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ABSTRACT: The mitochondrial ADP/ATP carrier is the paradigm of the mitochondrial carrier family (MCF),
whose members are crucial for cross-talks between mitochondria, where cell energy is mainly produced,
and the cytosol, where cell energy is mainly consumed. These carriers share structural and functional
characteristics. Resolution of the 3D structure of the beef mitochondrial ADP/ATP carrier, in a complex
with one of its specific inhibitors, revealed interesting features and suggested the involvement of some
particular residues in substrate binding and transfer from the outside to the inside of mitochondria. To
ascertain the role of these residues, namely, Y186, Y190, F191, and Y194, they were mutated into alanine
in the yeast mitochondrial ADP/ATP carrier at equivalent positions (Y203, Y207, F208, and Y211). Two
residues, Y203 and F208, appeared to be crucial for transport activity but not for substrate binding per se,
indicating their involvement in the substrate transfer process through the carrier. Furthermore, it was
possible to show that these mutations precluded conformational changes of the matrix loop m2, whose
movements were demonstrated to participate in substrate transport by the wild-type carrier. Therefore,
these aromatic residues may be involved in substrate gliding, and they may also confer specificity toward
adenine nucleotides for the ADP/ATP carrier as compared with the MCF members.

The three-dimensional structure of the bovine mitochon-
drial adenine nucleotide carrier (BAncp),1a model member
of the mitochondrial carrier family (MCF), has been solved
by X-ray crystallography at 2.2 Å resolution (1). The
structure is that of a monomer in complex with carboxyatrac-
tyloside (CATR), a highly specific inhibitor of Ancp to which
it binds with very high affinity. Ancp has the general shape
of a basket delineated by six tilted transmembrane segments
(TMS 1-6).

It has been postulated on the basis of numerous biochemi-
cal data that Ancp changes its conformation to perform
nucleotide transport (ref 2 and references therein). The
conformation deciphered by X-ray analyses opens to the
intermembrane space (IMS). Bongkrekic acid (BA) and
isoBA are the second class of inhibitors that are very specific
to Ancp. They bind with very high affinity but only to the
matrix side of the carrier, in contrast to CATR and ATR
(the decarboxylated form of CATR), which bind only to the
IMS side. ATR and CATR prevent transport of ADP added
on the cytosolic side, and biochemical studies have suggested
that ATR/CATR and nucleotide binding sites partially
overlap (3). Therefore, and given that Ancp transports only
the magnesium-free forms of ADP and ATP (4, 5), analyses
of residues located in the Ancp cavity suggest the mechanism
of nucleotide binding, at least from the IMS side, and
translocation.

In the following, numbering of BAnc1p amino acid
residues starts after the initiating methionine, and numbering
of ScAnc2p starts at the initiating methionine to avoid
renumbering of already characterized mutations of this carrier
(for example, R96H of op1 (6)). Basic residues at the
entrance of the cavity (K22, R79, and R279 of the bovine
Anc1p or BAnc1p) may attract nucleotides that would glide
further with their adenine ring along a “tyrosine ladder”
(Y186, Y190, and Y194 in TMS 4) to reach a second patch
of basic residues (K32, R137, and R234) (1, 7). These six
basic residues are very well conserved in the 116 known

† This work was supported by the University of Bordeaux 2, the
Centre National de la Recherche Scientifique, and the Région Aquitaine.
B.A. was supported by the French Ministère de l’Enseignement
Supérieur et de la Recherche. J.-F.S. was awarded a grant from the
Fondation pour la Recherche Médicale.

* To whom correspondence should be addressed. E-mail:
vero.trezeguet@ibgc.u-bordeaux2.fr. Phone: (33) 556 99 90 39. Fax:
(33) 556 99 90 63.

‡ CNRS-Université Bordeaux 2.
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Ancp amino acid sequences (8). Their mutations at equivalent
positions of ScAnc2p into alanine or isoleucine inactivate
mitochondrial function in yeast (9-12). Next to Y190 of
the BAnc1p lies F191, which is perfectly conserved in all
known Ancp sequences. Therefore, the “tyrosine ladder” is
renamed the “aromatic ladder” and consists of Y186, Y190,
F191, and Y194 of BAnc1p. We showed in a previous study
that in ScAnc2p the double replacement of Y203 (equivalent
to Y186) and Y207 (equivalent to Y190) with alanine
strongly impaired yeast growth on nonfermentable carbon
sources while replacement with phenylalanine did not (1).

To assess more precisely the role of the aromatic ladder
residues located in the C-terminal end of TMS 4 in nucleotide
gliding during transport, they were sequentially replaced with
alanine either one at a time or in pairs in ScAnc2p (Y203,
Y207, F208, and Y211, Figure 1A). ATR binding properties
were determined with isolated mitochondria, as well as
nucleotide binding, which was examined using of a non-

transportable ADP analogue, 3′-O-(1-naphthoyl)adenosine 5′-
diphosphate (N-ADP). The results suggest that the aromatic
patch residues are not involved in nucleotide binding per se
but rather in substrate gliding via conformational changes
in ScAnc2p.

We have then generated a cysteine-less variant of ScAnc2p
(Anc2CLp) into which a single cysteine residue was intro-
duced at position 176 (Anc2CLpV176C) located in the small
R-helix of the matrix loop m2 at a position equivalent to
C159 of BAnc1p (Figure 1A). Indeed, movements of the
matrix loop m2 during nucleotide transport have been
revealed from various experimental approaches: limited
proteolysis(13,14),chemical labelingofSHgroups(15-17,14),
and photolabeling of the carrier with photoactivatable
analogues of atractyloside and adenine nucleotides (18-20).
It was proposed that the N-terminal part of m2 is accessible
from the IMS and that the C-terminal part is exposed to the
mitochondrial matrix in the Ancp ·CATR complex (“CATR”
conformation) (Figure 1B). Conversely, in the Ancp ·BA
complex, the C-terminal part of m2 is accessible from the
IMS, and the N-terminal part is exposed to the matrix (“BA”
conformation) (Figure 1B) (14).

