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Abstract In eukaryotes, cellular energy in the form of ATP

is produced in the cytosol via glycolysis or in the mitochondria

via oxidative phosphorylation and, in photosynthetic organ-

isms, in the chloroplast via photophosphorylation. Transport

of adenine nucleotides among cell compartments is essential

and is performed mainly by members of the mitochondrial

carrier family, among which the ADP/ATP carriers are the

best known. This work reviews the carriers that transport

adenine nucleotides into the organelles of eukaryotic cells

together with their possible functions. We focus on novel

mechanisms of adenine nucleotide transport, including

mitochondrial carriers found in organelles such as peroxi-

somes, plastids, or endoplasmic reticulum and also

mitochondrial carriers found in the mitochondrial remnants

of many eukaryotic parasites of interest. The extensive

repertoire of adenine nucleotide carriers highlights an

amazing variety of new possible functions of adenine

nucleotide transport across eukaryotic organelles.

Keywords Mitochondria � Adenine nucleotides �
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Abbreviations

MCF Mitochondrial carrier family

CAT Carboxyatractyloside

BKA Bongkrekic acid

AAC ADP/ATP carrier

SCaMC Short calcium-binding mitochondrial carrier

CoA Coenzyme A

ORF Open-reading frame

Introduction

In most eukaryotic organisms, ATP is synthesized both in

the cytosol through glycolysis and in the mitochondria

through oxidative phosphorylation. While only two ATP

molecules are generated by glycolysis per glucose mole-

cule, around 30 ATP molecules are generated by oxidative

phosphorylation, which is dependent on the presence of

oxygen. Thus, the mitochondria are considered the power

plants of the cell. Mitochondria fulfill many roles in

addition to energy production: calcium-handling, heat

production, amino acid and fatty acid metabolism, syn-

thesis of iron-sulfur clusters, and apoptosis regulation.

Photosynthetic organisms, such as plants and algae, also

produce ATP during the light reactions of photosynthesis

in the chloroplasts. Furthermore, plastids also participate in

starch metabolism and de novo synthesis of nucleotides

in plants.

Transport of adenine nucleotides among cell compart-

ments is essential. Adenine nucleotides (especially ATP)

must be transported from the compartments that produce

them to the compartments that use them. A decade ago,

only the mitochondrial ADP/ATP carriers (AAC) and the

ADP/ATP transporters in the plastid envelope were known
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[1]. However, in the last years many carrier proteins in the

mitochondria and in other organelles have been identified

at the biochemical and molecular level. Most of them

belong to the mitochondrial carrier family (MCF, SLC25

transport family) of proteins [2–4].

There are 34 mitochondrial carriers in Saccharomyces

cerevisiae [5], around 50 in mammals [2], and 58 in Ara-

bidopsis thaliana [3]. They are not only located to the

mitochondria, but also to the peroxisomes and chloroplasts.

Mitochondrial carriers share a common structure of around

300 amino acids and six transmembrane helixes (for review

[2–4]) and can be divided into three types according to the

substrate that they transport: carriers of amino acids, car-

riers of ketoacids, and carriers of nucleotides (which are

further subdivided into carriers of mononucleotides and

carriers of dinucleotides) [6–8]. The uncoupling proteins

(UCPs; for review [9]) are phylogenetically included

among the ketoacid carriers group, although their real

substrate is unknown. This work focuses on the transporters

of adenine nucleotides and is aimed at bringing together the

classical adenine nucleotide transporters of mitochondria

with newly identified nucleotide carriers. The reader is

referred to [10, 11] for reviews on the classical AACs.

We review the adenine nucleotide carriers of model

organisms belonging to the five eukaryotic clades [(Fig. S1)

in the Electronic Supplementary Material (ESM)] [12, 13]:

Homo sapiens and S. cerevisiae as opisthokonts, A. thaliana

as a plantae, Dictyostelium discoideum as an amoebozoan,

Trypanosoma brucei as an excavate, and Plasmodium fal-

ciparum as a chromalveolate. We also review the adenine

nucleotide carriers of some amitochondriate parasite

organisms (Fig. S1 in ESM).

Structure and transport mechanism

of the mitochondrial carriers

Structure

All mitochondrial carriers have a similar structure. They

have a small molecular mass of around 30 kDa and contain

three homologous repeats of around 100 amino acids, each

of them consisting of two transmembrane helixes con-

nected by a long loop that faces the mitochondrial matrix,

whereas the repeats are linked by shorter loops that face the

intermembrane space (Fig. 1a). Despite a low sequence

conservation, a consensus sequence, P-h-(D/E)-X-X-(K/R),

has been determined [2–4].

The only mitochondrial carrier whose structure is known

is that of the AAC bound to its specific inhibitor carb-

oxyatractyloside (CAT), which has been determined by

X-ray crystallography [14]. This information together with

previous structural information has led to structural

predictions of other mitochondrial carriers. Although for a

long time these transporters have been thought to function

as dimers [15–17], recent studies have suggested that the

functional unit may be a monomer (for review, [18]).

Mitochondrial carriers can be electroneutral or electrogenic

and, whereas most of them are strict exchangers, a few can

function both as uniporters and as exchangers, or even as

strict uniporters [4, 8].

Transport mechanism

Knowledge of the structure of the AAC [14] and bioin-

formatic studies [6–8] have allowed the identification of a

putative common binding site and mechanism of transport.

According to the proposed model, the substrate binds the

mitochondrial carrier to three binding points, numbered I,

II, and III, located at equivalent positions in transmem-

brane helixes 2, 4, and 6, respectively (Fig. 1b). These

contact points are highly conserved among ortholog pro-

teins in different organisms. Contact point II discriminates

among different substrate types. Amino acid transporters

contain the motif R-[DE], nucleotide transporters contain

the motif G-[IVLM], and ketoacid transporters contain the

motif R-[QHNT]. Contact point I discriminates among

different substrates of the same type. For instance, carboxyl

or phosphate groups bind to [RK], amino groups bind to

[DE], aromatic rings interact with [FY], and hydrophobic

groups bind via van der Waals interactions to [ILV].

Contact point III is often [RK] and binds phosphate

(in nucleotides) or carboxyl groups (in amino acids and

ketoacids).

There are two groups of conserved amino acids in

symmetrical positions in all mitochondrial carriers. The

first one is located in the odd helixes, close to the mito-

chondrial matrix, and consists of the P-X-(D/E)-X-X-(R/K)

motif (the mitochondrial carrier signature). The charged

residues of this motif generate a network of salt bridges

that blocks the access to the matrix when the carrier is in

the c (cytoplasm-facing) conformation [8]. Interestingly,

the proline of the mitochondrial carrier signature (Fig. 1a)

is known to sharply kink the odd helixes when the carrier is

in the c conformation [14], and this would reorient the

P-X-(D/E)-X-X-(R/K) motifs to form the network of salt

bridges. The second group of conserved amino acids is

located in the even helixes, close to the intermembrane

space, and consists of the (F/Y)-(D/E)-X-X-(R/K) motif.

The charged residues of this motif do not have an obvious

function in the c conformation, but it has been proposed

that they could generate a network of salt bridges that

would block the access to the intermembrane space when

the carrier is in the m (matrix-facing) conformation [8]. A

conserved proline (Fig. 1a), which is located close to this

network, has also been identified in the even helixes and
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has been proposed to generate a kink in the even helixes

when the carrier is in the m conformation, and this would

bring together the (F/Y)-(D/E)-X-X-(R/K) motifs to form

the network of salt bridges [19].

These two groups of conserved amino acids have been

named the matrix and cytoplasmic network, respectively

(Fig. 1c, d). Binding of the substrate to the binding site could

disturb the network and would trigger the opening of the

carrier and its conversion to the other state [8]. The conserved

prolines, along with well conserved glycines in odd and even

helixes that are aligned with the prolines (Fig. 1a), would act

as hinges to open or close the carrier on the matrix or cytosolic

side [19]. This model of carrier opening may be able to explain

why some carriers function as uniporters. For example, in the

glutamate carriers the cytoplasmic network does not contain

the conserved charged residues, and thus the salt bridges do

not form when the carrier is in the m conformation; this would

allow the opening of the carrier even in the absence of internal

substrate, and the transition back to the c conformation [8].

This model, however, does not agree with all available

experimental data as, for instance, the GDP/GTP carrier

shows a weak cytoplasmic network and would be expected to

show some degree of uniporter activity [8], but has been

shown to be a strict exchanger [20].

