by Walker and Palmeiri in 1990 [11], mediates the export
of oxoglutarate in exchange for a dicarboxylate (usually malate). Binding of succinate to the
matrix side of the carrier increases the affinity for malate and phenylsuccinate acts as an
inhibitor of OGC. PLP, phthalonate and retinoic acid also inhibit OGC [39,137]. It is an
important component of the malate—aspartate shuttle. The malate OGC brings in is
converted into OAA, which in turn is converted into oxoglutarate by glutamate OAA
transaminase, which simultaneously converts glutamate into aspartate. The resultant
oxoglutarate is then exported by OGC.
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Like DIC, OGC also contributes to the mitochondrial uptake of GSH. Blockade of OGC
with phenylsuccinate decreases mitochondrial GSH levels by 40-50 % [138]. OGC also may
play a role in glucose-stimulated insulin secretion, as SiRNA-mediated knockdown of the
carrier reduced insulin release in both S-cells and isolated pancreatic islets [139]. The OGC
has also been proposed as the porphryin transporter necessary for mitochondrial import of
the precursor porphryin for final conversion to haem. This is on the basis of the finding that
OGC inhibition blocks porphryin accumulation and that porphryins can inhibit succinate/
oxoglutarate transport by OGC [140].

With regard to pathology, down-regulation of OGC has been reported in horse muscle with
recurrent exertional rhabdomyolysis [141]. OGC may also modulate apoptosis. OGC has
been reported to bind the anti-apoptotic proteins Bcl-2 and Bcl-X| [142,143], and
knockdown of OGC induced apoptosis in mouse insulinoma cells and Caenorhabditis
elegans [143]. Moreover, association of Bcl2 with OGC increased mitochondrial GSH
accumulation [142], which may account for some of its cytoprotective actions.
Antithetically, alcohol intake has been shown to reduce mitochondrial GSH by inhibiting
OGC [144].

SLC25al12, SLC25a13, SLCa23, SLC25a24 and SLC25a25: Ca2*-sensitive mitochondrial

carriers

Under various physiological and pathological conditions, the ER (endoplasmic reticulum)
and mitochondria mediate Ca2* -dependent metabolic shifts. The Ca2* cross-talk between
the ER and mitochondria can tune the activity of CaMCs (Ca2* -sensitive mitochondrial
carriers) [145]. CaMCs are encoded by the SLC25a12 [AGC1 (aspartate/glutamate carrier
1)], SLC25a13 (AGC2) [145], SLC25a23 [APC2(ATP-Mg/Pi carrier)], SLC25a24 (APC1)
and SLC25a25 (APC3) genes [146].

In all cases, CaMCs contain classical octahedral Ca2* -co-ordination cages (EF hands) in the
N-terminal domain, and a highly conserved mitochondrial carrier domain in the C-teminal
portion of the protein. The first CaMC to be cloned was a protein of 74 kDa proven to bind
calcium and be present in human muscle and brain [147]. Later, this protein was identified
by its transport properties as the mitochondrial AGC1 [145]. Its Ca?* -binding domain is
composed of four potential EF hands, three of which may be fully capable of binding the
divalent cation. Because AGCL is predominantly expressed in brain, AGC1 has been
implicated in the Ca2* -induced malate/aspartate/NADH shuttle in neurons and may
constitute a protective factor during glutamate excitotoxicity [148]. Mice lacking AGCL1 are
growth-retarded and display motor co-ordination dysfunctions probably owing to an
impaired myelin metabolism triggered by low levels of N-acetylaspartate [149]. In a related
case report, AGC1 inactivity in a patient could be associated with a mutation in a conserved
glutamine residue. The pathological consequences of this mutation included severe
hypotonia, halted psychomotor development and convulsions. As with mice lacking AGC1,
the phenotype observed in this patient involves global cerebral hypomyelination [150].