The single cysteine variant Anc2CLpV176C is active.
EMA labels V176C in the absence or in the presence of
ADP or BA. In contrast, CATR prevents this labeling,
suggesting that large conformational changes of the matrix
loop m2 may take place upon ligand binding. The Y203A
and F208A mutations were introduced into Anc2CLpV176C

(Anc2CLpV176CY203A and Anc2CLpV176CF208A), and these vari-
ants were never labeled with EMA, whatever the added
ligand, indicating that the Y203A and F208A mutations
might preclude some of the conformational changes essential
for ADP/ATP transport, thus pointing to the role of these
residues in nucleotide gliding.

MATERIALS AND METHODS

Chemicals. [3H]Atractyloside ([3H]ATR) and 3′-O-(1-
naphthoyl)adenosine 5′-diphosphate (N-ADP) were synthe-
sized as previously described (21, 22). Protein concentration
was determined using the bicinchoninic acid reagent kit from
Sigma. Nucleotides and CATR were purchased from Sigma,
and P1,P5-di(adenosine-5′)-pentaphosphate was from Cal-
biochem. Hexokinase/glucose-6-phosphate dehydrogenase
enzyme mix was obtained from Roche Diagnostics GmbH.

Strains, Media, and Transformation. Escherichia coli strain
used for plasmid propagation was XL1-Blue (recA1 endA1
gyrA96 (Nalr) thi hsdR17 (rK

- mK
+) supE44 relA1 lac- F′

[Tn10 (tetr) proAB+ lacIq lacZ∆M15]). Bacteria were
transformed according to standard methods either with
calcium chloride or by electroporation, as already described
(23). The following Saccharomyces cereVisiae strains were
used in this study: JL1∆2∆3u- (MATR leu2-3,112 his3-11,15
ade2-1 trp1-1 ura3-1 can1-100 anc1::LEU2 ∆anc2::HIS3
∆anc3) (this work); JL1-3ANC2 (MATR leu2-3,112 his3-
11,15ade2-1trp1-1ura3-1can1-100anc1::LEU2anc3::URA3)
which refers to the 2N1-3 strain (24). The JL1∆2∆3u- strain
was obtained after replacement by homologous recombina-
tion of the interrupted anc3 gene of JL1-3∆2 (23) with a
fragment corresponding to the deletion of ScANC3 nucle-
otides +269 (HindIII site) to +975 (ClaI site), the STOP
codon being at position +922. This fragment contained 48

FIGURE 1: (A) Modeling of the ScAnc2p 3D structure in complex
with CATR. A 3D model of Anc2p from S. cereVisiae based on
the template structure of BAnc1p (PDB entry 1okc (1)) was
constructed as indicated in Materials and Methods. Only part of
TMS 3 and 4 (H3 and H4) are represented. The carboxyatractyloside
ligand was inserted using the docking program AutoDock3. The
“tyrosine ladder” described in the beef Anc1p 3D structure
corresponds to residues Y186, Y190, and Y194 to which F191 is
added to constitute the “aromatic ladder”, corresponding to Y203,
Y207, F208, and Y211 of ScAnc2p. CATR ) carboxyatractyloside.
(B) Movements of the matrix loop m2 upon inhibitor binding (from
ref 14). Only transmembrane helices 3 and 4 and the small helix
h34 of the matrix loop m2 are represented. The stars represent
residues 162 (gray) and 176 (black). Serine 162 was mutated into
a cysteine in ref 14, and V176 was mutated into cysteine in this
study. Numbering of ScAnc2p amino acid residues starts at the
initiating methionine and thus corresponds to numbering of the gene
codons. In ref 14, S162 is numbered S161 since amino acid
numbering in this paper corresponds to that of the mature protein
whose initiating methionine has been removed (20).
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bp of the 5′ noncoding region of ScANC3 followed by the
first 269 bp of the ScANC3 sequence and 324 bp of the 3′
noncoding region (from the ClaI site to the BamHI site of
the ScANC3 gene). Removal of the URA3 gene in the anc3
locus was controlled by the ability of the recombinant strain
to grow in the presence of 5-fluoroorotic acid (25).

The strains were cultivated and transformed as described
in ref 23. The composition of all the media used (YPD,
YPLact, SGal-W) is described in ref 23.

Site-Directed Mutagenesis. Site-directed mutagenesis of
ScANC2 was performed using the Transformer site-directed
mutagenesis kit (Clontech Laboratories) with the following
mutagenic primers (mutated bases are underlined and amino
acid substitution is indicated in parentheses): 5985′-ATTGT-
TGTCGCTAGAGGTCTATACTTCGGTATGTACG-3′634

(Y203A), 5985′-ATTGTTGTCTACAGAGGTCTAGCTTTCG-
GTATGTACG-3′634 (Y207A), 5985′-ATTGTTGTCTACA-
GAGGTCTATACGCTGGTATGTACG-3′634 (F208A), 6195′-
TACTTCGGTATGGCTGATTCTTTGAAG-3′645 (Y211A),
5985′-ATTGTTGTCGCTAGAGGTCTAGCTTTCGG-
TATGTACG-3′634 (Y203A, Y207A), 5985′-ATTGTTGTC-
TACAGAGGTCTAGCTGCTGGTATGTACG-3′634 (Y207A,
F208A), 2065′-GTATCTTAGACGCTTTCAAGAGAACCGC-
3′233 (C73A), 7185′-GGTGCTTCTACAGCTTCTTACCCAT-
TGG-3′744 (C244A), 7995′-GGTGCCTTTGACGCTTTGAG-
GAAGATTG-3′826 (C271A), 8505′-CTATTCAAGGGTGCTG-
GTGCTAACATC-3′876 (C288A), and 5135′-CGGTTTGATC-
GATTGCTACAAGAAGACC-3′540 (V176C).

