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Abstract The mitochondrial adenosine diphosphate/adeno-
sine triphosphate (ADP/ATP) carrier—AAC—was crystallized
in complex with its specific inhibitor carboxyatractyloside
(CATR). The protein consists of a six-transmembrane helix
bundle that defines the nucleotide translocation pathway, which
is closed towards the matrix side due to sharp kinks in the odd-
numbered helices. In this paper, we describe the interaction
between the matrix side of the AAC transporter and the ATP4−

molecule using carrier structures obtained through clas-
sical molecular dynamics simulation (MD) and a pro-
tein–ligand docking procedure. Fifteen structures were
extracted from a previously published MD trajectory
through clustering analysis, and 50 docking runs were
carried out for each carrier conformation, for a total of
750 runs (“MD docking”). The results were compared to
those from 750 docking runs performed on the X-ray structure
(“X docking”). The docking procedure indicated the presence
of a single interaction site in the X-ray structure that was
conserved in the structures extracted from the MD trajectory.
MD docking showed the presence of a second binding site that
was not found in the X docking. The interaction strategy
between the AAC transporter and the ATP4− molecule was
analyzed by investigating the composition and 3D arrange-
ment of the interaction pockets, together with the orientations
of the substrate inside them. A relationship between
sequence repeats and the ATP4− binding sites in the AAC
carrier structure is proposed.

Keyword Mitochondrial ADP/ATP carrier . Molecular
dynamics . Cluster analysis . Protein–ligand docking . ATP–
carrier interaction . ATP binding sites

Introduction

The mitochondrial ADP/ATP carrier (AAC) is an important
constituent of the inner mitochondrial membrane that
imports ADP3− and exports ATP4− toward the cytosol.
Several diseases, such as mitochondrial myopathies and
ophthalmoplegia, have been associated with dysfunction of
the human ADP/ATP carrier [1–6]. AAC is related to the
respiratory chain, which creates a proton gradient across the
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inner membrane that is utilized to catalyze ATP synthesis,
the essential molecule that provides chemical energy in
most cellular reactions. Several energy-generating pathways
are localized in the matrix of mitochondria (i.e., the citric
acid cycle and fatty acid oxidation), as well as other types
of pathways (i.e., synthesis and degradation of amino
acids). Heat generation is also triggered at the level of the
inner mitochondrial membrane by dissipating the proton
gradient [7]. All of these processes require the import and
export of protons or metabolites. In spite of large differ-
ences among these metabolites, a common feature emerges:
a variety of them are transported by carriers belonging to
the same family, the mitochondrial carrier family (MCF).
The MCF is characterized by a specific amino acid motif,
PxD/ExxK/RxK/R-(20–30 residues)-D/EGxxxxaK/RG,
where “a” represents an aromatic residue, that is repeated
three times in the sequence [8, 9]. The triplication of about
100 amino acids including this motif most probably stems
from an ancestral gene duplication [8].

Among all MCF carriers, the AAC is the most abundant
in the membrane and represents up to 10% of the proteins
that compose the inner membrane of bovine heart mito-
chondria. For these reasons, it was the first to be
characterized [10, 11]. The two inhibitors carboxyatractylo-
side (CATR) and bongkrekic acid (BA), which both act as
strong poisons by blocking nucleotide translocation [12,
13], have been extensively used to characterize different
conformational states of the carrier. The CATR stabilizes
the c state, in which the protein is opened towards the
intermembrane space and closed to the matrix side, while
the BA stabilizes the opposite conformation, called the m
state, which is closed towards the intermembrane space and
opened to the matrix side [14].

On account of its abundance in natural sources, the
structure of the AAC was also the first to be explored by
electron microscopy [15], and is the only one to be
resolved by X-ray crystallography so far [16]. The AAC
has been crystallized in the presence of the inhibitor
CATR [17], which is known to bind to the carrier from the
intermembrane space (IMS), hampering ADP3− import.
The structure was solved to 2.2 Å resolution [17, 18],
revealing for the first time the overall fold of MCF carriers
and highlighting the role played by the MCF motif in the
folding.

The structure of the ADP/ATP mitochondrial transporter
is characterized by a six-transmembrane helix bundle with
the chain termini located in the intermembrane space
(IMS). The transmembrane helices are linked by two loops
located in the IMS and by three matrix domains. Each
matrix domain consists of two loops that include one small
α-helix (loop–helix–loop domain). The three loops are
called M1, M2, and M3, following the sequence order,
while the three short α-helices that are enclosed in these

loops are called H1-2, H3-4, and H5-6, depending on the
long helices connected by each loop [17].