The second CaMC to be described encodes a 675-amino-acid protein sharing 78.3 %identity
with AGC1 [151]. As with AGC1, AGC2 mediates proton-coupled glutamate co-transport to
the mi-tochondrial matrix in exchange for mitochondrial aspartate [145]. AGC2 is required
for nucleotide and protein biosynthesis as well as for the urea cycle by delivering aspartate
from mitochondria to the cytosol. Dysfunctional AGC2 induces a metabolic disease
characterized by adult-onset type 1l citrullinaemia and neonatal intrahepatic cholestasis (for
authoritative reviews, see [7,27]). AGC2-knockout mice fail to recapitulate human AGC2
deficiency unless glycerol-3-phosphate dehydrogenase is also genetically deleted [152]. This
will suppress availability of NADH in the mitochondrial matrix and thus contribute to the
deleterious effects of AGC2 deficiency [152].
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Fiermonte et al. [146] characterized the function of the SCaMCs (small calcium-binding
mitochondrial carriers) APC1, APC2 and APC3. SCaMCs mediate the exchange of adenine
nucleotides, in particular ATP-Mg for P;, thereby promoting the net uptake or efflux of
adenine nucleotides into or from the mitochondria (Figure 1). SCaMCs activity possibly
results in the F1Fy-ATPase- dependent hydrolysis of ATP and the establishment of a steady
AW, required for protein import and the initiation of metabolism in newborn mitochondria
[153]. Although APC1 and APC3 are expressed in testis, APC2 can be found mostly in brain
and skeletal muscle. APC3 is heavily expressed in lung and brain [146]. SCaMCs play a
critical role in the regulation of cell death pathways. During ischaemia/reperfusion, SCaMCs
may behave as protective factors by mediating ATP/ADP-induced Ca2* buffering and
facilitating mitochondrial permeability transition pore closure. This in turn protects cells
from necrotic cell death triggered by oxidative stress and Ca2* excess. Conversely, SCaMC
overexpression is a typical trait of cancer cells and is thought to represent a negative
feedback factor by which transformed and malignant cells can elude death [154].

SLC25al6: Grave's disease carrier

Grave’s disease is an autoimmune disease of the thyroid that results in hypothyroidism. The
GDC (Grave’s disease carrier) SLC25a16 was identified in patients with a disease of the
same name due to the presence of antibodies to mitochondrial antigens in serum [155]. This
carrier was originally thought to be expressed only in the thyroid. However, tissue analysis
of the bovine GDC also revealed expression in the liver, lung, kidney and striated muscle
[156]. Very little is known about the function of this carrier. However, deletion of the S.
cerevisiae Leu5p (which is 35 %identical to the human protein) results in a 15-fold
reduction in mitochondrial CoA levels, suggesting that it is involved in the import of this
cofactor [157]. A rescue experiment involving expression of human GDC was able to
normalize this phenotype, indicating that the human carrier can also support CoA transport.
Whether GDC is indeed a CoA carrier still requires more formal testing.

SLC25al7: the peroxisomal transporter

It is a common notion to assume that mitochondrial carriers (as the name states) are
exclusively located in the inner mitochondrial membrane. However, SLC25al7 (along with
SLC25a49 and SLC25a50) can be considered an exception to this rule. The existence of
human SLC25a17 was first reported in 1998 as a protein displaying 33 % identity with the
peroxisomal integral membrane protein CoPMP47 of Candida boidinii[158]. In 2012,
Palmieri’s group showed that SLC25a17 was able to transport CoA, FAD, FMN and AMP
among other nucleotides almost exclusively by a counter-exchange mechanism in a PLP-
sensitive fashion [56]. The SLC25a17 transcript was detected in every tissue; however, its
expression was shown to be higher in testis, prostate and ovaries.

In pathological states, SLC25a17 down-regulation (along with many other mitochondrial
transcripts) was detected in horses presenting recurrent exertional rhabdomyolysis, a
myopathy involving inhibition of muscular relaxation [141]. In that study, the authors
proposed that the mitochondrial dysfunction derived from an excess of cytoplasmic calcium
triggering ATP depletion could underlie the clinical signs of the disease. A direct correlation
between SLC25a17 down-regulation and this pathology remains to be proven.