Mitochondrial adenine nucleotide carriers

There are four groups of mitochondrial adenine nucleotide

carriers present in the five eukaryotic clades: the AAC (see

section ‘‘ADP/ATP carrier’’), the ATP-Mg/Pi carrier

[‘‘Short calcium binding mitochondrial carrier (SCaMC) or

Fig. 1a–d Structure and transport mechanism of the mitochondrial

carriers. a Mitochondrial carriers contain three repetitions of 100

amino acids (separated by dashed lines), and each consists of two

a-helixes connected by a segment that faces the mitochondrial matrix

and makes a short helix parallel to the membrane plane. The substrate

binding site of the carrier is located at the midpoint of the membrane

(black arrow). The location of the matrix and cytoplasmic salt-bridge

networks is indicated by red arrows. Conserved prolines are indicated

by orange circles and conserved glycines are indicated by green
circles. TM1–TM6 indicates the transmembrane helixes, and h12, h34,

and h56 indicate the short helixes. b Putative substrate binding site

viewed from the intermembrane space: the substrate binds to three

binding points, I, II, and III, located in helixes 2, 4, and 6,

respectively. In adenine nucleotide carriers, the adenine ring binds to

contact point II, a hydrophobic pocket formed by G-[IVLM], whereas

the phosphate groups bind to contact point I and contact point III,

which are normally [RK]. c, d Cytoplasmic network of salt bridges

(located in even-numbered helixes close to the intermembrane space)

and matrix network of salt bridges (located in odd-numbered helixes

close to the mitochondrial matrix). The positively and negatively

charged residues of the salt bridges are shown in blue and red,

respectively. The matrix network blocks the access to the matrix

when the carrier is in the c conformation, whereas the cytoplasmic

network blocks the access to the intermembrane space when the

carrier is in the m conformation. Binding of the substrate to the carrier

disrupts the salt bridges and triggers its conversion to the other state
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ATP-Mg/Pi carrier’’], the coenzyme A (CoA) carrier

(‘‘Coenzyme A carrier’’) and the uncharacterized carrier

Ypr011c (‘‘Uncharacterized mitochondrial nucleotide

transporters’’; including the AMP/ATP carrier of plants,

‘‘Mitochondrial AMP/ATP transporter’’). Some of them

may have disappeared in some subgroups inside a major

clade (especially in amitochondriate organisms, ‘‘Hydrog-

enosomal and mitosomal adenine nucleotide carriers’’). In

addition, there is also a peroxisomal adenine nucleotide

carrier present in the five eukaryotic clades [‘‘Peroxisomal

adenine nucleotide transporter (pANT)’’]. The five clusters

of adenine nucleotide carriers are shown in Table 1 and

Fig. 2.

ADP/ATP carrier

The mitochondrial ADP/ATP carrier (AAC) performs an

electrogenic exchange of ADP3- with ATP4- between the

cytosol and the mitochondrial matrix [10]. It is essential for

oxidative phosphorylation because, in mitochondria ener-

gized by respiration, it normally exports ATP synthesized

in the mitochondria for cytosolic ADP (Fig. 3). An important

characteristic of this carrier is that it is unable to modify the

net content of adenine nucleotides (ATP ? ADP ? AMP),

as it always exchanges one nucleotide for another [10]. The

affinity of the AACs for adenine nucleotides is very high,

with a KM of around 2 lM in yeast and around 4–8 lM in

humans [21].

Several inhibitors of this carrier are known. CAT binds

to the AAC in its cytoplasmic side and fixes it in the

c (cytoplasm-facing) conformation [10]. On the other hand,

the membrane-permeant bongkrekic acid (BKA) binds to

the carrier in its mitochondrial side and fixes it in the

m (matrix-facing) conformation [10].

The putative substrate binding site of the AACs is highly

conserved [6, 7]. The adenine ring of ADP binds to contact

point II, a hydrophobic pocket formed by G-I (G183-I184 in

human ANT1), whereas the phosphate groups bind to

contact point I, formed by R (R80 in human ANT1), and

contact point III, formed by R (R280 in human ANT1) [6,

7]. The motif RRRMMM (R235-R236-R237-M238-M239-M240

in human ANT1) is highly conserved in all AACs.

AAC in S. cerevisiae

The genome of S. cerevisiae contains three AAC genes:

AAC1, AAC2, and AAC3 (ORFs YMR056c, YBL030c, and

YBR085w, respectively). Aac1p and Aac2p show 77%

identity and 88% similarity. Aac1p and Aac3p show 73%

identity and 88% similarity. Aac2p and Aac3p show 89%

identity and 97% similarity. For further information, see

ESM.

AAC in mammals

The genome of mammals contains four AAC genes: ANT1,

ANT2, ANT3, and ANT4 (carriers SLC25A4, SLC25A5,

SLC25A6, and SLC25A31, respectively). Rodents are an

exception, as they only have three AACs, those equivalent to

ANT1, ANT2, and ANT4 (slc25a4, slc25a5, and slc25a31).

Ant1 and Ant2 show 88% identity and 94% similarity. Ant1

and Ant3 show 87% identity and 94% similarity. Ant1 and

Ant4 show 73% identity and 84% similarity. Ant2 and Ant3

show 92% identity and 97% similarity. Ant2 and Ant4 show

72% identity and 83% similarity. Ant 3 and Ant4 show 72%

identity and 84% similarity. For further information, see

ESM.

AAC in A. thaliana

The genome of A. thaliana contains three mitochondrial

AAC genes: AtAAC1, AtAAC2, and AtAAC3 (genes

At3g08580, At5g13490, and At4g28390, respectively).

AtAac1 and AtAac2 show 86% identity and 93% similar-

ity. AtAac1 and AtAac3 show 74% identity and 82%

similarity. AtAac2 and AtAac3 show 74% identity and

81% similarity.

The amino acid sequences of all three Aac proteins

contain a cleavable N-terminal transit peptide [22], which

enhances the import of these proteins into the inner mito-

chondrial membrane compared to the import of other

mitochondrial carriers (such as the oxoglutarate/malate

carrier) that do not contain a cleavable extension.

AAC in D. discoideum

The genome of this slime mold contains 31 putative

mitochondrial carriers, and a single AAC gene, ancA. It

codes for a protein of 309 amino acids [23].

AAC in T. brucei

The genome of this kinetoplastid parasite contains

24 putative mitochondrial carriers, and a single AAC

gene, MCP5. It codes for a protein of 307 amino acids

[24].

This parasite has a complex life cycle that alternates

between two stages. Oxidative phosphorylation takes place

mainly in procyclic-form trypanosomes (found in the

midgut of the tse-tse fly), and the AAC works to export the

ATP produced in the mitochondria in exchange for cyto-

solic ADP, as in respiring yeast or mammalian cells (see

Fig. S2A in ESM). On the other hand, in bloodstream-form

trypanosomes (found in the blood and tissue fluids of

mammals), with highly simplified mitochondria, ATP is
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obtained by substrate-level phosphorylation during glycolysis,

and it must be imported into the mitochondria. In this stage, the

mitochondrial membrane potential is not generated by respi-

ration, but by the electrogenic exchange of cytosolic ATP4- for

mitochondrial ADP3- through the AAC coupled to H?

pumping through the F0F1 ATP synthase working in reverse

[25], as in anaerobic yeast (see ESM, Fig. S2B).

The related species T. evansi, which only exists in the

bloodstream form, lacks mitochondrial DNA (i.e., it is a dy-

skinetoplastic species) [25]. In this species, the mitochondrial

membrane potential is always generated by the electrogenic

exchange of cytosolic ATP4- for mitochondrial ADP3-

through the AAC coupled to ATP hydrolysis by F1 ATPase

(the F0 fragment is absent, as some of its subunits are coded by

mitochondrial DNA), as in q0 yeast or q0 mammalian cells

(see ESM, Fig. S2C) [25].

AAC in P. falciparum

The genome of this apicomplexan parasite contains only 13

putative mitochondrial carriers, and a single AAC gene that

codes for a protein of 301 amino acids (CAA58541.1).

In this organism, the mitochondria are highly simplified

and the metabolism is highly glycolytic [26]. Their small

Fig. 2 Phylogenetic tree of MCF members that transport nucleo-

tides. Nucleotide carriers are subdivided into dinucleotide carriers

(D; NAD? carriers, pyrimidine nucleotide carriers, FAD carriers, and

peroxisomal adenine nucleotide carriers) and mononucleotide carriers

(M; thiamine pyrophosphate carriers, ATP-Mg/Pi carriers,

SLC25A43-like carriers, ADP/ATP carriers, Ypr011c-like carriers,

and coenzyme A carriers). Carriers characterized by direct transport

measurements are marked with a black asterisk. Carriers whose

function has been inferred by genetic studies or complementation

assays are marked with a red asterisk. Adenine nucleotide carriers

from amitochondriate organisms mentioned in the text are in red.

Protein sequence multiple alignment was performed by Clustal W

software. The phylogenetic unrooted tree was obtained by neighbor-

joining based on the amino acid pairwise distance with the Poisson-

correction method using the Mega4.0 software
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mitochondrial DNA encodes only three proteins (three

subunits of the respiratory chain, but no subunits of the

F0F1-ATP synthase), and it does not encode any tRNAs,

suggesting that they are imported from the cytosol [26].

The electron transport chain is present, but all the com-

plexes have lost some subunits compared to other

eukaryotes, and complex I is substituted by an alternative

non-proton-pumping NADH dehydrogenase, as in yeast.

The sensitivity of the parasite to inhibitors of the respira-

tory chain indicates that it is indispensible, probably due to

its requirement for the regeneration of ubiquinone as

electron acceptor for dihydroorotate dehydrogenase [27],

an essential enzyme in de novo pyrimidine biosynthesis

(there is no salvage pathway in this organism). The mito-

chondrial electron transport chain can become dispensable

upon acquisition of an alternative means to synthesize

pyrimidines independently of ubiquinone regeneration by

the electron transport chain [27]. The mitochondrial

membrane potential is not abolished by electron transport

chain inhibitors, and thus it might be generated by the

electrogenic exchange of cytosolic ATP4- for mitochon-

drial ADP3- through the AAC coupled to ATP hydrolysis

by F1-ATPase (some subunits of the F0 fragment appear to

be absent in this organism), as in q0 yeast or q0 mammalian

cells (see ESM, Fig. S2C). The absence of a complete

F0F1-ATP synthase in the apicomplexans suggests that they

may have lost the capacity for H?-coupled ATP synthesis

and hydrolysis [26] and argues against the use of the

respiratory chain as a means of generating membrane

potential and ATP through oxidative phosphorylation. In

contrast, it has been demonstrated that oligomycin-sensi-

tive oxidative phosphorylation is able to take place in

mitochondria of a related species, P. berghei [28], and this

suggests that apicomplexans might employ highly diver-

gent or novel subunits to fulfill the functions of the F0

fragment [26].