However, transport dynamics and mechanisms remain
elusive. It appears that the wobbling of odd-numbered
helices and rearrangements of salt-bridge networks are
important elements for the transport process [19], which
lead to an interchange of cytoplasm and matrix accessibil-
ity, as hinted by mass spectrometry data coupled to H-D
exchange in the presence of both inhibitors [20].

The structure resolved in the presence of CATR is a
good model to use to understand the interactions of the
carrier with the ADP3− substrate [17]. This issue has been
addressed through MD simulation in two papers, which
have shown an electrostatic funneling mechanism [21, 22].
The protein’s electrostatic potential attracts the substrate
towards the channel, and allows the ADP3− to rapidly enter
the helical bundle. The positively charged carrier residues,
which electrostatically interact with the phosphate groups,
drive the passage of the substrate through the cavity to its
bottom [21, 22]. In fact, high chloride concentration
conditions cause inhibition of binding and the further
transport of nucleotides [23]. Moreover, tyrosine residues
facing the cavity are the targets of SRC kinases that
modulate transport by phosphorylation [24].

These simulation studies have focused on the IMS side
of the carrier [21, 22], while the substrate binding, which
occurs from the matrix side, remains elusive. Experimental
works have addressed this issue through the use of
nucleotide analogs that bind the carrier but are not trans-
ported. Some works with reactive analogs have hinted that
M2 loop residues are involved with substrate binding on the
matrix side [25, 26].

Identifying the binding sites between the ATP molecule
and the carrier matrix side may add a further detail to the
description of ADP/ATP transport function. At present, the
available 3D structure of the carrier, solved in complex with
the CATR inhibitor [17], is deemed unsuitable for recog-
nizing ATP ligands from the matrix lumen. However, it has
been shown that, even in the presence of CATR, the ADP/
ATP carrier can recognize, fluorescein derivatives (such as
eosin Y) from the matrix lumen that are structurally related
to adenine nucleotides, although it cannot transport them
[26]. The binding of eosin Y is displaced by ADP or ATP,
which prevents the thiol-reactive eosin-5-maleimide mole-
cule from binding to Cys159, thus suggesting that ATP
binds near to this residue, mainly through hydrophobic
interactions [25, 26]. Taking this work into account, the
available 3D structure of the carrier can then be taken as an
initial model to verify its ability to bind the ATP molecule
from the matrix lumen. This hypothesis is reinforced by
observations made based on a previous carrier MD
simulation carried out in the absence of CATR [19], which
showed that the matrix region of the protein undergoes
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significant changes leading to the appearance of matrix
cavities (not found in the crystal) that may provide ATP-
binding sites. In a recent paper, MD simulations of the
wild-type ADP/ATP carrier and the single Ala113Pro and
double Ala113Pro/Val180Met mutants were carried out to
shed light on the structural–dynamical changes induced by
the Val180Met mutation that restores the carrier function in
the Ala113Pro pathologic mutant [27]. In this work,
analysis of the correlated and anticorrelated motions
indicated that, in particular in the matrix region, the wild-
type correlation pattern that is altered in the single mutant is
restored by the double mutation [27], indicating that
correlations in the motions of the matrix region represent
a functional feature of the transporter.

In the work reported in this paper, in order to estimate
the ability of the carrier matrix region to recognize the
ATP molecule, the structures of a previously generated
MD trajectory [19, 27] were clustered, and each repre-
sentative structure was used to carry out extensive docking
runs with the ATP molecule. Docking results were also
clustered, and possible binding sites were recognized and
mapped. The interacting residues were identified, along
with the specific interaction type, and were compared with
those identified in the crystal structure, suggesting
implications for multiple ATP binding sites related to the
AAC tripartite structure.