SLC25a18 and SLC25a22: glutamate carriers

In addition to the AGCs, there are also two dedicated GCs (glutamate carriers) in the inner
mitochondrial membrane: SLC25a18 or GC2 and SLC25a22 or GC1. These isoforms are
highly homologous, having 63 % identity, and reconstitution experiments demonstrate that
both isoforms transport glutamate along with H* [159]. Thus transport is dependent on the
chemical component of the protonmotive force (ApH). The main difference between the two
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isoforms appears to be kinetic, with GC1 having a higher K, and Vs« than GC2. Agents
such as PLP, bathophenanthroline and tannic acid inhibit both equally. There are also tissue
differences, with GC1 having a much higher expression level in most tissues, especially in
the liver, pancreas and spleen [159].

The primary physiological role of the GCs is to import glutamate into the mitochondrial
matrix where it is the substrate of the mitochondrial-restricted glutamate dehydrogenase.
This converts glutamate into oxoglutarate and NH4 *» which then enters the urea cycle. The
proposed model is that glutamate dehydrogenase produces glutamate from oxoglutarate and
NH,4 * which is then exported out of the mitochondria by the GC1 acting in reverse mode.
The cytosolic glutamate then stimulates vesicle mobilization [160]. Like CIC, GC1 is
critical for glucose-stimulated insulin secretion in pancreatic S-cells, as knockdown of GC1
attenuated the ability of glucose to induce insulin release [161]. As seen in vitro, these
results have been recapitulated /n vivo in glutamate-dehydrogenase-deficient mice [162],
indicating the importance of this pathway for insulin secretion. This would certainly explain
the considerable levels of GC1 expression in the pancreas.

Pathologically, a missense mutation in the SLC25a22 gene (P206L) has been identified in
autosomal recessive neonatal myoclonic epilepsy, and fibroblasts from these patients
exhibited defective glutamate transport and oxidation [163]. SLC25a22 mutations have also
been linked to early infantile epileptic encephalopathy [164].

SLC25a19: deoxynucleotide carrier

As the name suggests, the DNC (deoxynucleotide carrier) is thought to be one of the main
routes of import for deoxynucleotides into the mitochondrion (along with SLC25a33, which
is pyrimidine dNTP selective, see below). Cloning and reconstitution of the human carrier
revealed that the DNC preferentially transported all four dNDPs rather than dNTPs in
exchange for either ATP or ADP [165]. This transport was completely inhibited by PLP and
partially by bongkrekic acid and atractyloside. Tissue analysis of the mRNA and protein
demonstrated a near ubiquitous expression pattern, with the highest protein levels seen in the
kidney and lung [165].

The presumed function of the DNC is the import of dNDPs into the matrix where they can
be converted into dNTPs and therefore be used for the replication of the mtDNA. An
additional function as a ThPP (thiamine pyrophosphate) transporter has also been inferred
from S/c25a19-knockout mice, which exhibited a profound reduction in mitochondrial ThPP
levels to the point of being undetectable [166]. It has even been proposed that this is the
main function of the DNC rather than deoxynucleotide transport [167].

A mutation in SLC25a19was found to be associated with Amish microcephaly, and
reconstitution of the mutant carrier demonstrated reduced dNTP transport activity [168].
Interestingly, cells isolated from patients also exhibited marked reductions in mitochondrial
ThPP [166]. The DNC was originally though to be involved in the mtDNA depletion caused
by antiviral nucleosides, i.e. it transported the drugs into the matrix where they inhibit DNA
polymerase-y. Indeed, transgenic mice overexpressing the DNC specifically in the heart
were more sensitive to nucleoside-induced mtDNA deletion, mitochondrial damage and
cardiomyopathy than their non-transgenic counterparts [169]. In contrast with this study,
Lam et al. [170] showed that neither overexpression nor depletion of the DNC affected
nucleoside drug uptake and mtDNA depletion. It is possible that in this case the pyrmidine
nucleotide carrier SLC25a33 (and potentially SLC25a36) was an alternative route these
drugs took into the mitochondrion.
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SLC25a20 and SLC25a29: carnitine/acylcarnitine carriers