Short calcium binding mitochondrial carrier (SCaMC)

or ATP-Mg/Pi carrier

The mitochondrial ATP-Mg/Pi carrier was functionally

identified by Aprille’s group in the 1980s in rat liver mito-

chondria (for review [29, 30]), but the corresponding genes

have been identified only very recently [31–34]. It performs an

electroneutral exchange of ATP-Mg2- (or HADP2-) with

HPO4
2- between the cytosol and mitochondrial matrix

(Fig. 4). It is able to modify the net content of mitochondrial

adenine nucleotides (ATP ? ADP ? AMP). The direction

and magnitude of net adenine nucleotide transport between

the cytosol and mitochondria depend on the relative ATP-Mg

and Pi concentration gradients. The ATP-Mg/Pi carrier is

insensitive to CAT and BKA, the classic inhibitors of the AAC

[29, 30, 32].

This carrier possesses a novel feature among mito-

chondrial carriers consisting of an N-terminal extension

with EF-hand calcium-binding motifs that face the inter-

membrane space [31, 32]. This short N-terminal domain is

homologous to calmodulin. The presence of the EF-hand

motifs suggests that the transport activity of these proteins

might be regulated by changes in the cytosolic calcium

Fig. 3 Function of the mitochondrial ADP/ATP carrier. Schematic

representation of the oxidative phosphorylation process. The NADH

generated by lipid oxidation (b Ox), in the Krebs cycle (TCA) and

other reactions, and succinate (Succ) generated in the TCA are

oxidated by the respiratory chain complexes (complexes I, II, III, and

IV in green, cytochrome C in blue), and protons are pumped to the

intermembrane space. The proton electrochemical gradient (DlH?) is

used by the H?-ATP synthase (complex V) to generate ATP from

ADP and phosphate (Pi). Pi is imported into the mitochondrial matrix

in symport with a proton through its own transporter (PiC, SLC25A3).

The ATP generated is transported to the cytosol in exchange for ADP

through the ADP/ATP carrier (AAC). The AAC may be inhibited by

CAT and BKA, which act on opposite sides of the membrane
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concentration, as has been observed experimentally

[29, 30, 33). Furthermore, it could provide a new way to

transduce calcium signal to the mitochondria without the

need for calcium entry into the organelle (for review [35]).

The putative substrate binding site of the SCaMCs is

also highly conserved [6, 7]. The adenine ring of ATP or

ADP binds to contact point II, formed by G-I, as in the

AAC (G416-I417 in yeast Sal1p), whereas the phosphate

groups bind to contact point I, formed by K (K314 in yeast

Sal1p), and contact point III, formed by K (K523 in yeast

Sal1p) [6, 7]. Contact point I contains a negatively charged

residue (E318 in yeast Sal1p) that would repel the phosphate

groups of ATP or ADP. The Mg2? that comes with ATP, or

the H? that comes with ADP are thought to bind to that

residue, and this would shield the negative charges [6, 7].

For that reason, the cations are fundamental for transport

through the SCaMCs, and ATP alone is not transported. On

the other hand, in the AAC, the equivalent residue is T (T84

in human ANT1), and it does not coordinate Mg2?,

explaining why this carrier does not require the cation. The

RRRMMM motif of the AACs is not conserved in the

SCaMCs.

SCaMC in S. cerevisiae

The genome of S. cerevisiae contains only one SCaMC

gene, SAL1 (ORF YNL083w). Sal1p, with 545 amino

acids, shows 24, 25, and 26% identity and 42, 43, and 43%

similarity with Aac1p, Aac2p, and Aac3p, respectively. It

shows 31% identity and 50% similarity with the unidenti-

fied carrier Ypr011c, and 22% identity and 41% similarity

with the CoA carrier Leu5p.

Sal1p exchanges ATP-Mg2- with HPO4
2- or HADP2-

with HPO4
2- between the cytosol and mitochondrial

matrix [33, 36, 37], and transport is absolutely dependent

on the presence of extramitochondrial Ca2?, with an S0.5 of

15 lM [33, 36]. Ca2? modifies the Vmax of the carrier, but

not the KM, which is around 0.2 mM for both ADP and

ATP-Mg [33], two orders of magnitude higher than that of

the AACs, which is around 2 lM [21].

Viability (V) function of the SCaMC The only essential

mitochondrial functions in yeast, mitochondrial protein

import and assembly, and iron-sulfur cluster biogenesis,

require ATP in the mitochondrial matrix (for review [38,

39]). However, a yeast mutant of the W303 strain lacking

all three AAC isoforms is able to grow on glucose in

aerobiosis [40], and thus the group of Kolarov proposed the

existence of another carrier responsible for adenine

nucleotide transport in the triple aac1,2,3 mutant [40].

According to that hypothesis, the absence of this unknown

carrier would result in lethality of the triple aac1,2,3

mutant.

Attempts to disrupt the main AAC gene, AAC2, in other

genetic backgrounds such as the FY1679 strain, were found

to be lethal [41]. Chen discovered that gene YNL083w was

mutated in these strains, and renamed it SAL1 (suppressor

of aac2 lethality). SAL1 was then found to code for a

member of the SCaMC subfamily of mitochondrial carriers

[41] and to be a calcium-dependent mitochondrial ATP-

Mg/Pi carrier [36]. As expected by the Kolarov group’s

hypothesis, the combination of disruptions in AAC2 and

SAL1 is lethal in the W303 strain [36, 41], and this lethality

is suppressed by expression of AAC2, AAC3, or SAL1, but

Fig. 4 Function of the mitochondrial ATP-Mg/Pi carrier. The ATP-

Mg/Pi carrier (SCaMC) exchanges ATP-Mg/Pi for Pi (as HPO4
2-)

between the cytosol and the mitochondria. The electron transport

chain generates a DpH, which in turn generates a Pi gradient through

the Pi carrier (PiC). This gradient allows the entry of ATP-Mg into

the mitochondria, even against concentration gradient, whenever the

carrier is activated by a Ca2? signal in the intermembrane space. The

ATP-Mg/Pi carrier contributes to the regulation of the net content of

matrix adenine nucleotides (ATP ? ADP ? AMP). The ADP/ATP

carrier (AAC) is unable to do so, as it always exchanges one

nucleotide for another. Changes in the matrix adenine nucleotide pool

regulate the reactions shown in the figure (Adapted from [29, 30])
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not AAC1, from monocopy or multicopy expression vectors

[41]. Chen suggested that Aac2p and Aac3p, but not

Aac1p, are bifunctional molecules [41]; in addition to their

role in respiratory growth, Aac2p and Aac3p would also

support the cell’s viability on fermentable carbon sources.

These two distinct roles of AAC were designated as R

(for respiration) and V (for viability) functions, respec-

tively [41]. Accordingly, Aac1p would only have the R

function, while Sal1p would only have the V function [41].

Further work by Thorsness’s group clearly demonstrated

that Aac1p is also able to suppress the lethality of the

double mutant, when expressed at the AAC2 locus in the

form of a knock-in strain, although with less efficiency than

Aac2p and Aac3p [42]. According to our present inter-

pretation, the V function of the AACs or Sal1p is to provide

ATP for the protein import system and for iron-sulfur

cluster biogenesis [11].

Disruption mutants The sal1 mutant shows no growth

defects in the situations tested so far, and the SAL1 gene

appeared to be dispensable in respiratory and fermentative

growth, in anaerobiosis, and in the absence of mitochon-

drial DNA. Subsequent studies have discovered that sal1

mutants indeed show a phenotype, which is a higher rate of

spontaneous petite formation (mitochondrial DNA insta-

bility). In a sal1 null mutant of the D273-10B strain, the

rate is 9.5% compared to 1% in the wild type strain [42]. In

the S288C strain, SAL1 is one of the genes implicated in

the very high rate of spontaneous petite formation, so that a

sal1 loss of function mutation raises the rate from 26 to

79% [43]. Thus, the loss of Sal1p destabilizes mtDNA.

On the other hand, as has been indicated, the SCaMC

was found to be essential in yeast cells lacking the main

isoform of the ADP/ATP carrier, AAC2 [36, 41], and also

in yeast cells if the AAC is inhibited by BKA [37]. A sal1

mutant with inactivated EF-hands behaves exactly as a null

mutant [41], proving that calcium binding is essential for

the carrier function, as we have observed [33]. Chen’s

group found that aac2, sal1 double mutants rapidly lose

mitochondrial DNA [44], and loss of mitochondrial DNA

is always lethal in aac2 mutants [45], as they lose their

only way to generate a mitochondrial membrane potential

(for review [11]). The loss of mitochondrial DNA was not

caused by a loss of dATP levels or a decrease in mito-

chondrial transcription, but mitochondrial synthesis of

proteins was significantly reduced [44], and this resulted in

mtDNA depletion. Thus, a reduced import of ATP in

mitochondria caused by lack of Aac2p and Sal1p is a likely

explanation for these results.

SCaMC in other yeast In the yeast Schizosaccharomyces

pombe there is a single SCaMC gene. It codes for a protein

of 426 amino acids, shorter than that of other yeasts, as it

lacks the N-terminal extension with EF-hand calcium-

binding motifs [31].

In the yeast Kluyveromyces lactis there is a single

SCaMC gene. It codes for a protein of 517 amino acids.

Compared to mammalian SCaMCs, Sal1p contains an

insertion of 40 amino acids between EF-hands 3 and 4 in

the N-terminal domain. However, the corresponding

insertion in K. lactis contains only 12 amino acids.