The mutated ScANC2 genes were subcloned into a
centromeric plasmid, pRS314, under the control of ScANC2
regulatory sequences as described in ref 23. The resulting
plasmids were used to transform the JL1∆2∆3u- strain to
assess their ability to complement the Scanc2 deletion.

Isolation of Mitochondria, Kinetic Measurements, and
Immunodetection. Yeast cells used for isolation of mito-
chondria were grown in minimal synthetic medium consisting
of 0.17% yeast nitrogen base without amino acids and
ammonium sulfate, 0.5% (NH4)2SO4, 2% galactose, and all
amino acids except tryptophan (SGal-W) to allow the plasmid
to be maintained in transformants. The protocols and
materials used to perform isolation of mitochondria, ADP/
ATP transport, [3H]ATR binding measurements, and protein
immunostaining are described in ref 23. Free ADP concen-
trations were calculated using WEBMAXC STANDARD
(http://www.stanford.edu/∼cpatton/webmaxc/webmaxcS.h-
tm). After ECL detection with a GENE GNOME system
(Syngene, Ozyme), signal intensities of the bands were
quantified with Genetools, a Syngene software. The time
course of CATR-induced release of bound 3′-O-(1-naph-
thoyl)adenosine 5′-diphosphate (N-ADP) binding was studied
by incubating freshly isolated mitochondria in 2 mL of 120
mM KCl, 10 mM MOPS, pH 6.8, and 1 mM EDTA at 16
°C (0.5 mg of mitochondrial proteins/mL). After N-ADP
addition (from 0.1 to 10 µM) the fluorescence level was set
to zero. Then the increase in fluorescence induced upon
addition of 5 µL of 2 mM CATR (∆F) was recorded until it
became stable. The apparent dissociation constant, K1/2, was
determined after plotting ∆F/∆Fmax as a function of added
N-ADP concentration.

EMA Labeling of Membrane-Embedded ScAnc2p Variants.
Mitochondria were isolated in buffer A (0.6 M mannitol, 10
mM Tris ·HCl, 0.1 mM Na2EGTA, pH 7.4), resuspended in

buffer B (0.6 M mannitol, 10 mM MOPS, 0.1 mM
Na2EGTA, pH 6.8) at 8 mg of proteins/mL (final concentra-
tion), and incubated for 15 min at 4 °C in the absence or in
the presence of 20 µM CATR or 20 µM BA. They were
then diluted twice with buffer A and incubated in the dark
for 30 min at 4 °C in the presence of 200 µM EMA. Labeling
was stopped by 20 mM DTT (10 min, 4 °C, in the dark).
After addition of 1 volume of 2× electrophoresis sample
buffer (125 mM Tris ·HCl, pH 6.8, 20% glycerol, 4% SDS,
0.2% 2-mercaptoethanol, 0.001% bromophenol blue), samples
were incubated for 2 min at 70 °C and then loaded on a
20% polyacrylamide gel (SDS-PAGE). After migration,
fluorescence was detected at λex ) 532 nm with the
fluorescent image analyzer Fujifilm FLA-500.

Construction of a Three-Dimensional Model Structure for
ScAnc2p. A pairwise alignment between ScAnc2p and
bAnc1p sequences was constructed using ClustalX (26), and
manual refinement was based on multiple sequence alignment
of 116 Ancp sequences generated with ClustalX. A three-
dimensional model of ScAnc2p was built using the homology
modeling program Modeller (27) and the template structure
of bAnc1p (PDB entry: 1okc). We used the AutoDock 3.05
package (28) for ligand docking. The CATR structure was
generated using the prodrg server (http://davapc1.bioch.dundee.
ac.uk/prodrg/ (29)) and AutoDockTools program (30). Blind
docking was carried out using the Lamarckian genetic
algorithm for 512 trials and with a rmsd tolerance of 0.5 Å
for clustering and 2 Å for reclustering.

RESULTS

Growth Phenotypes on a Nonfermentable Carbon Source
Suggest Differing InVolVement of the Aromatic Ladder
Residues. Y186 of the BAnc1p aromatic ladder is conserved
in 100% of the Ancp amino acid sequences, Y190 in 98%,
F191 in 100%, and Y194 in 87%. In the remaining cases
they are replaced with phenylalanine, another aromatic amino
acid (8). Mutation of Y203 and Y207 of ScAnc2p (equivalent
to Y186 and Y190 of BAnc1p) (Anc2pY203FY207F) into
phenylalanine did not prevent JL1∆2∆3u- growth on non-
fermentable carbon sources (Figure 2, line 3) but conferred
cold sensitivity on lactate. In contrast, when both residues
were mutated simultaneously into alanine (Anc2pY203AY207A),
yeast growth on nonfermentable carbon sources was impaired
(Figure 2, line 4, and ref 1), and the transformants were
temperature (12 and 37 °C) sensitive on glucose (data not
shown). Thus, one or both of these residues may play a
crucial role in nucleotide transport.