There have been two carnitine/acylcarnitine transporters identified to date. The first to be
cloned and characterized in depth were the CACs (carnitine/acylcarnitine carriers) of rat and
S. cerevisiae [22,46]. CAC transports L-carnitine over D-carnitine in an acyl-chain-length-
dependent manner. Acetylcarnitine and propionylcarnitine are transported with high affinity,
whereas medium- and long-chain fatty acid esters of carnitine are poor substrates for S.
cerevisiae CAC. The rat CAC (SLC25a20) mediates a similar activity, but with an affinity
for medium-and long-chain esters of carnitine higher than for short-chain carnitines and L-
carnitine [171]. Both the reconstituted carrier from liver mitochondria as well as the
recombinant CAC require a countersubstrate for activity and catalyse translocation through a
Ping Pong mechanism [22,28,38,171,172]. The CAC can be inhibited by maleimides,
mercurials and sulfobetaines. A second CAC isoform has been more recently cloned and
termed the CACL (CAC-like protein) or SLC25a29 [173]. Although this protein shares only
modest identity with the original CAC, it too exchanges carnitine for palmitoylcarnitine. The
CAC is expressed in all tissues, but has especially high levels in liver and cardiac muscle
[174]. In contrast, the CACL is somewhat more restricted, being primarily expressed in the
heart, brain, liver and kidney [173].

The CAC is essential for f-oxidation. Cytosolic fatty acids are transferred to carnitine by
CPT1 (carnitine palmitoyltransferase-1) in the outer membrane. The resultant acylcarnitine
is then imported into the matrix by the CAC in exchange for carnitine (and is hence
electroneutral). The fatty acids are then transferred off the carnitine and on to CoA by CPT2,
where they can now enter the f-oxidation pathway. Whether the CACL is of similar
importance has yet to be ascertained. In this regard, many nonsense, frameshift and splicing
mutations in the SLC25a20 gene have been identified in patients with CAC deficiency
disease [174-177]. To date, 35 different mutations of the CAC have been detected in
carnitine carrier-deficient patients [28]. Usually, disease-triggering mutations affect residues
of the carrier signature motif. CAC activity deficiency can also be a consequence of an
elongation in the C-terminal portion of the protein [174]. In any case, impaired foxidation
derived from defective CAC results in decreased carnitine/acycarnitine transport. The
clinical consequences of such alteration may involve hypoglycaemia, hyperammonaemia,
cardiomyopathy, liver failure and encephalopathy [177]. Such findings underscore the
essential requirement of the CAC for effective foxidation to occur. Moreover, they suggest
that CACL cannot compensate for the lack of CAC and that there is very little functional
redundancy between the two carriers. To date no inactivating mutations in the SLC25a29
gene have been identified.

Physical inactivity leads to a down-regulation of SLC25a20, whereas exercise up-regulates
it [178]. Less is known regarding the regulation of CACL, but its expression is enhanced by
starvation [173] and exercise [179]. Diabetes is also associated with CAC down-regulation
[180]. Anti-hyperlipidaemic drugs, such as statins and fibrates, up-regulate expression of the
CAC [181]. This would be expected to enhance foxidation and therefore may contribute to
the lipid-lowering effects of these agents.

SLC25a21: oxoadipate carrier

The mitochondrial ODC (oxodicarboxylate carrier), also known as the oxoadipate carrier,
mediates the import of 2-oxoadipate into the mitochondrial matrix in exchange for 2-
oxoglutarate out. Walker, Palmieri and co-workers first characterized two isoforms of this
transporter in yeast [45]. This same group then went on to clone the human and rat
orthologues [182], although in these cases only a single isoform was identified. The human
and rat ODCs are ubiquitously expressed both at the mRNA and protein levels, with very
little variation between tissues. Reconstitution of the human ODC in liposomes revealed a
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PLP- and bathophenanthroline-sensitive oxoadipate/oxoglutarate counter-exchange
mechanism as its primary function [182]. The protein can also transport glutarate and
aminoadipate and, to a lesser extent, citrate. A recently identified adipose tissue-restricted
splice variant of the ODC, termed ODC-AS, possesses a 29-amino-acid replacement on the
protein C-terminus [183].

