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ABSTRACT: The mitochondrial ADP/ATP carrier (AAC) is a
prominent actor in the energetic regulation of the cell, importing
ADP into the mitochondria and exporting ATP toward the
cytoplasm. Severe genetic diseases have been ascribed to specific
mutations in this membrane protein. How minute, well-localized
modifications of the transporter impact the function of the
mitochondria remains, however, largely unclear. Here, for the first
time, the relationship between all documented pathological
mutations of the AAC and its transport properties is established.
Activity measurements combined synergistically with molecular-dynamics simulations demonstrate how all documented
pathological mutations alter the binding affinity and the translocation kinetics of the nucleotides. Throwing a bridge between the
pathologies and their molecular origins, these results reveal two distinct mechanisms responsible for AAC-related genetic
disorders, wherein the mutations either modulate the association of the nucleotides to the carrier by modifying its electrostatic
signature or reduce its conformational plasticity.

Mitochondrial carriers ensure the specific transport across
the inner membrane of various metabolites required by

key reactions occurring in mitochondria, such as oxidative
phosphorylation, synthesis and degradation of amino acids and
lipids, synthesis of iron−sulfur clusters and heme, as well as
generation of heat by dissipation of the proton gradient (for a
review, see ref 1). Impairing their function leads to severe
diseases (e.g., myopathies, congenital microcephaly, neonatal
myoclonic epilepsy, HHH syndrome, hematological disorders)
(see, for example, refs 2−4 and for a review, ref 5). The ADP/
ATP carrier (AAC) is the best-known member of the
mitochondrial carrier family (MCF).6,7 Ubiquitous in the
mitochondria of all eukaryotic cells, AAC specifically drives the
import of ADP and the export of the newly synthesized ATP at
the level of the inner membrane. Isoform 1 of the carrier
(AAC1) is highly abundant in tissues where the energy demand
is maximal and is specific to muscle and heart mitochondria
where it represents up to 10% of the inner membrane proteins.
Three main disorders associated with deficiencies of AAC1
have been described: AAC1 deficiency,8 Sengers’ syndrome,9

and autosomal dominant progressive external ophthalmoplegia
(adPEO).10 Mutations of the AAC1 gene have been pinpointed
for two of them: the recessive A123D mutation in patients
affected with AAC1 deficiency, four heterozygous missense
mutations (A90D, L98P, D104G, A114P) in adPEO families,

and V289 M in a sporadic adPEO case. Several hypotheses have
been put forth to explain the role of the mutations in these
pathologies among which are (i) defective biogenesis of AAC1
in mitochondria, (ii) impairment of molecular interactions of
AAC1 with key proteins, such as those forming the
mitochondrial permeability transition pore, and (iii) dysfunc-
tion of the transport activity of AAC1, which could affect the
mitochondrial pool of adenine nucleotides and cause mtDNA
instability.10−14 However, associated molecular mechanisms
and structural basis remain largely unclear. None of these
residues have been hitherto documented as key residues
involved in substrate or inhibitor binding as deduced from the
three-dimensional atomic structure15 (Supplementary Figure
S1).
The transport investigations conducted in a similar fashion

for all six mutants, enabling their direct comparison, showed
how the mutations altered the substrate affinity and/or the
transport kinetics. MD simulations were carried out concom-
itantly to explore the structural and dynamic basis for the
modification of these kinetic parameters. We report herein the
first insights into the molecular details of how single-point
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mutations can reduce the ATP level available in the cell by
altering the transport from the mitochondrial matrix to the
cytoplasm and, hence, be responsible for severe genetic
diseases.
Functional Expression of hAAC1 in E. coli. Using the

maltose-binding protein (MBP) as a fusion partner, we
succeeded for the first time in expressing a functional human
AAC1 (hAAC1) in the plasma membrane of E. coli (Figure 1a−
c). The transport properties of hAAC1 were investigated
directly in E. coli cells, which do not import ATP to fulfill its
usual function. Cells expressing hAAC1 but not the control
cells mediated uptake of [α-32P]ATP above background levels
(Figure 1b). The addition of the highly specific AAC inhibitors
CATR (carboxyatractyloside) and BA (bongkrekic acid)16,17