The role of the aromatic ladder was further investigated
by mutating the four residues of ScAnc2p into alanine, in
pairs or one at a time, namely, Y203, Y207, F208, and Y211.
Introduction of two alanines simultaneously prevented growth
on lactate at 28 °C (Figure 2, lines 4-6) and conferred
temperature sensitivity on glucose (data not shown). Mutation
into alanine of one residue at a time clearly showed that Y207
was dispensable to ScAnc2p function (Figure 2, line 8), in
contrast to Y203 and F208. Indeed, ScAnc2pY203A and
ScAnc2pF208A strains exhibited a growth defect on lactate at
28 °C (Figure 2, lines 7 and 9) and 12 or 37 °C (not shown),
while the ScAnc2pY211A strain displayed a reduced growth
phenotype at 28 °C (Figure 2, line 10) and no growth at 12
or 37 °C (not shown).
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All Variant Genes Lead to ScAnc2p Production in Mito-
chondria. In the cases of ScAnc2pY203A and ScAnc2pF208A

variants, the lactate minus growth phenotype might reflect
the lack of ScAnc2p variants in mitochondria should these
proteins be unstable either before or after their insertion into
MIM. Amounts of carrier proteins in mitochondria were first
evaluated from immunostaining experiments. Ten micro-
grams of proteins from mitochondria isolated from
JL1∆2∆3u- transformed with the plasmids encoding the
variants was loaded on a 12% acrylamide gel. After
SDS-PAGE and transfer, the nitrocellulose membrane was
first immunostained with an antibody raised against the last
14 amino acids of ScAnc2p (1/10000) (31). After ECL
detection, the membrane was immunodecorated with an
antibody raised against yeast porin (1/10000) (32). The signal
intensities were quantified and plotted as ScAnc2p/porin
ratios (Figure 3). ScAnc2p was present in every transformant,
but its relative amount varied with the variant. The relative
amounts of the more active variants, ScAnc2pY203FY207F and
ScAnc2pY207A, were similar to that of the wild type, where-
as ScAnc2pY211A and the inactive forms were less abundant.
Importantly, however, all of the variant transporters, even
the inactive ones, were present in mitochondria in reasonable
amounts.

To quantify ScAnc2p variants more precisely, we per-
formed [3H]ATR binding experiments with isolated mito-
chondria. Results are given in Table 1 and roughly correlate
with those of Figure 3, when considering the maximum
number of binding sites (Bmax

ATR) for two variants,
ScAnc2pF208A and ScAnc2pY211A. However, they were quite
different for ScAnc2pY203A and ScAnc2pY207A. The Bmax

ATR

values were higher than that of the wild type whereas the
relative amounts as evidenced by immunodecoration were
lower (ScAnc2pY203A) or similar (ScAnc2pY207A).

ATR binding experiments may be used to estimate the
absolute amount of properly folded ScAnc2p in mitochondria
while immunodecoration indicates only the amount of
ScAnc2p relative to porin. The greatest divergence was

observed with the active variant ScAnc2pY207A. This could
mean that, in cells expressing this variant, the amount of
mitochondrial proteins is modified.

Some of the ATR dissociation constant values were
dramatically changed. They decreased by a factor of 5-7
for the ScAnc2pF208A and ScAnc2pY211A variants, while they
increased by a factor of 6 for the ScAnc2pY203A variant. This
suggests a large decrease in ATR affinity for the latter, which
could correlate with a decrease in nucleotide binding ability.
Indeed, numerous studies have suggested overlapping of
ATR and ADP binding sites, at least partially.

Some of the Rungs of the Aromatic Ladder Are Crucial to
Nucleotide Translocation or Binding. In a previous paper
we showed that the op1 mutation of ScAnc2p (R96H),

FIGURE 2: Yeast growth phenotype associated with aromatic ladder
residue mutations. JL1∆2∆3u- strain was transformed with plasmid
pRS314 containing no gene (line 1), the wild-type ScANC2 gene
(line 2), or the various Scanc2 mutated genes (lines 3-10), under
the control of ScANC2 regulating sequences. Yeast transformants
were isolated and inoculated in liquid complete minimum medium
free of tryptophan containing 2% glucose as carbon source (SC-
W). When the cultures reached log phase, cells were diluted to
obtain 104, 103, 102, or 10 cells per 2 µL and then spotted onto
SC-W (glucose) or rich lactate-containing medium (lactate) plates
and incubated at 12, 28, or 37 °C. For the sake of clarity, only
results obtained after 3 days (glucose) or 6 days (lactate) of
incubation at 28 °C are shown.

FIGURE 3: Relative ScAnc2p content determined after immunostain-
ing of mitochondria proteins. Mitochondria were isolated from cells
grown in SGal-W. Ten micrograms of mitochondrial proteins was
subjected to SDS-PAGE and transferred onto nitrocellulose
membrane which was then immunodecorated with an antibody
raised against the last 14 amino acids of ScAnc2p (1/10000) and
then with an antibody raised against yeast porin (1/10000).
Intensities of the signals were quantified with GeneTools from
Syngene after each revelation. The ratio ScAnc2p/porin in arbitrary
units was set at 1 for the wild-type protein. Data are the means of
two different experiments.