Methods

MD simulation and clustering of the MD trajectory

The MD simulation of the wild-type bovine ADP/ATP
carrier was carried out as described in a previous paper [19,
27]. The last 20 ns of the MD trajectory were clustered
through the g_cluster program in the GROMACS 3.3.3
package [28] using the Gromos algorithm [29]. The
clustering procedure starts by calculating the relative
RMSD between all conformations of the trajectory in order
to build an N(N−1)/2 matrix of RMSD values, where N is
the number of values extracted from the 40,000 saved
structures. The program defines the neighbor configurations
and the number of neighbors for each configuration. The
configuration with the highest number of neighbors is taken
as representative of the first cluster, which will present this
structure, together with all of its neighbors. The structures
of this first cluster are then removed from the pool, and the
procedure is iterated. In this way, all of the configurations
are assigned to just one cluster. The number of clusters
depends on the threshold value adopted and, in this case, to
obtain a maximum number of 34 clusters, a threshold value
of 1.5 Å was used. The first 15, out of 34, clusters were
used for the analysis, since they contain almost all of the

sampled conformations (i.e., about 96% of the trajectory
structures).

Docking and clustering of the ATP4− molecule

Protein–ligand docking is a simulative method that predicts
the preferred orientation of a ligand molecule with respect to a
protein receptor by evaluating the strength of their association
using energetic and geometric scoring functions. Protein–
ligand docking runs were performed using a Lamarckian
genetic algorithm [30] through the Autodock 4.0 program
[31]. Seven hundred fifty independent runs were performed
on the X-ray (PDB code 1OKC) structure, and 50
independent runs were carried out for each of 15 cluster
representative configurations identified from the MD trajec-
tory, yielding a total of 750 runs. For the sake of clarity,
docking on the X-ray structure will be termed “X docking”
here, while docking on the structures extracted from the
molecular dynamics trajectory will be termed “MD dock-
ing.” The center of a 38.3 × 42.0 × 19.5 Å grid was placed
over the geometric center of the matrix portion of the carrier
(Fig. S1 of the “Electronic supplementary material,” ESM).
The dimensions and the position of the docking grid chosen
cause it to cover the entire region of the protein protruding
from the lipid bilayer. The complexes were inspected
through an in-house-modified version of the g_mindist
program in the GROMACS 3.3.3 package [28]. This
analysis was done in order to better characterize the binding
sites by selecting the protein atoms within a distance of
3.5 Å from any ATP atom.

Clustering of the ATP-docked structures was carried out
using the same procedure described above for MD structure
clustering, but using a threshold value of 1.2 Å, which
generates five clusters for the X docking and ten clusters for
the MD docking. In the case of the X docking, the first
cluster includes 98% of the docked complexes. In the case
of MD docking, the first two clusters include 85% of the
docked complexes.

In order to assess ATP4− binding specificity, 750 docking
runs were also carried out for the GTP4− molecule on the
X-ray structure and on the same 15 MD structures, each
representing a cluster, extracted from the MD simulation.

Multiple sequence alignment

The ADP/ATP transporter sequences were extracted from
the SwissProt database. Sequences from putative carriers
were excluded, as well as transporter sequences from
plants that, due to their evolutionary distance and length
variability, impede the correct execution of the multiple
alignment algorithm. The multiple alignment of 33
sequences (as shown in the ESM) was performed using
the ClustalW program with default settings (http://www.
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ebi.ac.uk/clustalw/). When present, isoforms 1 and 2 of
the same species were both included.

Graphs and images

Graphs were obtained with the Grace program (http://
plasma-gate.weizmann.ac.il/Grace/), and images were
obtained with the VMD visualization package [32] and
the UCSF Chimera program [33].

Results

Clustering of the MD trajectory

The ensemble of carrier conformations generated from the
MD simulation was pruned and grouped into families with
similar structures via a clustering analysis performed using
the g_cluster [28] tool of the GROMACS package. This
procedure was then repeated by iteration until all of the
structures were assigned to a cluster. The structures
representative of each cluster were selected to carry out
the docking with the ATP4− molecule. Choosing a threshold
of 1.5 Å, 34 clusters were identified and ordered according
to their populations in Fig. 1a. The first 15 clusters, which
encompassed more than 95% of the sampled conformations
(Fig. 1b), were selected for the docking analysis.