led to nearly complete inhibition (Figure 1c). The ATP import
was substantially reduced by competition with excess ATP or
ADP, the two exclusive substrates of AAC. The affinity for ADP
being slightly higher than for ATP, ADP exhibited the strongest
inhibition on ATP import affinity (Figure 1c). The dose−
response curve indicates an apparent Km for ATP of 23.7 ± 5
μM and a Vmax of 14.6 ± 0.6 nmol min−1 mg−1 of protein
(Figure 1d, Table 1). We have determined an apparent Ki of
ADP on ATP uptake of 8.4 μM. Our results are comparable
with the few data previously reported for hAAC111 and
demonstrate that the main properties of the transporter are
retained and can be assayed directly in E. coli cells (Figure 1).
Transport Properties of Pathological Mutants. The

system described for the wild-type protein proves to be a
powerful tool to study systematically the transport activity of all
six pathological hAAC1 mutants (Figure 2, Table 1,

Supplementary Figure S2). Uptake experiments revealed a
decreased transport rate compared to the wild-type protein
(Figure 2d). The mutations can be clustered into three groups
depending on the degree of transport and ATP binding
impairment: (i) V289M and D104G; (ii) L98P, A114P, and
A90D; (iii) A123D. V289M and D104G only partially reduce
transport. They retained approximately 60% and 30% of the
wild-type activity, respectively. ATP binding is not affected, as
seen from Km values, whereas Vmax values are, respectively, 1.5
and 3 times lower than that of the wild-type (Table 1). V289
and D104 are not strictly conserved among AACs, hence
suggesting that their modification might not perturb nucleotide

Figure 1. hAAC1 is functionally expressed in E. coli membranes. (a) Western blot analysis of the expression of MBP-hAAC1 in E. coli using an anti-
MBP antibody. (b) Time dependency of [α-32P]ATP uptake into cells expressing MBP-hAAC1 and the given controls incubated with 10 μM labeled
ATP for the indicated time periods, as described in Methods. (c) [α-32P]ATP uptake by E. coli expressing MBP-hAAC1 was measured in the
presence of 10 μM labeled ATP and 100 μM inhibitors (CATR and/or BA) or of nonlabeled ADP or ATP. The rate of transport in the absence of
additives was set to 100%. The control nucleotide uptake (empty vector) was subtracted. (d) Substrate saturation curve of [α-32P]ATP uptake of
cells expressing MBP-hAAC1. The control nucleotide uptake (empty vector) was subtracted. The Km and Vmax values were extrapolated from the
experimental data fitted with the Michaelis−Menten equation. For all panels, data points and error bars are the mean ± SD of at least three
independent experiments.

Table 1. Kinetic Parameters of the Wild-Type Protein and of
the Pathological Mutantsa

Km (μM) Vmax (nmol ATP min−1 mg−1 of protein)

wild-type 23.7 ± 5 14.6 ± 0.6
A90D 82.1 ± 7.8 7.8 ± 0.4
L98P 18.5 ± 9.8 1.7 ± 0.3
D104G 15.9 ± 6.4 4.1 ± 0.4
A114P 104.1 ± 47.9 4.5 ± 1.1
A123D NDb NDb

V289M 17.0 ± 2.4 10.3 ± 0.4
aKm and Vmax values for ATP of the wild-type MBP-hAAC1 and of the
6 mutants heterologously expressed in E. coli. The values were
computed from substrate saturation curves of [α-32P]ATP uptake by
cells expressing the different constructs (Supplementary Figure S2).
Values are the mean ± SD of three independent experiments. bNot
determined.
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binding, but only the transport efficiency. In line with our
results, the symptomatology described for these two adPEO-
associated mutants is one of the mildest, being limited to ptosis
with a relatively late onset.10,18 In contrast, the global activity of
L98P, A114P, or A90D is strongly reduced to 10−15% in line
with medical observations. Indeed, L98P is implicated in
weakness, exercise intolerance, and bipolar affective disorder.19