Oxoadipate is the primary product of lysine and tryptophan catabolism, which occurs in the
cytosol. The ODC then brings the oxoadipate into the mitochondria, in exchange for
oxoglutarate, where it is converted into acetyl-CoA and enters the TCA cycle. The transport
of oxoglutarate into the cytosol is necessary for the first step of lysine breakdown, which is
catabolized by lysine-oxoglutarate reductase. Interestingly, sSiRNA knockdown of the ODC-
AS splice variant prevented adipocyte differentiation and lipid accumulation, presumably by
decreasing the available acetyl-CoA for fatty acid synthesis. Pathologically, Palmieri and co-
workers proposed that a defect in the ODC may contribute to oxoadipate acidaemia, a
neurological disorder that is characterized by excessive amounts of oxoadipate and
aminoadipate [182]. Deletion of the 14q13.3 region of chromosome 14, which contains the
SLC25a21 gene, has also been reported in lung cancer [184], and down-regulation of this
gene is associated with diabetic retinopathy in rats [185].

SLC25a26: S-adenosylmethionine carrier

SAM (S-adenosylmethionine) is required for several mito-chondrial processes, including
DNA, RNA, protein and sterol methylation, and the synthesis of biotin. In liver cells, 30 %
of the total cellular SAM is mitochondrial. However, mitochondria do not possess the
machinery to make SAM de novo and must import it. Wagner and co-workers first
characterized a mitochondrial SAM transporter and found that it was not dependent on AW,
and could be inhibited by sinefungin and SAH (S-adenosylhomocysteine), but not
methionine or adenosine [186]. Subsequent cloning of the yeast and human genes by
Palmieri’s group revealed an SLC25 family member carrier that imported SAM in exchange
for SAH [50,187], although the yeast carrier may have additional uniport activity. The
mMRNA for SLC25a26 is, for the most part, ubiquitously expressed in human tissues,
although very low levels are found in the spleen and the highest levels are found in the testes
[187]. Mitochondrial SAM levels are markedly reduced in Down’s syndrome, despite an
increase in SAM carrier mMRNA [188]. This is suggestive of a defect in the SAM carrier,
although this has yet to be proven. What role the carrier has or its dysfunction may play in
other diseases has yet to be elucidated.

SLC25a28 and SLC25a37: iron carriers

There are two iron carriers in the inner membrane of the mitochondrion, specifically
SLC25a28 and SLC25a37, otherwise known as mitoferrin-2 and mitoferrin-1 respectively.
The import of iron into the mitochondrial matrix is required for the formation of iron—sulfur
clusters by the Isc/Nfs/Isd/frataxin system. These clusters are then incorporated into many
mitochondrial enzymes, including succinate dehydrogenase and aconitase, or are exported
out of the mitochondrion. Iron is also needed for the last step of haem biosynthesis, which
occurs in the mitochondrial matrix. A mitochondrial iron carrier was proposed to exist,
although it took some time to identify and clone. Eventually, Larsson’s laboratory cloned the
human and mouse orthologue of two previously identi-fied yeast iron carriers, Mrs3 and
Mrs4 [189,190], and found it to be ubiquitously expressed in all tissues, especially striated
muscle and the liver. This carrier was designated SLC25a28. A second iron transporter,
SLC25a37 or mitoferrin-1, was subsequently cloned and appeared to be in most tissues, but
with preferential expression in haemopoietic cells and the brain [191,192].
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Both transporters appear to be critical for iron import. Knockdown of either SLC25a28 or
SLC25a37 reduced iron incorporation into haem and iron—sulfur cluster synthesis in both
erythroid and non-erythroid cells [193]. Interestingly, knockdown of SLC25a28 had a
greater effect on haem synthesis, whereas SLC25a37 depletion had greater effect on iron—
sulfur cluster formation. Mouse erythroblasts lacking SLC25a37 had significantly reduced
iron incorporation into haem and underwent maturation arrest [191]. The import of iron by
this transporter is enhanced by an interaction with the ABC (ATP-binding cassette)
transporter Abch10, whose ablation mimics the effects of SLC25a37 deletion [194]. Iron
import and haem biosynthesis are efficiently coupled by SLC25a37 and ferrochelatase
interaction [195]. What role, if any, these transporters or mutant versions thereof play in
disease pathogenesis remains unknown.