Docking of the ATP4− molecule

In the molecular docking of the ATP4− molecule to the
carrier (carried out using the program AutoDock [30,
31]), the complete matrix region of the protein, which
protrudes from the phospholipid bilayer, was considered
in order to take into account the widest possible area of
substrate interaction with the protein (Fig. S1). Seven
hundred fifty docking runs were carried out on the X-ray
structure of the mitochondrial ADP/ATP transporter, and
50 docking runs were carried out for each of the 15
structures (each of which was representative of one of the
15 clusters), again giving a total of 750 complexes. The
final results from the 750 X and MD docking runs are
shown in Fig. 2a and b, respectively, where the ATP4−

molecule is represented by its center of mass. In the case
of X docking (Fig. 2a) a preferential interaction site was
identified, whereas for MD docking (Fig. 2b), the centers
of mass of the docked ATP4− molecules are more spread
out on the protein, and cover approximately half of the
matrix-side surface. In MD docking, due to favorable
conformations of the positively charged lipids, some ATP
molecules can also interact with the membrane surface
(Fig. 2b). These interactions were not detected in the case
of X docking (Fig. 2a), where the double layer (in a

crystalline starting conformation) hampers the interactions
between the ATP molecules and the membrane surface due
to poor exposure of the phospholipid charges. The
docking energies range from −11.4 to −5.8 kcal mol−1

for X docking (Fig. 2a), while in MD docking (Fig. 2b),
the docking energies range from −11.2 to −5.8 kcal mol−1

for site I and from −10.2 to −6.2 kcal mol−1 for site II.
The structures of the bimolecular carrier–ATP4− com-

plexes resulting from X docking and MD docking were
clustered to select the preferred complexes. The results of
the clustering in the X docking runs (Fig. 3a, black bars)
show the presence of a unique family of ATP4− config-
urations with a single preferential orientation, as repre-
sented by site I in Fig. 3b, where the position of the
phosphate moiety of the ATP4− is indicated by a square,
that of the sugar by a line, and that of the base by a circle.

Fig. 1 MD trajectory clustering. a Histogram of the clusters extracted
from the analysis of the 20 ns MD trajectory. The gray box represents
the lowest populated clusters, which were not taken into account for
the docking analysis. b Cumulative percentages of the number of
structures belonging to each cluster. The gray box shows the
cumulative percentages related to the clusters not taken into account
in the docking analysis
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In the case of MD docking (Fig. 3a, red bars) several
clusters were identified, but two were predominant, and these
represented about 85% of the 750 ATP4− docked complexes.
The most representative one, including about 400 structures,
matched the site observed in the X docking, indicating that it
was preserved during the dynamics and is represented by site
I in Fig. 3c. The other representative site was detected in
about 200 structures and was identified as site II in Fig. 3c.

GTP4− docking was performed to evaluate the specificity
of the ATP4− binding sites found in X and MD docking,

using the same procedure and structures as for ATP. In both
docking simulations, the GTP4− interacts with the carrier
through the phosphate groups but not through the base,
strongly suggesting that the identified sites are specific for
ATP4−. Moreover, in the MD docking, GTP4− is found
spread over the entire matrix region, indicating the absence
of specific interaction sites (Fig. S2). Indeed, the binding
free energies for ATP4− and GTP4− are very different; their
average values for the X docking runs were −8.13 (± 0.89)
and −2.52 (± 0.81) kcal mol−1, respectively. For MD

Fig. 2 Docking results. a, b Ribbon representations of the X-ray and
MD average structures of the protein, respectively, colored in blue and
immersed in a lipid bilayer (represented as gray balls and sticks). In
both cases, the pink balls represent the spread of the centers of mass of
750 ATP4− molecules docked on the X-ray structure (a), and of 750
ATP4− molecules docked on the representative structures of the 15

clusters extracted from the MD simulation (b). In X docking (a), the
crystalline state of the lipids means that they cannot form stable
interactions with the ATP molecules, while in MD docking (b), the
double layer explores conformations that allow the interaction of ATP
ligands with the membrane surface

Fig. 3 Docking clustering. a
Histograms of the clusters of
the 750 ATP4− docked
molecules on the X-ray
structures (black bars) and on
the 15 representative structures
extracted from the 20 ns
molecular dynamic simulations
(red bars). Localization on the
protein (gray ribbon) of the
ATP4− molecule as observed in
X docking (b) and in MD
docking (c). ATP4− is
represented schematically by a
circle, a line, and a square
representing the base, the sugar,
and the phosphates, respectively.
The width of the arrow indicates
the spread of the position
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docking, the average binding free-energy values for ATP4−

were: −8.47 (± 0.87) kcal mol−1 for site I and −8.22 (±
0.84) kcal mol−1 for site II, while the average value for the
docked GTP4− molecule was −4.76 (± 1.26) kcal mol−1,
confirming the specificity of the binding sites for ATP4−.