A114P is mainly associated with ophthalmoplegia.10 A90D was
identified in patients suffering from ptosis, exercise intolerance,
and schizoaffective disorder.20 Residues A90, L98, and A114 are
all borne by helices H2 and H3 facing the funnel (Figure 2a,
Supplementary Figure S1), but the transport properties of the
corresponding mutants differ slightly. Only Vmax is affected with
L98P, whereas both Km and Vmax are modified for the others
(Table 1). L98P is located at the very end of H2, which might
explain the conserved Km value. Vmax is, however, dramatically
reduced by a 10-fold decrease compared to the wild-type. It is
worth noting that L98 is close to K92 and K96, two basic
residues forming the upper basic patch that attracts nucleotides
toward the cavity21,22 (Figure 2a). Perturbing the environment
of these residues is envisioned to modify the efficiency of
nucleotide uptake. A90 and A114 are highly conserved among
the AACs of all documented species and are found in highly

conserved sequence stretches. Though they are not located at
the bottom of the cavity that the nucleotide binds prior to
transport (Figure 2a), ATP binding diminishes for both
residues, as seen from the Km values, 4 to 5 times lower than
for the wild-type (Table 1). The mutations caused also a 2- to
3-fold decrease of Vmax, respectively. Transport is totally
abolished when A123, a highly conserved residue found deep
in the cavity, is mutated into an aspartate (Figure 2a). A123D
has been described in AAC1 deficiency , a disorder associated
with severe myopathy and cardiomyopathy symptoms.8

Reconciling Transport Properties, Protein Flexibility,
and Electrostatic Signature. All six mutations reported
hitherto in relationship with human diseases are gathered near
the intermembrane space and, barring D104G, interface with
the membrane. All of them but one, namely, V289M, are
clustered on the cytoplasmic halves of helices H2 and H3
(Figure 2a). In contrast, genetic variations observed among
1,000 presumably healthy humans highlight five single-point
mutations in the protein sequence distributed within the
structure (http://browser.1000genomes.org). In order to relate
the degree of impairment and the changes in the transport
efficacy to modifications in the structure, dynamics or
electrostatic properties of the carrier, molecular-dynamics
(MD) simulations have been performed on the wild-type
carrier and the six mutants embedded in their lipid medium
(Supplementary Figure S3). Neither a global nor a local
structural reorganization was observed over the 100 ns time
scale of the trajectories, except for A90D. The carboxylic
moiety of D90 switches its orientation from the interior of the
membrane to the aqueous medium, resulting ultimately in a
local distortion of H2 (Supplementary Figure S4), in line with
modified accessibilities observed from cysteine scans.23

Although the entire mechanism that underlies the conforma-
tional transformations enabling transport has not been yet
deciphered, a number of studies have hinted at the crucial role
of the flexibility of AAC to interconvert.6 Simulations of the
A114P pathological mutant and its revertant, A114P/V181M,
recently suggested that the dynamics of the protein is modified
with the former mutation and is restored with the latter.24

Protein flexibility is known to be pivotal in many biological
processes embracing among others protein−protein and
protein−ligand recognition and association, as well as protein
folding and allosteric regulation. Correlation between this
property and nucleotide transport was investigated by means of
B-factors, together with configurational entropies inferred from
atomic positional fluctuations computed along each trajectory
(Figure 3a). Zero-mean symmetrical distributions reflect
similarity in the overall flexibility of the two proteins, as can
be seen for mutants A123D, D104G, and V289M. In contrast,
skewed distributions, offset toward positive values of the
difference in B-factors betoken an altogether rigidified carrier in
A90D, A114P and L98P. These results suggest that loss of
flexibility and transport are intimately related. Backbone
configurational entropies have been estimated in the
pseudoharmonic approximation25 (Figure 3b). Except for
A123D, the hierarchy of entropy loss correlates nicely with
the experimentally observed alteration of nucleotide-transport
activity in AAC single mutants. Detailed analysis further reveals
that even-numbered helices (Figure 3b) are marginally affected.
In sharp contrast, plasticity of odd-numbered helices is
markedly diminished compared to that of the wild-type AAC,
congruent with previous observations.6