SLC25a32: folate carrier

The MFT (mitochondrial folate transporter) carries folate into the mitochondrial matrix. The
existence of MFT was first propopsed by Horne et al. [196], who demonstrated that
mitochondrial folate import exhibited the characteristics of carrier-mediated transport and
could be inhibited by methotrexate. Titus and Moran [197] eventually cloned the human
transporter where it was evident that it belonged to the SLC25 family. MFT tissue
distribution and transport mechanism are still unknown. However, folate uptake is neither A
pH- nor AW ,-dependent [196].

The MFT appears to be essential for mitochondrial synthesis of glycine, where folate is
required for the conversion of serine into glycine by serine hydroxymethyltransferase.
Inactivation of the MFT’s activity or MFT deletion renders cells glycine auxotrophs
[197,198]. Mitochondrial folate is also required for the glycine cleavage system, which
produces the formylmethionine necessary for mitochondrial translation initiation.
Interestingly, yeast lacking the mitochondrial FAD transporter FIx1 could be rescued by
expressing MFT, suggesting that MFT may also transport FAD across the inner membrane
[199].

In disease, chronic alcohol exposure has been shown to reduce mitochondrial folate uptake
due to reduced SLC25a32 mRNA and protein levels. In addition, alcohol was shown to
reduce the activity of the SLC25a32 promoter [200]. MFT is also down-regulated by chronic
kidney disease [201]. Consequences of MFT down-regulation include enhanced sensitivity
of cells to oxidative stress-induced mitochondrial dysfunction and apoptosis [202]. Finally,
polymorphisms in the SLC25a32 gene were reported to correlate with the variability of
methotrexate therapy efficacy in arthritic patients [203], and may be predictive of altered
vitamin B1, metabolism in patients with cardiovascular disease [204].

SLC25a33 and SLC25a36: pyrimidine nucleotide carriers

The presence of a specific transport mechanism for pyrimidine nucleotides in mitochondria
was first revealed when a mitochondrial fraction possessing dCTP transport activity was
reconstituted in liposomes [205]. Moreover, this activity could be blocked by dCDP, dGTP
and dATP. Importantly, pyrimidine nucleotide uptake was not affected when the DNC was
either overexpressed or knocked down, indicating that the carrier was distinct from the DNC
[170]. The yeast orthologue of the PNC (pyrimidine nucleotide carrier) was subsequently
cloned and it was found that it was specific for CTP, TTP and UTP, as well as the
corresponding di- and mono-phosphates [206]. In that work, the authors proposed the PNC
transport mechanism as an exchange with one nucleotide in for one nucleotide out. The
transport could be inhibited by tannic acid and Bromocresol Purple, and partially by
bongkrekic acid. Inactivation of the gene in yeast resulted in total loss of mitochondrial
DNA.
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Using this information, the mouse pyrimidine nucleotide carrier PNC1 (SLC25a33) was
cloned [207] and found to be expressed primarily in the liver and testis with lower
expression in the heart and brain. Its preference was for UTP followed by TTP and CTP and
knockdown of the PNC reduced UTP import into the mitochondrion. Since then a second
putative PNC has been identified, termed SLC25a36 [192]. Whether this has PNC activity
remains to be established.

From a disease perspective, overexpression of the PNC1 was found to increase cell size and
proliferation and suppress ROS production in breast cancer cells, whereas depletion had the
opposite effect [207,208]. Thus overexpression of PNC1 may play a role in oncogenesis.
Along these lines SLC25a36 expression is also up-regulated in cervical cancer [209].

SLC25a38: ??? carrier

SLC25a38 is somewhat unique in that it has no transport function ascribed to it. Mutations
in the SLC25a38 gene are believed to be responsible for congenital sideroblastic anaemia
[210,211]. Patients with this mutation exhibit elevated serum ferritin levels and immature
erythroid progenitors that contain iron deposits. In zebrafish, knockdown of erythroid cell-
restricted SLC25a38 caused defective erythropoiesis coupled with reduced haemoglobin
levels [211]. S. cerevisiae cells lacking the SLC25a38 homologue also exhibited reduced
haem biosynthesis. It has therefore been proposed that SLC25a38 is a glycine transporter, as
conversion of glycine into 5-aminolaevulinic acid in the mitochondrial matrix is the first
step in haem biosynthesis. However, whether this SLC25 protein is indeed the mitochondrial
glycine carrier remains to be thoroughly tested.