Binding site analyses

The contacts between all of the atoms of the ATP4−

molecule and those of the protein matrix region were
calculated using a modified version of the g_mindist
program in the GROMACS 3.3.3 package [28]. Each
occasion that the atoms were separated by a distance of
less than 3.5 Å in at least 10% of the complexes is
reported in Table 1. In the X docking runs, the amino acids
involved in the binding of ATP4− are Gln43, Lys48,
Arg59, and Glu63, located in the C-terminal region of the
M1 loop and on the small helix H1-2, as well as Gly145,
Lys146, and Gln150, located on the M2 loop (Figs. 4 and
S3 in the ESM). Analysis of the percentages of interaction
with the three portions of the substrate (Table 1a) indicates
that the positively charged amino acids (Lys48, Arg59,
Lys146) are involved in interactions with the negative
phosphate groups, while the glutamines (Gln43 and Gln150)

are involved with the base moiety. It is interesting to note that
Glu63, a negatively charged amino acid, is involved in the
formation of the ATP4− recognition site, and is often at a
distance of <3.5 Å from the phosphate moiety (Table 1a and
Fig. 5a). The interaction between two molecules with the
same charge is unfavorable, but Glu63 has an indirect role: a
negatively charged residue is required to stabilize the
positively charged residues Arg59 and Lys146, forming a
salt bridge network and ensuring the correct orientations of
the positive residues that interact with the phosphate moiety.
The last amino acid to represent an ATP4− interaction site is
Gly145, which, due to its lack of a side chain, generates a
cavity where the base moiety of the ATP4− molecule can be
accommodated.

The amino acids involved in the interaction with the
ligand at the first site in MD docking are Lys48, Gln49,
Arg59, Glu63, Gly145, Lys146, and Gln150 (Table 1b).
They largely overlap with those found at site I in X
docking, apart from Gln43; in X docking, Gln43 interacts
with the base moiety, but in MD docking it is replaced by
Gln49, which interacts with the phosphate (Table 1, movie
M1 and Fig. S3B). A further difference is that, in MD
docking, Glu63 interacts with the sugar moiety (Table 1b
and Fig. 5b).

MD docking identified another interaction site (site II),
involving Lys42, Gln240, Arg243, Asp247, Met249, Lys42
located on the M1 loop, and another four amino acids
located on the M3 loop (Fig. 4). The amino acid
composition of this site was similar to the one observed at
site I, consisting of two positive amino acids (Lys42 and
Arg243) interacting with the phosphate groups, a glutamine
(Gln240) interacting with the base, a negatively charged
amino acid (Asp247) interacting with the sugar moiety, and
a methionine (Met249) assisting Gln240 in the base
interaction (see Table 1b, Figs. 4, 5c and S3 and movie
M1).

Fig. 4 Protein regions involved in binding. A 2D topology view of the
ADP/ATP carrier indicating the positions of the protein regions (sites I
and II) involved in the formation of the ATP4− binding sites is shown.
The three carrier repeats are highlighted using a different grayscale

Table 1 Protein–ATP4− contacts: percentages of contact between the
carrier amino acids and any atom of the ATP4− molecules observed
during X docking (A) and in the MD docking (B)

Phosphate Sugar Base

Site I A

Gln43 1 33 66

Lys48 63 25 12

Arg59 59 21 20

Glu63 70* 13 17

Gly145 1 40 58

Lys146 55 27 18

Gln150 1 32 67

Site I B

Lys48 58 20 22

Gln49 45 25 30

Arg59 53 30 17

Glu63 14 56 30

Gly145 9 40 51

Lys146 46 29 25

Gln150 20 23 58

Site II Lys42 55 22 23

Gln240 26 28 46

Arg243 50 22 28

Asp247 22 53 25

Met249 22 35 43
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For the two sites extracted from MD docking, the
orientation and the spread of the ligand over the protein
were correlated to the mobility of the interacting amino
acids. Figure 6 shows the per-residue RMSF (root mean
square fluctuations) of the whole protein calculated along
the considered MD trajectory, where the residues at the first
and second binding sites are marked with dark and light
gray bars, respectively. Lys48, Lys146, and Arg59 had
fluctuation values that were higher than those of the other
interacting amino acids, explaining the large spread of the
phosphate groups observed at site I in Fig. 3d. Similarly,
the low spread observed for the base and sugar moieties can
be explained by the low fluctuations of the amino acids
interacting with them (Glu63, Gln150) (Fig. 6). In the case
of site II, the spread of the phosphates was intermediate,
since Arg243 had a high fluctuation value whilst Lys42 had
a low fluctuation value (Figs. 3d, 6). The spreads were
higher for the base and sugar, which are contacted by amino
acids (Gln240, Asp247, and Met249) characterized by large
fluctuation values (Fig. 6). It is interesting to note that there
was also a spread in base position in the rigid X docking,
which can be explained by the presence of two glutamine
residues that can equally interact with the adenine ring
(Fig. 5a and Table 1a).