Figure 2. Transport properties of the pathological mutants. (a) Top
and (b) side views of the AAC1 three-dimensional structure. A90 and
L98 lie on the second half of H2, A114 and A123 are in the first half of
H3, D104 is located in the C1 loop, and V289 is at the very end of H6.
The residues are colored according to the impact of the mutations on
the transport activity. (c) The 6 pathological mutants were expressed
in E. coli as for the wild-type. The corresponding total cell extracts
were analyzed by Western blot as in Figure 1a. (d) Transport activities
of the mutants compared to the wild-type. The uptake of [α-32P]ATP
into intact E. coli cells expressing either the wild-type (WT) carrier or
one of the 6 mutants was measured in the presence of 10 μM labeled
ATP. Rates of [α-32P]ATP uptake are given as a percentage of the rate
of the wild-type protein.
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Another feature crucial for transport is the electrostatic
signature of the carrier.21,26 In the conformation of AAC open
toward the intermembrane space, this signature consists of a
funnel that drives ADP3− to the bottom of the internal cavity.
Replacement by aspartate of the neutral side chain of A123
markedly reshapes the topology of the local electric field
(Figure 3c), at variance with the other mutations (Supple-
mentary Figure S5). No other structural or dynamical
difference was recorded. Such an alteration of the electrostatic
fingerprint of the carrier is anticipated to hamper significantly
binding of ADP3‑ or ATP4‑, consistent with the inactivation

measured experimentally. In addition, MD simulations revealed
that ADP is not attracted into the cavity of the A123D mutant
(Supplementary Figure S6). The strongly reduced transport
activity can, therefore, be ascribed to the difficulty for ADP to
reach its dedicated binding site at the bottom of the cavity, a
scenario akin to the inhibitory effect of high chloride
concentrations.27

Our experimental model gives access to direct measurements
of transport properties of hAAC1, unlike previous studies
performed in yeast. Altogether, our results on hAAC1 suggest
two molecular mechanisms whereby mutations can modulate
and possibly obliterate AAC activity. First, reduction of the
overall flexibility of the protein is likely to thwart the
conformational change that accompanies nucleotide binding
and/or transport affecting Km and/or Vmax. AAC is one of the
first examples wherein mutations distant from the nucleotide-
binding site modify the functional properties of the protein by
reducing its flexibility. Second, alteration of the topology of the
electrostatic funnel is expected to hobble binding of ADP3− to
the carrier. The six mutants implicated in genetic diseases obey
one of the above mechanisms. The methodology followed
herein illuminates the possible molecular mechanisms that
underlie severe diseases, while paving the way to address the
deleterious effects of other mutations and explore novel, well-
adapted therapeutic strategies.

■ METHODS
Transport Activity Measurements in E. coli Cells. The MBP-

hAAC1 construct encodes an in frame fusion of a periplasmic MBP at
the N-terminus of hAAC1. The hAAC1 point mutations were
introduced in the MBP-hAAC1 construct by site directed mutagenesis.
The uptake of [α-32P]-labeled ATP was determined for intact E. coli
C43 (DE3) cells expressing MBP-hAAC1, the MBP-hAAC1 mutants,
or the given controls. Dose−response curves and experiments used to
investigate substrate specificity and effects of the inhibitors were
carried out by modified published methods.28,29

MD Simulations. The initial AAC structure was obtained as
previously described,21,27 and the mutants were generated from an
equilibrated structure of the wild-type protein. All simulations were
performed in the isothermal−isobaric ensemble with the protein
inmersed in a fully hydrated palmitoyl-oleyl-phosphatidyl-choline
(POPC) bilayer. The system was simulated using the all-atom
CHARMM2730,31 force field for the protein, waters, and ions and the
modified united-atom version for the lipids;32 100-ns trajectories were
produced for each system, from which only the last 30 ns were used
for analysis. For the backbone atoms (CA, N, C, and O), B-factors
were inferred from the atomic positional fluctuations. Configurational
entropies were computed using the pseudoharmonic approach of
Schlitter.25
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