Table 1: [3H]ATR Binding Parameters and Naphthoyl-ADP Dissociation
Constants

ATR bindingb N-ADP binding

ScAnc2p variant Bmax
ATR (pmol/mg) KD

ATR (nM)b K1/2 (µM)c

WTa 337 ( 27 327 ( 26 1.7 ( 0.4
R96H (op1)a 445 ( 236 226 ( 116 ndd

Y203A 392 ( 21 2002 ( 245 2.6 ( 0.2
Y207A 637 ( 85 177 ( 35 nd
F208A 264 ( 9 68 ( 12 1.8 ( 0.2
Y211A 211 ( 12 45 ( 13 nd
a From ref 33. b Various [3H]ATR concentrations were incubated with

isolated mitochondria (1 mg). After incubation on ice (45 min),
mitochondria were pelleted, washed, and lyzed with 5% Triton X-100
and 0.5 M NaCl. Radioactivity associated with the pellet was counted to
calculate the amount of [3H]ATR bound to mitochondria. Nonspecific
binding was measured in the presence of 500 µM CATR. Bmax

ATR )
number of maximum ATR binding sites. c Various concentrations of
N-ADP were added to isolated mitochondria (0.5 mg/mL). The
fluorescence level was set to zero. Addition of CATR released N-ADP
from mitochondria inducing an increase in fluorescence (∆F). The K1/2

value was determined by plotting ∆F/∆F max as a function of added
N-ADP. d nd, not determined.
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though impairing yeast growth on a nonfermentable carbon
source, did not modify the maximum rate of ADP/ATP
exchange but rather the KM for external ADP (33), whose
value was increased about 500-fold as compared to the wild-
type protein. It was therefore of crucial importance to
determine whether Y203A and F208A mutations had similar
effects on ScAnc2p activity. We measured ADP/ATP
exchange kinetic parameters with mitochondria isolated from
the strains expressing the corresponding variants. Results are
given in Table 2. Interestingly, ScAnc2pY203A behaved
similarly to the op1 mutant: the Vmax

ADP value was similar
to that of the WT, but the KM

ADP value was increased almost
500-fold. In contrast, ScAnc2pY207A, which grew on lactate,
had a KM

ADP value similar to that of WT and a slightly
decreased VMax

ADP value. The ScAnc2pF208A variant could not
perform ADP/ATP exchange. The ScAnc2pY211A variant had
a decreased Vmax

ADP value (around 2-fold) and an increased
KM

ADP value (12.5-fold) but not as much as ScAnc2pY203A,
accounting for the reduced but still significant growth
observed on lactate (Figure 2, line 10).

The Aromatic Ladder Is Not Crucial to ADP Binding per
se. 3′-O-(1-Naphthoyl)adenosine 5′-diphosphate (N-ADP) is
a nontransportable ADP analogue whose binding properties
to Ancp can be examined with isolated mitochondria (22).
Its fluorescence is quenched upon binding to Ancp, so
specific binding to the mitochondrial Ancp can be measured
by the fluorescence enhancement observed upon dissociation
after addition of CATR, a very specific Ancp inhibitor. The
K1/2 value of N-ADP binding to the beef Ancp is 3 µM (22),
which is close to the value determined for the yeast ScAnc2p
(K1/2 ) 1.7 µM, Table 1). As can be seen in Table 1, the
K1/2 values are in the same range for ScAnc2pY203A and
ScAnc2pF208A, which are inactive for transport (2.6 and 1.8
µM, respectively). This suggests that the absence of nucle-
otide transport catalyzed by these variants does not result
from their inability to bind nucleotides but rather from their
inability to catalyze the substrate translocation step.

The m2 Loop of ScAnc2pY203A and of ScAnc2pF208A Is
Locked in a “CATR”-like Conformation. CATR and BA are
known to induce conformational changes similar to those
involved in nucleotide translocation during which the matrix
loop m2 plays an important role. C159 of BAnc1p in the
middle of loop m2 was differentially labeled by the non-
permeant sulfhydryl-alkylating reagent eosin-5-maleimide
(EMA) in the presence or absence of nucleotides, CATR or
BA (15). This labeling inhibited ADP/ATP transport. C159
corresponds to V176 of the yeast ScAnc2p, which nonethe-
less contains four cysteinyl residues: C73 in matrix loop m1

(equivalent to C56 of BAnc1p), C244 in TMS 5, C271 in
matrix loop m3 (equivalent to C256 of BAnc1p), and C288
in the C-terminal end of m3. None of them was labeled with
EMA in the wild-type ScAnc2p embedded in mitochondrial
membrane (ref 14 and data not shown). We first engineered
a mutant of ScAnc2p in which the four endogenous cysteinyl
residues were mutated into alanine (Anc2CLp). We then
mutated V176 in order to introduce a cysteine in the matrix
loop m2, at a position equivalent to that of C159 of BAnc1p
(Anc2CLpV176C) (Figure 1A). Such a mutation does not
preclude yeast growth on a nonfermentable carbon source,
and its doubling time in rich lactate-containing medium is
approximately 4 h 30 min, which is comparable to that of
the wild-type cells (3 h 30 min (23)). Furthermore,
Anc2CLpV176C exchanged nucleotides with a significant
efficacy since the KM

ADP value was in the same range though
the Vmax value was half that of the wild type (Table 2). Last,
we controlled that the Anc2CLpV176C protein was stable over
the EMA labeling duration by Western blot analyses of
mitochondria at the end of the labeling experiments (data
not shown).

EMA labeling was performed with freshly isolated and
with frozen-thawed mitochondria in the absence or in the
presence of CATR or BA. As can be seen in Figure 4A (lanes
1-3), Anc2CLpV176C was never labeled with EMA in freshly
isolated mitochondria. However, it was labeled in thawed

Table 2: ADP/ATP Exchange Parameters

ScAnc2p variant
Vmax

ADP

(nmol min-1 mg-1) KM
ADP (µM) doubling timec

WTa 90 ( 3 0.68 ( 0.08 3 h 30 min
R96H (op1)a 94 ( 8 368 ( 66
Y203F Y207F 94 ( 6 9 ( 2 7 h 30 min
Y203A 81 ( 6 328 ( 61
Y207A 78 ( 2 0.9 ( 0.1 6 h
F208A NMd NM
Y211A 54 ( 1 8.5 ( 0.8 17 h 30 min
V176Cb 47 ( 1 1 ( 0.2 4 h 30 min

a From ref 33. b Corresponding to Anc2CLpV176C. c Doubling time
was determined by measuring at various time intervals the absorbance at
600 nm of yeast cells cultivated in YPlact. d NM, not measurable.