SCaMC in mammals

The genome of mammals contains four SCaMC genes [31,

32, 34, 46]: SCaMC-1(APC1), SCaMC-2 (APC3), SCaMC-

3 (APC2), and SCaMC-3like (carriers SLC25A24,

SLC25A25, SLC25A23, and SLC25A41, respectively).

SCaMC-1 and SCaMC-2 show 61–66% identity and

77–83% similarity. SCaMC-1 and SCaMC-3 show 61%

identity and 79–80% similarity. SCaMC-1 and SCaMC-3L

show 54% identity and 71% similarity. SCaMC-2 and

SCaMC-3 show 64–70% identity and 75–82% similarity.

SCaMC-2 and SCaMC-3L show 56% identity and 71%

similarity. SCaMC-3 and SCaMC-3L show 64% identity

and 77% similarity.

SCaMC-1 and SCaMC-3 have been reconstituted into

proteoliposomes and shown to perform an electroneutral

exchange of ATP-Mg or ADP for Pi [32]. In SCaMC-1, the

KM for both ADP and ATP-Mg is around 0.2 mM [32],

similar to that of the yeast protein Sal1p [33]. On the other

hand, in SCaMC-3, the KM for ATP-Mg is 0.2 mM, but the

KM for ADP is higher, around 0.5 mM [32]. The transport

activity of SCaMC-2 has not been tested so far. SCaMC-3L

is an exception among the SCaMCs, as it lacks the

N-terminal extension with EF-hand calcium-binding

motifs, and thus its activity is not regulated by Ca2? [34].

The KM for ATP-Mg is 0.4 mM and for ADP is 0.9 mM

[34]. Thus, as in its closest paralog, SCaMC-3, the affinity

for both nucleotides is different in this isoform.

Isoforms generated by alternative splicing In humans,

SCaMC-1 and SCaMC-2 each give rise to several tran-

scripts by use of alternative promoters (for review [35]),

resulting in proteins that differ in their first exon, which

codes for the first EF-hand. In contrast, in humans,

SCaMC-3 gives rise to several C-terminal variants by

alternative splicing [47]. Only the SCaMC-3a variant is

complete, as the rest are truncated and lack the last trans-

membrane helix (for review [35]). They are probably not

functional.

The SCaMC subfamily of mitochondrial carriers is thus

the most complex group of mitochondrial carriers. The

large number of isoforms and spliced variants might pro-

vide different calcium sensitivities to the transport activity

of these carriers.
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Expression The mRNAs of human SCaMCs are ubiqui-

tous. Most human tissues such as pancreas, kidney, skeletal

muscle, lung, brain, or heart express more than one isoform

[31, 32]. Only the mRNAs of SCaMC-1a and SCaMC-3L

show a restricted distribution in testis, and that of SCaMC-

2c in brain [31].

At the protein level in mouse, SCaMC-1 is mainly

expressed in the small intestine, lung, and colon; SCaMC-2

is expressed at very low levels in some tissues such as heart

or brain; SCaMC-3 is expressed exclusively in liver and

brain (unpublished observations); and SCaMC-3L is

expressed mainly in testis [34, 46]. SCaMC-1 is also highly

expressed in human proliferating and tumor cell lines

(unpublished observations).

Function of the SCaMC The SCaMCs are probably

activated in vivo by calcium-mobilizing hormones, such as

vasopressin and glucagon in mammals [29, 30]. They

exchange ATP-Mg for Pi and participate in the net uptake

and net loss of adenine nucleotides [29, 30]. By changing

the matrix adenine nucleotide content, the SCaMC play an

important role in the regulation of the mitochondrial met-

abolic pathways that have adenine nucleotide-dependent

enzymes (Fig. 4). These include state 3 respiration, glu-

coneogenesis, urea cycle, mitochondrial protein synthesis,

and import of nuclear encoded proteins into mitochondria

[29, 30].

The SCaMCs appears to be important for mitochondrial

maturation after birth. In fact, the mitochondrial adenine

nucleotide pool has been found to increase several-fold in

newborn rat liver mitochondria within 3 h after birth, and

this increase coincides with the maturation of mitochon-

drial respiration [29, 30]. On the other hand, the

mitochondrial adenine nucleotide pool also increases in

adult liver mitochondria upon fasting or glucagon treat-

ment and decreases after hypoxia/ischemia or during

hibernation [29, 30].

SCaMC in A. thaliana

The genome of A. thaliana contains three SCaMC genes:

At5g61810, At5g07320, and At5g51050 [31]. The subcel-

lular localization and organ distribution of these proteins,

and whether there are splicing variants as in mammals, are

currently unknown.

SCaMC in D. discoideum

The genome of D. discoideum contains four genes that

have been reported to be similar to SCaMCs [23]. Protein

McfC contains an N-terminal domain with four EF hands,

and its substrate binding site is identical to the canonical

one for SCaMCs, with the exception of contact point II,

which is A344-T345, instead of GI. Protein McfB is, on the

contrary, similar to the uncharacterized yeast protein

Ypr011c (see ‘‘Uncharacterized mitochondrial nucleotide

transporters’’). Proteins McfA and McfV lack calcium-

binding motifs and are also close to Ypr011c and SCaMCs,

but their substrate binding site is largely modified. They

probably also transport adenine nucleotides or related

compounds.

SCaMC in T. brucei

The genome of this human pathogen codes for a protein that is

very similar to the SCaMCs. MCP6 is a mitochondrial carrier

of 385 amino acids [48], and remarkably, it lacks an N-ter-

minal extension with EF-hand calcium-binding motifs, and

thus, transport is probably Ca2?-independent.

In bloodstream-form trypanosomes (found in the blood

and tissue fluids of mammals), the protein is predominantly

glycosomal, whereas in the procyclic form (found in the

midgut of the tse-tse fly), it is found mainly in the mito-

chondria [48]. Glycosomes are peroxisome-like organelles

that contain most of the glycolytic enzymes in both life

forms of the trypanosome [48]. Thus, MCP6 could link the

nucleotide pools from the different compartments, mito-

chondria, cytosol, or glycosomes. Surprisingly, it was

shown not to exchange ADP/ATP or ATP-Mg/Pi when

expressed in Escherichia coli [48]. Nevertheless, the same

authors classified it as an SCaMC in a later study [24]. The

putative substrate binding site is practically identical to that

of SCaMCs, but for K118 E122 V126 instead of K E K in

contact point I. Also, the presence of a negatively charged

residue in contact point I (E122) suggests that the substrate

is transported with a cation, as in SCaMCs. It is essential

for survival of T. brucei, as depletion of MCP6 probably

inhibits mitochondrial DNA (kinetoplast) replication [48].

This is reminiscent of the mtDNA instability of the sal1

mutant in yeast.

SCaMC in P. falciparum

The genome of this pathogen codes for a single putative

SCaMC protein of 590 amino acids (XP_001351960.1). It has

a long N-terminal domain of around 150 amino acids that

lacks EF-hand calcium-binding motifs, and thus, transport is

probably Ca2?-independent. The putative substrate binding

site is identical to that of SCaMCs, but for G325-V326 instead of

GI in contact point II. Nevertheless, GV is present in many

other adenine nucleotide carriers, and thus it probably binds

the adenine group as efficiently.
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Coenzyme A carrier

CoA is an essential cofactor that is synthesized in the

cytosol of the cell and must be transported to the mito-

chondrial matrix, where it has a role in the Krebs cycle

(pyruvate dehydrogenase and a-ketoglutarate dehydroge-

nase reactions), b-oxidation of fatty acids, synthesis of

heme, and other mitochondrial reactions (Fig. 5).

The genome of S. cerevisiae contains a single CoA

carrier gene [49], LEU5 (ORF YHR002w). The leu5 yeast

mutant grows poorly in respiratory (nonfermentable)

carbon sources and shows a 15-fold reduction in mito-

chondrial (but not cytosolic) CoA levels.

The genome of mammals contains two CoA carrier

genes: SLC25A42 and SLC25A16 [49, 50]. SLC25A42 has

been shown to be a strict exchanger of CoA with adenine

nucleotides (probably ADP) and is able to complement the

leu5 yeast mutant. The KM of SLC25A42 for its substrates

is around 50–100 lM [50]. Although SLC25A16 has not

been reconstituted in proteoliposomes yet, it is also able to

complement the leu5 yeast mutant, suggesting that its

substrate specificity must be similar [49].

The CoA carrier has not been identified in A. thaliana

yet. Putative orthologs are At4g26180 and At1g14560

(Fig. 2). Putative CoA carriers have also been identified in

D. discoideum (proteins McfP and McfR, Fig. 2) [23] and

T. brucei (protein MCP4, Fig. 2) [24], but seem to be

absent in the malaria parasite P. falciparum. The absence

of the carrier in this parasite is not surprising, as it lacks

pyruvate dehydrogenase, the b-oxidation pathway, and

other pathways that require CoA [26]. However, the carrier

is present in other chromalveolates, such as Phytophthora

infestans (XP_002897719.1, Fig. 2).

The putative substrate binding site of CoA carriers is

conserved [6, 7]. The adenine ring of CoA could bind to

contact point II, formed by G-(V/M) (G213-M214 in yeast

Leu5p), whereas the sulphur of the pantothenate group

could bind to contact point I, formed by (K/Q) (K112 in

yeast Leu5p), and the phosphate groups to contact point III,

formed by (R/K) (K336 in yeast Leu5p) [8]. The

RRRMMM motif of the AACs is not conserved in CoA

carriers.