Discussion

Although the X-ray structure provides important details, it
gives a static snapshot of biological function, thus limiting
attempts to understand the transport mechanism. The
crystal structure blocked by the inhibitor in the c state
represents the conformation that is closed towards the
mitochondrial matrix and opened towards the intermem-
brane space [34]. Previously, the existence of three contact
points was demonstrated for various substrates, including
ATP4−, which is conserved in all mitochondrial transporters
and located in the transmembrane bundle [35]. Further
analysis, performed through symmetric sequence analysis,
confirmed these findings and also detected two conserved
areas for the ligand interaction: the bottom of the channel
and towards the side of the intermembrane space [36].
These aspects were also confirmed by molecular dynamics
simulations [20, 21].

In the present work, our attention has been focused on
the matrix carrier region located outside the membrane. The
analysis, which was carried out on both the X-ray structure
and representative structures extracted from the MD
simulation [27], allowed us to understand how the
structural sampling of the MD simulation in the absence
of CATR is related to the retention or formation of binding
sites for the ATP4− substrate. Seven hundred fifty docking
runs carried out on the crystal structure clearly showed the

Fig. 5 Residues at binding sites. The figures depict representative
carrier–ATP4− complexes showing site I identified in X docking (a) and
site I (b) and site II (c) identified in MD docking. Red and blue spots
indicate positive and negative amino acid charges, respectively.
Magenta, yellow, and green spots represent Gln, Gly, and Met residues
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presence of a unique ATP4− binding site located on the H1-
2 helix and on the M2 loop, in line with the experimental
results, identifying hydrophobic residues flanking Cys159
as putative partners for the interaction with the substrate
[26]. This result indicates that the region protruding within
the mitochondrial matrix has a preformed interaction site,
although the protein is in a conformation arranged for
transport from the cytoplasmic side. As a matter of fact, it
has been reported that the carrier can bind nucleotide
analogs on the matrix side, even in the presence of CATR
[26]. Moreover, kinetic experiments show that the protein
can form an ADP-carrier–ATP ternary complex during
transport [37], suggesting that ATP from the matrix side
may still bind CATR-bound AAC, although it cannot be
transported because the carrier is fixed in an abortive c′
state [14]. The interaction site identified here could function
as a regulator of protein activity, as observed in the
transport activity of the UCP1 carrier, regulated by purine
nucleotide binding sites on the matrix side [38]. Evidence
of the existence of a specific binding site for ATP4− also
comes from the comparison of the binding free energy
obtained in the X docking of ATP4− and GTP4−. The values
are −8.13 and −2.52 kcal mol−1 for ATP4− and GTP4−,
respectively, and correspond to a difference in their
dissociation constants of the order of 104, indicating that
the carrier displays a specific site for ATP4−. The ATP4−

interaction site is formed from three positively charged
amino acids (Lys48, Arg59, Lys146), two polar amino acids
(Gln43, Gln150), one negatively charged amino acid
(Glu63), and a glycine (Gly145). These amino acids
determine the binding of the substrate in a unique
orientation where the phosphate groups are stabilized by
the positively charged residues (Lys48, Arg59, Lys146)

(Table 1). The positive residues rigidly anchor the phos-
phate groups, while the base moiety can change its position
because it can equally interact with two glutamines (Gln43
and Gln150) that are located one in front of the other
(Table 1 and Fig. 5a).