FIGURE 4: (A) EMA labeling of the membrane-bound Anc2CLpV176C

variantinmitochondria.Freshlyisolatedmitochondriaorfrozen-thawed
mitochondria were incubated (8 mg of proteins/mL) without or with
20 µM CATR or 20 µM BA for 15 min on ice. EMA labeling
(200 µM) was performed for 30 min on ice in the dark. The reaction
was stopped with 20 mM DTT. Samples were subjected to
SDS-PAGE, and fluorescence was visualized at λex ) 532 nm.
The position of Anc2CLpV176C, indicated by an arrow, was
controlled by immunoblotting after transfer of the gel onto a
nitrocellulose membrane. The EMA-labeled bands, which migrated
in the gels immediately ahead of the Anc2p band, have been
tentatively identified to the phosphate carrier and the mitochondrial
porin (VDAC1) according to refs 44 and 14. (B, C) Y203A (B)
and F208A (C) prevent EMA labeling of the membrane-bound
Anc2CLpV176CY203A (B) and Anc2CLpV176CY203A (C). Frozen-thawed
mitochondria (8 mg of proteins/mL) containing Anc2CLpV176C (B
and C), Anc2CLpV176CY203A (B), or Anc2CLpV176CF208A (C) were
incubated without or with 20 µM CATR or 20 µM BA for 15 min
on ice. EMA labeling was performed as indicated in panel A.
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mitochondria in the absence of ligand, and this labeling was
inhibited by preincubation of mitochondria with CATR but
not with BA (Figure 4A, lanes 4-6). Therefore, V176C
EMA labeling appears to be a good reporter of carrier
conformational changes induced by inhibitor binding, though
at this stage we cannot exclude that CATR prevents EMA
labeling only by steric hindrance. This point is discussed
below. The difference between freshly isolated or thawed
mitochondria can be accounted for by rupture of the outer
and/or the inner membrane that would give EMA access to
Anc2p.

Since the affinity of ScAnc2pY203A for ATR was dramati-
cally reduced as compared to the wild-type protein, Y203
of Anc2CLpV176C was mutated into alanine, and EMA
labeling was examined for this new variant. As expected,
the Y203A mutation precluded yeast growth on a nonfer-
mentable carbon source. However, the new variant was stable
when embedded in mitochondria, and its ADP/ATP exchange
capacity was similar to that of ScAnc2pY203A (data not
shown). As can be seen in Figure 4B (lanes 4-6), this variant
was not labeled whatever the incubation conditions as if
“BA” and “CATR” conformations were similar with respect
to V176C EMA labeling. Similar results were obtained with
freshly isolated mitochondria (data not shown). The Y203A
variant might be locked in a “CATR”-like conformation, and
this locking cannot be reversed by BA binding, probably
because the matrix loop m2 cannot swing in a manner
appropriate for nucleotide translocation. In addition, these
results allow us to exclude that the absence of EMA labeling
of V176C in the presence of CATR is due to steric hindrance.

Considering such a dramatic effect of the F208A mutation
on ADP/ATP transport, it was also of interest to introduce
this mutation in Anc2CLpV176C. As expected, the new variant
Anc2CLpV176CF208A did not restore yeast growth in a lactate-
containing medium though the protein was present in
significant amount in mitochondria (data not shown).
Anc2CLpV176CF208A behaved similarly to Anc2pF208A regarding
nucleotide transport. Interestingly, this completely inactive
mutant was never labeled with EMA (Figure 4C), similarly
to Anc2CLpV176CY203A. The F208A mutation might also lock
ScAnc2p in a “CATR”-like conformation, which however
would differ from that adopted by ScAnc2pY203A since F208A
increases ATR affinity, contrary to Y203A. Furthermore,
F208A completely inactivated the nucleotide transport
whereas some transport was still detected with Y203A.

DISCUSSION

This paper assigns a crucial role to a structural amino acid
motif initially revealed in the 3D structure of BAnc1p in
complex with CATR and formerly named the “tyrosine
ladder” (1) (Figure 1A). It was first proposed that adenine
nucleotides from the IMS would be attracted and “preori-
ented” through the combined effect of a patch of positively
charged amino acids and of the “tyrosine ladder”. In this
ladder, Y186 constricts the funnel-shaped cavity of BAnc1p
in complex with CATR (7). This would restrict access of
the nucleotide to the other side of the inhibited carrier,
consisting of a second patch of basic and acidic residues
belonging to the third signature sequence of the mitochondrial
carrier family (MCF), 229PFDTVR234 followed with
235RRMMM239, which is the end of the Ancp signature