Mitochondrial AMP/ATP transporter

The mitochondrial AMP/ATP (ADNT1) carrier has only

been identified in plants and performs an exchange of AMP

with ATP between the cytosol and mitochondrial matrix,

which is insensitive to BKA and CAT [51]. The genome of

A. thaliana contains one mitochondrial ADNT1 gene:

Fig. 5 Function of the mitochondrial coenzyme A carrier. The CoA

carrier exchanges cytosolic CoA for mitochondrial ADP. CoA is

used: 1 in the b-oxidation of fatty acids (b Ox); 2 in the synthesis of

N-acetylglutamate, which is an activator of the urea cycle; 3 in the

catabolism of branched amino acids (leucine, isoleucine, and valine),

generating succinyl-CoA, which goes into the Krebs cycle; 4 in the

Krebs cycle (TCA) at the level of pyruvate dehydrogenase (to

generate acetyl-CoA) and a-ketoglutarate dehydrogenase (to generate

succinyl-CoA, which may also be used for heme synthesis); 5 to

provide the mitochondrial acyl carrier protein, a key component of the

mitochondrial type II fatty acid synthase (TII FAS, involved in the

generation of octanoate, a precursor of the key mitochondrial cofactor

lipoate), with its prosthetic group, phosphopantetheine, with produc-

tion of adenosine 30,50-diphosphate, which is exported to the cytosol

by the CoA carrier instead of ADP
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At4g01100. It is expressed strongly in seedlings and to a

lesser extent in leaves and flowers [51]. It codes for a

protein of 352 amino acids.

Its primary function is probably to catalyze the exchange

between cytosolic AMP and intramitochondrial ATP. The

affinity of this carrier for adenine nucleotides is around one

order of magnitude higher than that of the AACs, with a

KM of 26 lM for AMP and ATP, and 48 lM for ADP [51].

An ADNT1-mediated AMP/ATP exchange is likely to

occur across the inner mitochondrial membrane when AMP

is the predominant adenine nucleotide present in the

cytosol (Fig. 6). It is known that cytosolic AMP increases

in plant tissues during emergence from dormancy and

during stresses such as anoxia. In those conditions, cata-

lytic amounts of ATP exported from the mitochondria via

ADNT1 and cytosolic AMP would be converted by the

intermembrane space adenylate kinase into two ADPs.

These ADP molecules would then reenter the mitochon-

drial matrix via the AAC, and there they would be

converted to ATP by oxidative phosphorylation (Fig. 6).

These previous steps before oxidative phosphorylation

(AMP/ATP exchange and adenylate kinase reaction) could

explain the lag phase observed in isolated plant mito-

chondria before maximum rates of respiration and ATP

synthesis are achieved after AMP addition [52]. Accord-

ingly, ADNT1 knock-out plants showed slightly shorter

roots than those of wild-type plants and a restricted rate of

root respiration during the first days after seed germination

[51].

This carrier seems to be absent from mammals, but

Ypr011c (see ‘‘Uncharacterized mitochondrial nucleotide

transporters’’) could be the yeast ortholog [51]. In the

putative substrate binding site of the AMP/ATP carrier, the

adenine ring of the nucleotide probably binds to contact

point II, formed by G209-M210, as in other nucleotide car-

riers, whereas the phosphate groups could bind to contact

point I, formed by R105 or K113, or contact point III, formed

by K325. The RRRMMM motif of the AACs is only slightly

modified to R269-R270-R271-M272-Q273-M274. The cyto-

plasmic and mitochondrial salt bridge networks are

basically complete, and this suggests that this carrier is an

exchanger, as has been observed experimentally [51].

Uncharacterized mitochondrial nucleotide transporters

Ypr011c-like carriers

In yeast there is a single member in the cluster of adenine

nucleotide transporters that remains to be characterized,

Ypr011c (ORF YPR011c). It is likely to be an exchanger of

nucleotides, with a minor net import activity, which does

not require cations such as Mg2? or H? [8]. Ypr011c-like

carriers are very close to CoA carriers (with a very similar

substrate binding site, see Tables 1 and 2) and SCaMCs,

with around 30% identity and 50% similarity.

It could be the yeast ortholog of the AMP/ATP carrier

ADNT1 of A. thaliana [51], as it shows 41% identity and

55% similarity, although the putative substrate binding site

is different (Table 2). There are also orthologs in members

of all the other eukaryotic clades (Fig. 2): the invertebrate

metazoan Nematostella vectensis (44/57% identity/simi-

larity, XP_001626526.1), the chromalveolate P. infestans

(42/56% identity/similarity, XP_002901049.1; but it is

absent in P. falciparum), the excavate Naegleria gruberi

(42/59% identity/similarity, XP_002674890.1; but it is

absent in T. brucei), and the amoebozoan D. discoideum

(44/58% identity/similarity, McfB). The ortholog of

D. discoideum, McfB, is interesting and unique, as it

contains an N-terminal extension with two EF-hands,

similarly to the SCaMCs [23], and this is a novel feature in

this kind of carriers. Surprisingly, this carrier is absent in

chordates (including vertebrates), where SLC25A43 is

present instead.

SLC25A43-like carriers

In some chordates (including all vertebrates), there is also a

single member in the cluster of adenine nucleotide trans-

porters that remains to be characterized, SLC25A43 (Fig. 2).

It is absent in nonchordates, with the surprising exception of

Fig. 6 Function of the Arabidopsis mitochondrial AMP/ATP carrier.

In plants that emerge from dormancy or in plants under anoxic stress,

AMP is the predominant nucleotide in the cytosol. Cytosolic AMP is

exchanged for catalytic amounts of mitochondrial ATP through the

AMP/ATP carrier (1). The ATP that appears in the intermembrane

space reacts with another AMP (2) and generates two molecules of

ADP (adenylate kinase reaction). The newly formed ADP is

exchanged with mitochondrial ATP through the ADP/ATP carrier

(AAC), and this allows oxidative phosphorylation and respiration to

start (3). In order for the AMP/ATP carrier reaction to proceed, AMP

must somehow leave the mitochondrial matrix (4)

1194 J. Traba et al.

123



the invertebrate N. vectensis (XP_001627437.1) and the

chromalveolates P. infestans (XP_002895040.1) and Blasto-

cystis hominis (see ‘‘SCaMC/CoA/Ypr011c-like adenine

nucleotide carriers’’). This suggests that it has either disap-

peared in most of the major eukaryotic clades, or it has

appeared in late metazoans and has been laterally transferred

to these exceptions. The most similar protein in yeast is

Ypr011c, in mammals the CoA carrier SLC25A42, and in

plants the AMP/ATP carrier ADNT1.

In placental mammals, contact point I of the putative

substrate binding site contains R C Q (R78 C82 Q86 in

H. sapiens), unique among nucleotide carriers (Table 2),

whereas in the rest of the chordates the consensus sequence

is R Y Q as in the CoA carrier or Ypr011c. Contact point II

is unique among nucleotide carriers in all vertebrates

(Table 2) and contains G-A (G173-A174 in H. sapiens),

whereas it contains GV in the basal chordate Branchios-

toma floridae (the amphioxus or lancet, XP_002611712.1)

as in the CoA carrier or Ypr011c. It has been predicted to

be a uniporter of nucleotides that does not require cations

such as Mg2? or H? [8].

Other mitochondrial carriers that transport nucleotides

• Mimivirus mitochondrial carrier (VMC1): the DNA of

the giant virus Mimiviridae mimivirus encodes a mito-

chondrial carrier of 237 amino acids. It is the smallest

carrier identified so far [53]. It transports dATP and

dTTP and functions as an exchanger, possibly with

ADP. It is insensitive to BKA and CAT. It has been

speculated that it would take mitochondrial dATP and

dTTP from the host for the replication of its large

genome [53]. The substrate binding site resembles that

of ketoacid carriers and uncoupling proteins [53].

• FAD carrier: Flx1p (YIL134w) in S. cerevisiae [54],

SLC25A32 in mammals [55], AtFOLT11 (At5g66380)

in A. thaliana (located in the chloroplast envelope)

[56], McfI (and perhaps McfM) in D. discoideum [23].

Probably absent in P. falciparum. It belongs to the

dinucleotide carriers group (Fig. 2) [8].

• NAD? carrier: Ndt1p (YIL006w) and Ndt2p

(YEL006w) in S. cerevisiae [57], NDT1 (At2g47490)

and NDT2 (At1g25380) in A. thaliana (located in the

chloroplast envelope and in the mitochondria, respec-

tively) [58], McfW in D. discoideum [23]. Absent in

mammals and probably absent in P. falciparum and

T. brucei. It belongs to the dinucleotide carriers group

(Fig. 2) [8].

• Pyrimidine nucleotide carrier: Rim2p (YBR192w) in

S. cerevisiae [59], SLC25A33 [60] and SLC25A36 in

mammals, RimA in D. discoideum [23], and possibly

MCP23 (Tb927.5.1550) in T. brucei [24]. Absent in

plants and probably absent in P. falciparum. It belongs

to the dinucleotide carriers group, even though it

transports mononucleotides (Fig. 2) [8].

• Thiamine pyrophosphate carrier: Tpc1p (YGR096w) in

S. cerevisiae [61], SLC25A19 in mammals [62],

At3g21390 and At5g48970 in A. thaliana, McfK in

D. discoideum [23], and possibly MCP7 (Tb10.61.0610)

in T. brucei [24] and XP_001350397.1 in P. falciparum. It

belongs to the mononucleotide carriers group (Fig. 2) [8].