SLC25a42: CoA carrier

The SLC25a42 gene was first identified by Haitina et al. [192]. It was then cloned and
reconstituted in liposomes by Palmieri’s laboratory [5], establishing that the protein
catalysed the exchange of CoA for adenine and deoxyadenine nucleotides. In addition, PAP
(adenine 3',5'-diphosphate) produced in the mitochondria from CoA was shown also to be
transported by SLC25a42. Therefore this carrier can facilitate the import of CoA into the
matrix in exchange for PAP or adenine nucleotides. SLC25a4?2 activity can be inhibited by a
variety of SLC25 family inhibitors, such as bongkrekic acid, tannic acid and PLP [5].

SLC25a43-SL.C25a53

Little is known about the most recently discovered members of the SLC25 family.
Accordingly, literature on transport activities for these carriers remains scarce. A more
comprehensive search results in some interesting points regarding these relatively unknown
proteins. In a GWAS (genome-wide association study), SLC25a43 was proposed to play a
role in Paget’s disease of bone [212]. In another GWAS set, two different groups determined
arole for SLC25a46 as susceptibility loci for atopic dermatitis in Japanese and Chinese
populations respectively [213,214]. The mechanism by which both carriers induce their
pathogenesis still waits to be elucidated.

In a further GWAS, single-nucleotide polymorphisms were associated between SLC25a48
and Parkinson’s disease in an Ashkenazi Jewish population [215]. Again, since this carrier
activity is unknown, it is difficult to envisage what the protein—disease relationship is in this
case.

By using microarray profiling and /n silico analyses, a group found a putative thyroid-
response element in the promoter region of the SLC25a45 gene [216]. Consequently, the
MRNA of this carrier is positively regulated during hyperthyroidism. In that work, the
authors suggest that thyroid hormone-mediated mitochondrial biogenesis may be a result of
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the presence of thyroid-responsive elements in the vicinity of the transcription start site of
proteins such as SLC25a45. As with SLC25a46, the transport characteristics of SLC25a45
remain obscure.

A decreased level of expression of SLC25a47 in hepatocellular carcinoma has been
implicated in the reluctance of such aggressive cancer to undergo cell death [217]. Upon
overexpression of SLC25a47, HEK (human embryonic kidney)-293T cells underwent AWy,
dissipation and collapse of ATP synthesis. The mechanism by which SLC25a47
overexpression triggers cell death may depend on its UCP-like activity [217]. Although no
direct UCP activity determination was performed in one study [217], in another, SLC25a47
overexpression in yeast resulted in a slight increase in state 4 (non-phosphorylating)
respiration of isolated mitochondria [218]. These increases were not sensitive to GDP and
modulation by fatty acids was not tested. Although we cannot rule out the possibility that
SLC25a47 may have promiscuous UCP-like activity [219], its transport characteristics still
have to be properly ascertained.

Perhaps one of the most intriguing new findings in the mitochondrial carrier field is the fact
that SLC25a49 and SLC25a50, also known as MTCH1 (mitochondrial carrier homologue 1)
and MTCH2, are targeted to the outer mitochondrial membrane [220-222]. Although these
proteins share an identity of only 48 %, they are both are involved in apoptotic death, albeit
by different mechanisms. SLC25a49, also known as presenilin 1-associated protein, encodes
a protein known to induce apoptosis independent of the Bcl-2 proteins Bax and Bak [221].
Alternatively spliced transcript variants encoding more than one isoform have been detected
ubiquitously. Carrodeguas’ group defined two pro-apoptotic domains comprising residues
65-112 and residues 113-168. Strikingly, mitochondria-targeting peptides composed of
each domain separately or a fusion of both segments were shown to induce AW, dissipation
and cell death in HEK-293T and HeLa cells [220,223]. SLC25a50 encodes a Six-
transmembrane-helix 30 kDa protein thought to be an outer membrane receptor of pro-
apoptotic Bid and possibly Bax [222]. SLC25a50 is a protein associated with the neuronal
regulation of body weight [224]. SLC25a50 possesses the three repeats of a mitochondrial
carrier; however, it has a shorter transmembrane 1 helix. As with ANT, this protein presents
a single substrate-binding site in the central cavity of the carrier. This site, however, has
unusual characteristics leading to the suggestion that SLC25a50 may not be a transporter, or
may be recognizing a substrate in a non-typical way [222]. At the present time, there are no
reports to our knowledge about any particular phenotype for SLC25a51, SLC25a52 and
SLC25a53.