sequence (7). Right beside Y190 is F191, which is perfectly
conserved in all known Ancp amino acid sequences (8). The
orientation of its aromatic ring is almost orthogonal to that
of the other tyrosyl residues (Figure 1). Thus, we hypoth-
esized involvement of the aromatic ladder in nucleotide
progress into the funnel. This was assessed by mutating the
corresponding residues of yeast ScAnc2p, Y203, Y207, F208,
and Y211, into alanine, in pairs or individually. Two residues,
Y203 and F208, which are perfectly conserved among Ancp
sequences, obviously play a crucial role in nucleotide
exchange since their mutation impaired the transport function.
Estimates of the variant carrier amounts in the MIM ruled
out impaired Ancp variant biogenesis being responsible for
the observed phenotype. However, ATR binding properties
were dramatically modified for ScAnc2pY203A, in line with
the observation that Y186 of BAnc1p, which is equivalent
to yeast Y203, is stacked on the diterpene moiety of CATR
(1). CATR blind docking on the 3D model of yeast Anc2p
indicates that the lowest binding energy cluster corresponds
to a CATR conformer located within the Ancp cavity which
is open to the intermembrane space. Upon careful examina-
tion, it appears that the critical residues of ScAnc2p involved
in the CATR binding, as exhibited in the crystal structure
of the bAncp1 ·CATR complex, are also those involved in
the lowest energy conformation of the CATR docking
experiment. Y203, on one hand, and L142, V145, and I200,
on the other, are involved respectively in stacking with the
diterpene moiety of CATR and van der Waals contacts with
the isovaleric residue, while N104, K108, and R204 are
hydrogen-bonded to the glucose moiety of the CATR sulfate
groups. In addition, R96 is involved in a salt bridge with a
carboxylic group of CATR. These results indicate, first, that
the analysis of our ScAnc2p mutagenesis results with the
help of the bAnc1p crystal structure is perfectly relevant and,
second, that the 3D model of ScAnc2p could be safely used
for interpreting our results with the yeast carrier.

The loss of ring stacking loosens the Ancp ·ATR complex
(Table 1), which is consistent with a dramatically increased
KD

ATR value (Table 1). This stacking cannot be compensated
for by the nearby aromatic residues, which point toward the
cavity (Y207 and Y211). In the case of ScAnc2pF208A, a
completely inactive variant, and of ScAnc2pY211A, a less
active variant, the KD

ATR values are 5-7-fold lower than that
of the wild type, thus indicating the formation of much more
stable ScAnc2p ·ATR complexes than with the wild-type
ScAnc2p. F208 and Y211 are in the largest part of the cavity
and oriented toward the IMS. It seems unlikely that they
restrict CATR access to the cavity. Instead, they may play a
role in ScAnc2p molecular “plasticity”. Their mutation into
alanine might lock the carrier in the “CATR” conformation,
as reflected by the high affinity for ATR and by the absence
of EMA labeling of V176C when associated with F208A.
Aromatic residues can contribute to protein conformation
through various interactions and notably through cation-π
ones. Analyses of the 3D structure of BAnc1p ·CATR (PDB
entry: 1okc) with the CAPTURE program (34) identified
three probable R/Y interactions that were energetically
significant: R59/Y50, R104/Y111, and R234/Y131. None of
them involves a residue of the aromatic ladder, though we
cannot rule out this pattern as being different in the
noninhibited conformation. Similar results were obtained
when the presence of putative cation-π interactions was
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sought within the ScAnc2p 3D model constructed by
homology modeling with the BAnc1p ·CATR crystal structure.

Nucleotide transport by ScAnc2pY203A or ScAnc2pF208A

was either dramatically impaired (Anc2pY203A) or abolished
(Anc2pF208A) (Table 2). The KM

ADP value for ScAnc2pY203A

was almost 500-fold higher than that of the WT. However,
these variants can still bind a nucleotide analogue (N-ADP)
with K1/2 values similar to that of ScAnc2p (Table 1), which
is puzzling at first glance. Thus the nucleotide binding step
is not the main concern for these mutants but rather the
nucleotide transfer from one side of the carrier to the other.
This step very likely involves conformational changes.
Therefore, we have introduced into ScAnc2p a cysteinyl
residue in position 176 in the middle of the loop m2, which
might be considered as an intrinsic conformational probe.
C176 is labeled in the presence of BA but not in the pres-
ence of CATR, contrary to what is observed for
Anc2CLpV176CY203A and Anc2CLpV176CF208A, in which C176
is never labeled, whatever the carrier inhibitor. ScAnc2pY203A

and ScAnc2pF208A might be locked in conformations similar
to the “CATR” conformation and might be unable to swing
to the “BA” conformation upon BA binding. Yet this
swinging is one of the requisites of nucleotide transport, as
has been shown by numerous approaches (for a review, see
for example ref 8).

Therefore, we propose that Y203 and F208, two aromatic
residues of TM4 from the ScAnc2p carrier, play an essential
role in nucleotide attraction and its progress through the
carrier leading to a productive ADP/ATP exchange.

Our results are substantiated by two recently published
papers reporting on the ADP binding on BAnc1p using a
molecular dynamics approach on time scales of 0.3 (35) and
0.53 µs (36). The time scales explored are probably too short
to give an insight into the conformational changes involved
in the substrate translocation step. In addition, a more realistic
environment mimicking the ionic composition of the IMS
water phase in equilibrium with both the carrier protein and
the lipid bilayer could probably contribute to a partial
shielding of the electrostatic forces at work. Nevertheless,
some interesting results are worth underscoring. In these
studies the ADP ·Ancp complex forms rapidly because of a
strong electrostatic attraction between the nucleotide and the
protein. The phosphate groups are attracted first, and their
binding to positive conserved residues would thus trigger
the conformational changes inherent to transport. In one of
the simulations, adenine moiety forms successively π-stack-
ing interactions with Y194 and Y190 (Y211 and Y207 of
ScAnc2p, respectively) either individually or together (36).
In both studies the pentose ring interacts with Y186 (Y203
of ScAnc2p) at the end of the simulation. Therefore, Y186
plays a key role in ADP transport. Interestingly, one of the
simulations is abortive for ADP transport since the nucleotide
remains rapidly stuck between Y194 and F191 (Y211 and
F208 of ScAnc2p, respectively) (36). This is puzzling
considering the essential role of F208 evidenced by our
studies but points out to the absolute requirement of an
experimental approach to corroborate molecular dynamics
results.