• S-adenosyl-methionine carrier: Sam5p (YNL003c) in S.

cerevisiae [63], SLC25A26 in mammals [64], SAMC1

(At4g39460) and SAMC2 (At1g34065) in A. thaliana

[65], and possibly MCP20 (Tb10.61.2510) in T. brucei

[24] and XP_001350804.1 in P. falciparum. Absent in

D. discoideum [23]. It belongs to the amino acid

carriers group, even though S-adenosyl-methionine

contains an adenine group [8].

• GDP/GTP carrier: Ggc1p (YDL198c) in S. cerevisiae

[20] and MCP13 (Tb927.2.2970) in T. brucei [24].

Absent in P. falciparum, mammals and plants. It

belongs to the ketoacid carriers group, even though it

transports nucleotides [8].

Table 2 Other mitochondrial nucleotide carriers: SLC25A43 (mam-

mals), Ypr011c (yeast), and ADNT1 (A. thaliana). The consensus

sequences of the putative substrate binding sites I, II, and III are

shown, and also the deviation from the RRRMMM motif of the ADP/

ATP carrier. Note the difference in the substrate binding sites between

Ypr011c and ADNT1, which belong to the same cluster (Ypr011c-

like carriers). Numbers indicate identity/similarity with other known

mitochondrial carriers: ADP/ATP carriers, ATP-Mg/Pi carriers, CoA

carriers, and carriers from plants

Identity/similarity to Contact points Motif

S. cerevisiae H. sapiens A. thaliana I II (adenine) III RRRMMM

Aac2p Sal1p Leu5p Ypr011c ANT1 SCaMC-1 SLC25A42 SLC25A43 Most similar

Hs: SLC25A43 25/44 23/47 24/40 31/50a 27/46 28/49 28/50 – ADNT1 31/51 R C Q GA K KRK MQA

Sc: YPR011c 31/47 30/50 31/50 – 30/48 33/52a 33/51 31/50 ADNT1 41/55 R Y Q GV K RRR FQV

At: ADNT1 28/47 28/48 32/51 41/55a 25/42 33/53 25/45 23/46 – R N K GV K RRR MQM

a Highest identity/similarity
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Hydrogenosomal and mitosomal adenine nucleotide

carriers

A few groups of unicellular eukaryotes appear to lack

mitochondria and contain instead double-membrane-

enclosed organelles called hydrogenosomes or mito-

somes, depending on whether or not they generate

molecular hydrogen [66]. They are thought to have

evolved from mitochondria by the concomitant loss of

classic mitochondrial features, most notably electron

transport chain proteins and the mitochondrial genome.

Hydrogenosomes produce ATP by oxidation of pyruvate

using a pyruvate-ferredoxin oxidoreductase and molecu-

lar hydrogen as a waste product using a hydrogenase.

Mitosomes, on the other hand, are even more simplified

and have no obvious role in ATP production. All of these

simplified organelles always contain at least one mito-

chondrial chaperone and some elements of the iron-sulfur

cluster assembly machinery [66]. Phylogenetic analyses

support a common origin for mitochondria, hydrogeno-

somes, and mitosomes, and these mitochondrial remnants

probably arose from mitochondria independently several

times during evolution (see Fig. S1 in ESM), as a result of

movement into anaerobic habitats. Recently, even

anaerobic metazoans of the phylum Loricifera have been

shown to lack mitochondria and contain hydrogenosome-

like organelles [67].

The mitochondrial carrier repertoire in these mito-

chondrial remnants is often simplified to a single member,

which is always an adenine nucleotide transporter. The

compulsory presence of an adenine nucleotide transporter

in mitochondrial remnants is reminiscent of a related

phenomenon in yeast mitochondria, where ATP import

either by the AACs or Sal1p is required for viability [11].

ATP is essential in these organelles for the protein import

system and for the assembly of iron-sulfur clusters

(Fig. 7). There are several types of nucleotide transport-

ers in these organelles (Table 3). They appear to have

obtained adenine nucleotide carriers independently from

different sources (Fig. 2): canonical AACs (‘‘Canonical

ADP/ATP carriers’’), Ypr011c/CoA/SCaMC-like carriers

(‘‘SCaMC/CoA/Ypr011c-like adenine nucleotide carri-

ers’’), modified NAD? carriers (‘‘NAD?-like adenine

nucleotide carriers’’), or even by lateral gene transfer

from prokaryotes (‘‘Adenine nucleotide carriers not

belonging to the mitochondrial carrier family’’). Even

close relatives, such as the microsporidians Antonospora

locustae and Encephalitozoon cuniculi, may contain dif-

ferent types of adenine nucleotide transporters. Thus,

different organisms with simplified mitochondria have

recruited different carriers to maintain adenine nucleotide

transport.

Canonical ADP/ATP carriers

Those adenine nucleotide carriers from anaerobic ciliates

and anaerobic chytridiomycete fungi are true AACs

(Fig. 2) and are accordingly inhibited by CAT and BKA.

Nyctotherus ovalis The genome of this gut-dwelling

anaerobic ciliate codes for two mitochondrial transporters

[68]. One is a putative S-adenosylmethionine carrier and

the other is a transporter of 308 amino acids that clusters

with true AAC sequences. The hydrogenosome of this

organism has retained a rudimentary genome that encodes

subunits of mitochondrial complex I, and these proteins

cluster with their homologues from aerobic ciliates, such as

Paramecium or Tetrahymena [69]. Complex I is probably

involved in the generation of a hydrogenosomal membrane

potential [69]. Two nuclear-encoded complex II subunits

are present, but complexes III and IV are absent.

Neocallimastix patriciarum and Neocallimastix fronta-

lis The genome of these anaerobic fungi codes for a

single transporter of 308 amino acids [68, 70]. Its sequence

clusters with fungal AAC sequences. It is able to comple-

ment growth in respiratory carbon sources of the aac2

S. cerevisiae mutant, and this demonstrates that the hy-

drogenosomal AAC of Neocallimastix is recognized by the

mitochondrial protein import machinery of S. cerevisiae

and a conservation of function.

SCaMC/CoA/Ypr011c-like adenine nucleotide carriers

Those carriers of anaerobic flagellates, anaerobic stra-

menopiles, or microsporidians are closer to the SCaMCs/

CoA/Ypr011c-like proteins than to the AACs. However,

none of them has an amino-terminal extension with Ca2?

binding domains as do the SCaMCs. The precise carrier

from which each of them has evolved is not clear, as the

percentage of identity/similarity to SCaMCs, CoA carriers,

or Ypr011c-like carriers is very similar (Table 3). Appar-

ently, those that have been tested in transport essays are not

inhibited by CAT or BKA.

Blastocystis hominis The genome of this opportunistic

human parasite belonging to the stramenopiles codes for

several mitochondrial carriers. It was previously reported

that there were only 9 transporters [71], but in blast sear-

ches on B. hominis protein sequences in NCBI, using

several mitochondrial carriers as query, we have found at

least 20 carriers, which is consistent with their complex

metabolism [71]. There are several adenine nucleotide

carriers such as a CoA carrier, an SCaMC, and an

SLC25A43-like carrier, but interestingly no AACs (Fig. 2).

The organelle of this organism contains a circular genome

that encodes subunits of mitochondrial complex I [72] and
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also possesses a membrane potential [71]. Four nuclear-

encoded complex II subunits are present, but complexes III

and IV are absent. There is no evidence of hydrogen pro-

duction yet, but there is a hydrogenase in the organelle.

These organelles are considered as anaerobic mitochondria.

Trichomonas vaginalis The genome of this anaerobic

flagellate belonging to the parabasalids codes for five mito-

chondrial carriers, among them a transporter of 316 amino

acids [68]. This protein, Hmp31, contains a cleavable N-ter-

minal transit peptide that is not essential for import but is able

to replace a hydrogenosomal matrix presequence when fused

to a different sequence. It transports ADP and ATP, operating

as an exchanger [73]. The hydrogenosome of Trichomonas

contains the NADH dehydrogenase module of mitochondrial

complex I [74] and also possesses a membrane potential.

Complexes II, III, and IV are absent.

Entamoeba histolytica The genome of this human para-

sitic amoebozoan codes for two mitochondrial carriers.

One of them is a highly modified phosphate carrier [75].

The other is an adenine nucleotide carrier of 276 amino

acids [76]. It is targeted to the mitosome and it transports

ATP, ADP, and AMP, operating as an electroneutral

exchanger. Interestingly, Entamoeba has lost mitochon-

drial-type iron-sulfur cluster assembly proteins and

possesses instead an analogous bacterial-type system

acquired by lateral gene transfer [77]. However, there are

conflicting data on whether the system is located in the

cytosol, the mitosome, or both [75, 77].

Trimastix pyriformis The genome of this free-living

anaerobic flagellate belonging to the excavates codes for

three mitochondrial carriers [78]. One of them clusters with

FAD and dicarboxylate transporters, another has no

obvious similarity with any carrier, and the third one, with

270 amino acids, clusters with adenine nucleotide carriers

[78]. There is no evidence of hydrogen production yet, but

there is a hydrogenase gene. These organelles are consid-

ered to be anaerobic mitochondria.

Psalteriomonas lanterna The genome of this microaero-

philic amoeboflagellate belonging to the heteroloboseans

codes for a single mitochondrial carrier of 298 amino acids,

which is probably targeted to the hydrogenosome [79]. The

hydrogenosome contains the NADH dehydrogenase mod-

ule of mitochondrial complex I [79]. Complexes II, III, and

IV are absent.

NAD?-like adenine nucleotide carriers

The genome of the microsporidian A. locustae codes for a

single mitochondrial carrier of 299 amino acids whose

localization is currently unknown, but it is targeted to the

mitochondria when expressed in S. cerevisiae [80]. Thus, it

is probably targeted to the mitosome in Antonospora [80].