CONCLUDING REMARKS

Solute carriers are indispensable for transport of essential molecules across the inner
mitochondrial membrane. Their proper activity is required for many biochemical pathways
and for cellular homoeostasis. Consequently, their dysfunction probably leads to
pathological outcomes. This explains why mutations affecting the activity of SLC25
proteins drive a wide variety of human pathologies.

Despite the considerable progress that has been achieved in SLC25 research in previous
decades, many questions still remain in order to reinforce current hypotheses in the field.
For example, is it possible to solve any SLC25 crystal structures in the ‘m’ conformation?
What is the molecular mechanism by which Ca2* binding induces translocation in CaMCs?
How was the ancestral activity of mitochondrial carrier homologues altered to perform their
putative ‘receptor-like’ activity in the outer mitochondrial membrane?
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Future experiments are required to ascertain means of treatment for SLC25-derived diseases.
Accordingly, it is equally important to understand how mitochondrial carriers govern the
mitochondria, the cells and living systems in general.
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adPEO autosomal dominant progressive external ophthalmoplegia
AGC aspartate/glutamate carrier

ANT adenine nucleotide translocator
APC ATP-Mg/P; carrier

BPC basal proton conductance

CAC carnitine/acylcarnitine carrier
CACL CAC-like protein

CamMC Ca?* -sensitive mitochondrial carrier
Cic citrate carrier

CmMV cytomegalovirus

CPT carnitine palmitoyltransferase

DIC dicarboxylate carrier

DNC deoxynucleotide carrier

ER endoplasmic reticulum

GC glutamate carrier

GDC Grave’s disease carrier

GWAS genome-wide association study
HEK human embryonic kidney

HHH hyperornithinaemia, hyperammonaemia and homocitrullinuria
MFT mitochondrial folate transporter
MTCH mitochondrial carrier homologue
OAA oxaloacetate

oDC oxodicarboxylate carrier

OGC oxoglutarate carrier

PAP adenine 3',5'-diphosphate

PEP phosphoenolpyruvate
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phosphate carrier
pyridoxal 5'-phosphate
pyridine nucleotide carrier

ROS reactive oxygen species

S-adenosylhomocysteine
S-adenosylmethionine

SCaMC small calcium-binding mitochondrial carrier
SLC25 solute carrier family 25

tricarboxylic acid

ThPP thiamine pyrophosphate
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Figure 1. Functional roles of mitochondrial six-transmembrane-helix solutecarriers

Schematic diagram illustrating the known and unknown activities of the 53 members of this
family of proteins. Mitochondrial SLC25 proteins facilitate the transport of diverse chemical
species (as summarized in the mitochondrial matrix compartment) by means of uniport,
symport and antiport modalities (as described by arrows). The only carriers of known
structure are currently SLC25a4 (ANT1) and SLC25a8 (UCP2). Cartoons representing these
structures were rendered from available files deposited in the PDB (accession codes 10KC
and 2L CK respectively). Each mitochondrial carrier is identified by acronyms found in the
abbreviation list, throughout the text and in previous literature followed by its respective
numerical classification (i.e. 1, SLC25al). Note that SLC25al7 (peroxisome), as well as
SLC25a49 and SLC25a50 (outer mitochondrial membrane) are the only human carriers
located in different subcellular membranes. *The transport properties of GDC still need to
be unequivocally ascertained. **CAC can also exchange ornithine for acylcarnitine. ***The
transport activity of DNC is probably reversible.
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