This site (site I) was found also in the MD docking
runs, with the same global characteristics and a few
important differences. The amino acids composing it are
the same as for the X docking, with the exception that
Gln49 replaces Gln43. Some differences are also observed
in the 3D arrangement. In detail, in the MD docking,
Gln49 mainly interacts with the phosphates, while Gln150
retains its interactions with the purine ring. The other and
more notable difference involves Glu63 (which interacts
with the sugar), because it is not involved in the
electrostatic network that is present in the crystal structure,
where it forms an electrostatic triad with Arg59 and
Lys146. Rearrangements of salt bridges have been
suggested to be important in the transport mechanism
[17, 39, 40], and this was proposed to be the triggering
mechanism for substrate-induced conformational change [21,
22, 36]. Indeed, significant changes at the level of the matrix
region have been assessed by MD simulations performed in
the absence of CATR [19, 27]. As can be seen in the
representative snapshot in Fig. 5b, Glu63 does not bridge the
same positive residues as before, and is now able to make a
bond with the sugar moiety. The different spreads in the
positioning of the ATP4– molecules in X and MD docking
(Fig. 3c, d) are due to the RMSF values of the amino acids
interacting with the ligand (Fig. 6). In site I, Glu63 and
Gln150, which interact with the sugar and the base moiety,
respectively, have RMSF values lower than those of Lys48,
Arg59, and Lys146, which interact with the phosphate. It is

Fig. 6 Protein RMSF. Average
per-residue root mean square
fluctuations of the ADP/ATP
carrier. The dark and light gray
bars indicate the fluctuations of
the residues belonging to sites I
and II, respectively. The black
thin bars show the fluctuations
of the residues that are not
involved in ATP recognition
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worth noting that, in spite of the rearrangements of the
residues and the dispersion in the orientations of the substrate
moieties, site I as found in the crystal structure was also
maintained in the structures extracted from the MD
simulation.

In MD docking, another interaction site—site II—
appeared that was not mapped in X docking (Fig. 3d).
The new site consisted of two positively charged amino
acids (Lys432, Arg243), one polar amino acid (Gln240),
one negatively charged amino acid (Asp247), and one
hydrophobic amino acid (Met249). The physicochemical
characteristics of site II were almost the same as those
observed for site I, in fact the phosphate moiety of the
substrate is stabilized by the positively charged amino
acids, the basic moiety by the polar and hydrophobic
residues, and the negatively charged amino acid stabilizes
the sugar (Table 1). In site II, the positions of the phosphate
groups are variable, and that of the base even more so, due
to the large fluctuations of the amino acids that form the
binding site (Fig. 5). This is shown by the bidirectional
arrows in Fig. 3d, whose lengths are proportional to the
spread of the clustered ligands on the surface.

The presence in MD docking of two interaction sites
located in two distinct matrix areas may be related to the
tripartite structure of the protein. Experimental studies
have shown that the substrate transport is 1:1, so the
carrier channel can only be crossed by one molecule at a
time [39]. This is due to the carrier assembly, which does
not permit more than one molecule to pass through the
channel at the same time because of steric hindrance.
Recent studies have highlighted the symmetric and
asymmetric conservation of residues in the mitochondrial
carrier family [36], and identified three symmetrical
substrate contact points in the bottom of the channel
and three toward the intermembrane space, each one
located on a single repeat. In addition, even though it has
long been thought that mitochondrial carriers function as
dimers, the dimer interface is still elusive, and new data
hint that a monomer is the functional unit [41], support-
ing the use of a monomeric model system.

The analyzed MD structures show the occurrence of
two binding sites for the ATP4− substrate, each one
spreading in a region involving two repeats. The residues
of site I are located on repeats 1 and 2, and those of site II
are located on repeats 3 and 1 (Fig. 4). These residues are
highly conserved in a large number of sequences taken
from different species that are far apart evolutionarily
(Fig. S4), suggesting the involvement of these residues in
the formation of a conserved ATP4− binding site.
Extending the symmetry considerations for the tripartite
sequence and the three-dimensional structure of the
repeats, the existence of a third binding site could be
expected.

Summary

The coupling of MD and protein–ligand docking allowed
us to suggest the residues of the bovine mitochondrial
ADP/ATP carrier that are involved in binding the ATP4−

substrate in the matrix region (Fig. 3). Applying molecular
docking to the c-state X-ray structure of the transporter
[17] led us to identify a unique binding site that, in the
absence of CATR, is ready to preliminarily interact with
ATP in the matrix region, which may trigger complex
molecular machinery that is able to invert the transport
process. This site was also detected by docking performed
on the structures extracted from the MD simulation carried
out on the free carrier, which also highlighted a second
binding site that was arranged in a similar way to the first
one, and contained amino acids with similar physical
chemical properties to those in the first site (Table 1 and
Fig. 5). These findings beg the question of whether the
multiple sites act independently or via a concerted
mechanism driven by the ATP4− concentration in the
matrix region.
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