It was shown to transport ATP and ADP [80], preferen-

tially as an exchanger. Surprisingly, this carrier is

phylogenetically close to the NAD? transporter of S. ce-

revisiae or A. thaliana (Fig. 2), and not to adenine

nucleotide carriers, and thus it must have altered its func-

tion at some point in its evolution [80].

Adenine nucleotide carriers not belonging

to the mitochondrial carrier family

There are four ATP/ADP transporters in the microsporidian

E. cuniculi that are not related to the mitochondrial carrier

family (EcNTT1–EcNTT4) [81]. Their amino acid

Fig. 7a, b Function of

hydrogenosomal and mitosomal

adenine nucleotide transporters.

a Hydrogenosomes generate H2

and ATP by substrate-level

phosphorylation. The ATP is

used for protein import,

chaperone function, or synthesis

of Fe-S clusters, and is also

exported to the cytosol in

exchange for ADP by an

adenine nucleotide transporter

(ANT). b Mitosomes do not

produce ATP, and thus it must

be imported from the cytosol to

support mitosomal reactions by

an adenine nucleotide

transporter (ANT)
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sequence exhibits a high degree of similarity to the ATP/

ADP transporter from the obligate intracellular gram-neg-

ative bacterium Rickettsia prowazekii and to the ATP/ADP

transporter of the plastid envelope (see ‘‘Plastidic adenine

nucleotide carriers not belonging to the mitochondrial

carrier family’’). This suggests that these proteins have

been obtained by lateral gene transfer, probably from

prokaryotes. The carriers contain 12 putative transmem-

brane helixes and a molecular weight of around 60 kDa.

They are insensitive to the AAC inhibitors BKA and CAT.

EcNTT3 is located to the mitosome of E. cuniculi, and it

is thought to provide it with ATP [81]. On the other hand,

EcNTT1, EcNTT2, and EcNTT4 are located in the surface

of the parasite, but only when it is living inside host cells,

and would function to steal ATP from them [81]. Phylo-

genetic and immunofluorescence data indicate that NTTs

are also present in other microsporidians, such as

Paranosema grylli and Trachipleistophora hominis [81].

Plastidic adenine nucleotide carriers

Plant chloroplasts possess an outer membrane and an

envelope (inner membrane), and between these two layers

is the intermembrane space. The material within the

chloroplast is called the stroma, which contains the

DNA, ribosomes, etc. In the stroma there are sub-

organelles called thylakoids, where the light reactions of

photosynthesis and ATP synthesis take place, inside of

which there is a lumen. Thus, in the chloroplast, there

must be transport systems that connect the cytosol with

the stroma, and the stroma with the thylakoid lumen

(Fig. 8; Table 4).

Plastidic adenine nucleotide carriers not belonging

to the mitochondrial carrier family

There are two ATP/ADP transporters in the plastid enve-

lope of A. thaliana that are not related to the mitochondrial

carrier family (AATP1 and AATP2) [82]. They catalyze

the electroneutral exchange of cytosolic ATP4- for stromal

ADP3- and H2PO4
- [83]. Their amino acid sequence

exhibits a high degree of similarity to the ATP/ADP

transporter from the obligate intracellular gram-negative

bacterium R. prowazekii, and they may have been obtained

by lateral gene transfer. These proteins contain 578 and

569 amino acids, respectively, 12 putative transmembrane

helixes, and a molecular weight of around 60 kDa. They

Fig. 8 Plastidic adenine nucleotide transporters. In plastids there are

several adenine nucleotide transporters. The plastid envelope adenine

nucleotide carriers (AATP) exchange cytosolic ATP for mitochondrial

ADP and Pi, and this ATP is used for night reactions, including

synthesis of lipids and starch synthesis. The thylakoid adenine

nucleotide carriers (TAAC) exchange stromal ATP (generated by

photophosphorylation in the plastid ATP synthase) for thylakoidal

ADP, and this ATP is used for thylakoid reactions, such as protein

phosphorylation, folding, import, and degradation, turnover and repair

of the photosystem II complex. The ubiquitous BT1 (BT1-2)

transporter exports adenine nucleotides, which are exclusively

synthesized de novo in plastids, to the cytosol. The related BT1

(BT1-1) transporter, which is only present in monocotyledonous

plants, imports cytosolic ADP-glucose, required for starch synthesis,

in exchange for plastidic ADP
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may be members of the 12-TM family of transport sys-

tems. They are insensitive to the AAC inhibitors BKA and

CAT.

The main function of the plastidic ATP/ADP transporter

is the supply of the stroma with cytosolic ATP required for

various important anabolic reactions (Fig. 8). For example,

starch, amino acid, and fatty acid synthesis in heterotrophic

plastids is strictly dependent upon the exogenous supply of

ATP. Also, nocturnal ATP import is crucial for controlled

chlorophyll biosynthesis and contributes to the prevention

of light-induced cell damage induced by accumulation of

photoreactive tetrapyrrole intermediates [84]. Accordingly,

double AATP1 and AATP2 knock-out plants show a dwarf

phenotype and necrotic lesions in the leaves when grown in

low light/short day conditions, where they accumulate the

photoreactive intermediate Proto IX. This does not take

place in high light/long day conditions because in these

situations the plastids are able to regenerate stromal ATP

by substrate-level phosphorylation produced by increased

turnover of transitory starch, and this ATP prevents Proto

IX accumulation and thus oxidative damage [84].

Plastidic adenine nucleotide carriers belonging

to the mitochondrial carrier family

ADP/ATP exchangers

There is an AAC in the plastid thylakoid of A. thaliana

[85], and it belongs to the mitochondrial carrier family

(TAAC, At5g01500 gene). It contains 415 amino acids and

an N-terminal chloroplast transit peptide. It exchanges

stromal ATP for thylakoid lumen ADP.

ATP is produced during the light-dependent photo-

synthetic reactions on the stromal side of the thylakoid

membrane. Besides its utilization during CO2 fixation in

the stroma, ATP drives many energy-dependent processes

in thylakoids (Fig. 8), including protein phosphorylation,

folding, import, and degradation [85]. It is also converted

to GTP, which is involved in the turnover and repair of

the photosystem II complex, which is mainly inactivated

under high light stress conditions [86]. TAAC knock-out

plants displayed lower shoot weight when reaching full

development and were less tolerant of high light condi-

tions in comparison with the wild type, apparently by a

deficient repair of photosystem II under light stress in the

mutants [86]. Mutants also show a 40% reduction in the

thylakoid content, resulting in pale green leaves, and

uptake of ATP into isolated thylakoids is reduced around

30–40% [85]. This residual ATP uptake activity suggests

that there must be an alternative carrier for ATP in thy-

lakoids that compensates for the absence of TAAC.

Indeed, the gene At3g51870 codes for an uncharacterized

carrier that is very similar to TAAC, and it could perform

this function.

Adenine nucleotide uniporters

The protein Brittle 1 (AtBT1, gene At4g32400) in A. tha-

liana is a transporter of AMP, ADP, and ATP (Fig. 8) and

is able to perform nucleotide uniport [87]. The homologous

Table 4 Extramitochondrial adenine nucleotide carriers in plants.

ADP/ATP exchangers in the thylakoid membrane and in the plastid

envelope, adenine nucleotide uniporters in the plastid envelope, ADP/

ATP carrier in the ER, and uncharacterized carriers that are similar to

them are shown. Plastidic adenine nucleotide carriers that do not

belong to the mitochondrial carrier family are not compared with

other proteins. Numbers indicate identity/similarity with other known

mitochondrial carriers as in Table 2, and putative substrate binding

sites are indicated. Contact point II of most of them contains G-[IVM]

and contact point III contains [RK]

Identity/similarity to Contact points Motif

AACs SCaMCs CoA Ypr011 SLC25A43 I II (adenine) III RRRMMM

ADP/ATP exchangers in the thylakoid membrane

At: TAAC (At5g01500) 31/46 ANT1 33/56 SCaMC-1 36/54 SLC25A42a 32/50 30/49 R Y Q S I K RRQ MQL

At3g51870 31/47 ANT1 33/54 SCaMC-1 36/54 SLC25A42a 30/49 29/48 R Y Q GI K RRQ MQM

Adenine nucleotide uniporters in the plastid envelope

AtBT1 (At4g32400) 27/46 ANT1 Aac2p 35/56 SCaMC-1 35/57 SLC25A42a 37/55 30/51 R S E GV K RKH MQV

At3g20240 23/44 ANT1 30/51 SCaMC-1a 29/51 SLC25A42 27/49 26/47 R T E GM K RKR LMV

ADP/ATP exchangers in the plastid envelope

AATP1, AATP2 Do not belong to the MCF

Endoplasmic reticulum ADP/ATP carrier

At: ER-ANT1 (At5g17400) 62/77 Aac2pa 28/46 SCaMC-1 29/44 SLC25A42 28/44 26/47 R T N GI L RRR MML

At5g56450 44/63 ANT1a 29/49 SCaMC-1 29/45 SLC25A42 31/47 27/50 R S N GV R RRR IMM

a Highest identity/similarity
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protein of Solanum tuberosum, StBT1, has also been

characterized [88]. It was proposed to provide the cytosol

and other compartments with adenine nucleotides exclu-

sively synthesized de novo inside plastids [88]. The highly

specific inhibitors of mitochondrial AACs, BKA and CAT,

showed no inhibitory effect.

AtBT1 knock-out plants are unable to develop [87],

suggesting that the absence of Brittle 1 is lethal, and that no

other carrier or metabolic pathway can compensate for the

loss of this transporter. On the other hand, plants with a

reduced expression of the protein survive but show

impaired growth [87]. Addition of adenosine increases

growth in these mutants, and this is explained

because plants contain a nucleotide salvage pathway in the

cytosol.

It was previously thought that Brittle 1 in Zea mays

(Zmbt1) encoded an ADP-glucose transporter, residing in

the inner membrane of maize endosperm plastids [89]. This

apparent paradox was later explained in further phyloge-

netic and biochemical analyses, which classify the BT1

family into two distinct groups [89]. One group is restricted

to cereals, where they mediate ADP-glucose transport in

exchange for ADP for starch synthesis (BT1). Indeed,

whereas ADP-glucose is synthesized in the plastid of most

plants, it is synthesized in the cytosol of monocotyledonous

plants, and thus, it must be imported into the chloroplast

(Fig. 8). The other group, in which AtBT1 is included,

occurs in all plants and is involved in the uniport of adenine

nucleotides (BT1-2). It is surprising that, despite showing

79% identity and 89% similarity in the transport domain

and identical substrate contact points between them, the

substrates of both groups are different. The presence of a

negatively charged residue in contact point I (Table 4)

suggests that transport may require a cation, as do

SCaMCs.

The gene At3g20240 codes for an uncharacterized pro-

tein that is highly similar to Brittle 1, but whose subcellular

localization is currently unknown.

Adenine nucleotide carriers in other organelles

Peroxisomal adenine nucleotide transporter (pANT)

The peroxisomal adenine nucleotide carrier performs an

electroneutral exchange of cytosolic ATP for peroxisomal

AMP, which is H? compensated (Fig. 9). The carrier is an

important supply of ATP for the activation of fatty acids

for peroxisomal b-oxidation, for the generation of an H?

gradient [90], and possibly for peroxisomal biogenesis.

Peroxisomal carriers are more similar to pyrimidine

nucleotide, NAD?, and FAD carriers (dinucleotide carriers,

Fig. 2) than to adenine nucleotide carriers [8].

There is a single gene in yeast, ANT1 (ORFs YPR128c),

and its disruption results in impaired growth on laurate, a

medium-chain fatty acid, as a single carbon source,

whereas normal growth was observed with long-chain fatty

acids [91]. b-Oxidation of medium-chain fatty acids in

S. cerevisiae takes place in the peroxisomes, a process that

is dependent on intraperoxisomal ATP.

SLC25A17 is the peroxisomal AMP/ATP carrier in

mammals. In humans, the peroxisomal b-oxidation system

is required for chain shortening of certain branched chain

fatty acids and very long chain fatty acids, and therefore it

needs ATP in the peroxisomal matrix for their activation

[92]. On the other hand, medium-chain fatty acids are

oxidized in the mitochondria.

In A. thaliana there are three peroxisomal mitochondrial

carriers, At2g39970, At3g05290, and At5g27520, but only

At3g05290 (PNC1) and At5g27520 (PNC2) are thought to

be AMP/ATP transporters. Knock-out plants for both genes

are impaired in seedling growth, which depends on fatty

acid oxidation in the peroxisomes [93]. The function of

At2g39970 is unknown, but it clusters with the rest of

peroxisomal adenine nucleotide transporters.

Fig. 9 Function of the peroxisomal adenine nucleotide transporter.

The peroxisomal adenine nucleotide transporter (pANT) exchanges

cytosolic ATP and an as yet undetermined number of protons for

peroxisomal AMP. ATP is used in the activation of fatty acids for

peroxisomal b oxidation (b Ox), and the protons generate a

peroxisomal DpH
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McfQ is the putative peroxisomal adenine nucleotide

transporter in D. discoideum (Fig. 2) [23]. The carrier is

probably absent in P. falciparum, but present in other

chromalveolates such as P. infestans (XP_002900592.1,

XP_002902667.1, and XP_002909633.1, Fig. 2). In T. brucei

there are several candidates [24], MCP1 (Tb09.211.3200),

MCP2 (Tb11.01.5960), and MCP22 (Tb11.01.5950), but they

do not really cluster with the rest of peroxisomal transporters.

In addition, MCP2 and MCP22 are apparently located to the

mitochondria, whereas the localization of MCP1 is still

unknown [24], and this leaves MCP1 as the only probable

peroxisomal candidate. On the other hand, b-oxidation in this

organism probably takes place in glycosomes [94], peroxi-

some-like organelles in which there is already a nucleotide

transporter (the SCaMC MCP6) [48], and thus a peroxisomal

nucleotide transporter may not be required. This carrier is

nevertheless present in other excavates such as N. gruberi

(XP_002678224.1, Fig. 2).

Endoplasmic reticulum adenine nucleotide transporter

(ER-ANT)

The endoplasmic reticulum of A. thaliana contains the

product of an AAC gene [95], ER-ANT1 (At5g17400). It

shows 61, 61, and 63% identity and 77, 77, and 79%

similarity with AtAac1, AtAac2, and AtAac3, respectively.

In contrast to them, ER-ANT1 does not possess a putative

N-terminal transit peptide. It supplies the ER lumen with

ATP for BiP chaperones, calreticulin chaperones, and

Ca2?-dependent protein kinase [95]. Remarkably, it is

insensitive to BKA and CAT.

ER-ANT knock-out plants exhibited a dramatic growth

retardation and impaired root and seed development [95].

In addition, the levels of several endoplasmic reticulum

proteins that are dependent on a sufficient ATP supply

were substantially decreased.

The ER-ANT is absent in yeast or mammals, and it is

unknown which protein is responsible for ATP uptake in

the ER of these organisms. The gene At5g56450 in

Arabidopsis codes for an uncharacterized protein that is

similar to ER-ANT1, but whose subcellular localization is

currently unknown.

Vesicular nucleotide transporter

The vesicular nucleotide transporter does not belong to the

mitochondrial carrier family (SLC25) but to the SLC17

transporter family [96]. This family comprises nine genes

in mammals [96] and includes Na?/PO4
2- cotransporters

(SLC17A1, SLC17A2, ALC17A3, and SLC17A4), the

transporter of H?-sialic acid or aspartate (SLC17A5) [97],

and glutamate transporters (SLC17A6, SLC17A7, and

SLC17A8).

The vesicular nucleotide transporter (VNUT, SLC17A9)

mediates the accumulation of ATP in secretory vesicles

such as synaptic vesicles and adrenal chromaffin granules,

and it is important for the exocytosis of ATP. It contains

430 amino acids and 12 putative transmembrane helixes,

and it is present in various vertebrates and invertebrates

[96]. It was shown to transport ATP, ADP, and GTP by

using membrane potential as the driving force. Transport

requires chloride anions, as do some other members of this

family [97], and surprisingly, it is inhibited by atractylo-

side, but only in the presence of Mg2? [96].

Concluding remarks

Mitochondrial carriers are present in all five eukaryotic

clades (opisthokonts, plantae, amoebozoans, excavates, and

chromalveolates), suggesting that they were fundamental

for the development of eukaryotes and that mitochondria

are now essential components of eukaryotic cells. They are

not only located to mitochondria, but to other organelles

such as peroxisomes, endoplasmic reticulum, and plastids.

Although some eukaryotes appear to lack mitochondria

and were thought to be primitive and to have separated

from other eukaryotes before the mitochondrial endosym-

biosis, recent studies suggest that this is a derived feature.

In these amitochondriate species, hydrogenosomes or

mitosomes have appeared by a dramatic reductive evolu-

tion of the former mitochondria. Mitochondrial carriers are,

as the rest of the mitochondrial components (respiratory

complexes, H?-ATP synthase, mitochondrial DNA,

enzymes), also reduced and often a single member remains,

which is always an adenine nucleotide transporter. Thus,

ATP seems to be always required for the function of these

mitochondrial homologues. The only common metabolic

function identified for mitochondria, hydrogenosomes, and

mitosomes is iron-sulfur cluster biogenesis [66]. Some

enzymes responsible for this pathway require ATP, and all

of them must be imported into the organelle using the ATP-

requiring protein import system and properly folded using

ATP-requiring chaperones. This explains the strict

requirement of ATP, and thus the obligatory presence of an

adenine nucleotide carrier in these extremely simplified

organelles. Indeed, whereas mitochondrial DNA, oxidative

phosphorylation, and many other mitochondrial processes

are dispensable in yeast or even in some mammalian cells

in culture, ATP is still required for the protein import

system, chaperones and iron-sulfur cluster biogenesis, and

thus either an AAC or an SCaMC is essential for viability

in yeast [11, 36, 41]. There may be, however, a significant

difference between mitochondria and mitochondrial rem-

nants: the mitochondrial protein import system requires, in

addition to ATP, a membrane potential, whereas, to our
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knowledge, not all types of mitosomes or hydrogenosomes

have been shown to display a membrane potential yet.

Perhaps some mitosomes and hydrogenosomes have

bypassed the membrane potential requirement as they

employ a highly modified and reduced protein import

system [75]. To sum up, an adenine nucleotide carrier was

probably the first mitochondrial carrier that appeared in

evolution, and one of the key proteins that allowed a stable

endosymbiosis to occur.

Studying these adenine nucleotide transport systems in

organelles is interesting, as many of these organisms with

simplified mitochondria, such as E. histolytica, Giardia

intestinalis, T. vaginalis, and microsporidia, are human

parasites. As these carriers are often highly modified, the

discovery of specific inhibitors of mitosomal or hydrog-

enosomal adenine nucleotide carriers can be helpful when

dealing with human diseases.
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