Y203 and F208 are 100% conserved among all known
Ancp sequences. A phenylalanine residue at a position
equivalent to F208 is present in 71% of the MCF members
of the yeast S. cereVisiae (Figure 5). This residue might

therefore also play a role in substrate transport in many
carriers, regardless of substrate specificity. Y203 is much
less conserved among MCF (26%) (Figure 5), and its role
may be restricted to substrates bearing an adenine moiety.
Indeed, it is conserved in Sal1p and Leu5p whose substrates
are ATP-Mg/Pi and CoA, respectively (37, 38). In contrast,
Ggc1p, which transports guanine nucleotides (39), and
Rim2p, which transports pyrimidine nucleotides (40), contain
a glycine at this position. However, the peroxisomal yeast
Ant1p, which transports adenine nucleotide (41), presents a
very different sequence, PxxxYAxFQ, in this region. Its
peroxisomal location may account for this divergent evolu-
tion as compared to the mitochondrial carriers.

Along this line, it is interesting to consider the mitochon-
drial peripheral benzodiazepine receptor (TSPO/PBR), which
contains a CRAC sequence (cholesterol recognition amino
acid consensus), L/V-X(1-5)-Y-X(1-5)-R/K, in the cyto-
solic C-terminal region. NMR experiments combined with
molecular modeling of a synthetic peptide corresponding to

FIGURE 5: Sequence alignment of 34 members of S. cereVisiae MCF
(identified or putative). (1) The aromatic ladder sequence corre-
sponds to that defined by comparing all known Ancp sequences
(8). The aromatic residues are in bold and italicized whatever their
position. (2) The locus tags are defined in the Saccharomyces
Genome Database (http://www.yeastgenome.org/). Sequences were
aligned with ClustalX (26). (3) Conservation of ScAnc2p Y203, Y207,
F208, and Y211 is indicated as percent of the aromatic residue at
equivalent positions in the 116 Ancp sequences analyzed (8).

Mitochondrial ADP/ATP Carrier and Nucleotide Transport Biochemistry, Vol. 47, No. 50, 2008 13229



the putative TM5 and C-terminal region of rat TSPO/PBR
revealed a central patch of aromatic residues in the vicinity
of the CRAC sequence (42). A girdle of three aromatic
residues, Y152, Y153, and W155 in the transmembrane domain,
builds up “a strong interfacial anchoring motif”, two residues
of which are essential for cholesterol binding (Y152 and Y153).
The aromatic rings of these amino acids might constitute the
gate of a groove in TM5 delineated by residues Y152, T148,
and L144 on one side and Y153, M149, and A145 on the other
side and where cholesterol, a planar molecule, might bind.
However, determination of the cholesterol translocation pathway
and of the distances between cholesterol and aromatic residue
rings needs further investigation.

Also of interest is the bacterial nucleoside transporter Tsx
whose crystal structure was obtained in the presence of
nucleosides (43). Although its structure is more like that of
a porin, Tsx presents well-defined binding sites for nucleo-
sides. The Tsx pore is lined with eight aromatic residues, of
which six are paired. The three pairs of aromatic residues
are highly conserved among Tsx homologues. Two nucleo-
sides are situated along the center of the channel consisting
of the eight residues. The base moieties are stacked between
aromatic residues, which also create van der Waals contacts
with the sugar moieties. Therefore, involvement of a
structural aromatic residue motif in substrate recognition and
translocation is not restricted to the mitochondrial carrier
family but might also involve proteins, whose substrates
contain unsaturated chemical rings likely involved in stacking
interactions with protein aromatic amino acids.
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Brandolin, G., and Pebay-Peyroula, E. (2006) Relations between
structure and function of the mitochondrial ADP/ATP carrier. Annu.
ReV. Biochem. 75, 713–741.

9. Nelson, D. R., Lawson, J. E., Klingenberg, M., and Douglas, M. G.
(1993) Site-directed mutagenesis of the yeast mitochondrial ADP/

ATP translocator. Six arginines and one lysine are essential. J.
Mol. Biol. 230, 1159–1170.

10. Müller, V., Basset, G., Nelson, D. R., and Klingenberg, M. (1996)
Probing the role of positive residues in the ADP/ATP carrier from
yeast. The effect of six arginine mutations on oxidative phospho-
rylation and AAC expression. Biochemistry 35, 16132–16143.

11. Müller, V., Heidkamper, D., Nelson, D. R., and Klingenberg, M.
(1997) Mutagenesis of some positive and negative residues
occurring in repeat triad residues in the ADP/ATP carrier from
yeast. Biochemistry 36, 16008–16018.

12. Heidkamper, D., Müller, V., Nelson, D. R., and Klingenberg, M.
(1996) Probing the role of positive residues in the ADP/ATP carrier
from yeast. The effect of six arginine mutations on transport and
the four ATP versus ADP exchange modes. Biochemistry 35,
16144–16152.

13. Marty, I., Brandolin, G., Gagnon, J., Brasseur, R., and Vignais,
P. V. (1992) Topography of the membrane-bound ADP/ATP carrier
assessed by enzymatic proteolysis. Biochemistry 31, 4058–4065.

14. Dahout-Gonzalez, C., Ramus, C., Dassa, E. P., Dianoux, A.-C.,
and Brandolin, G. (2005) Conformation-dependent swinging of the
matrix loop m2 of the mitochondrial Saccharomyces cereVisiae
ADP/ATP carrier. Biochemistry 44, 16310–16320.

15. Majima, E., Koike, H., Hong, Y. M., Shinohara, Y., and Terada,
H. (1993) Characterization of cysteine residues of mitochondrial
ADP/ATP carrier with the SH-reagents eosin 5-maleimide and
N-ethylmaleimide. J. Biol. Chem. 268, 22181–22187.

16. Majima, E., Shinohara, Y., Yamaguchi, N., Hong, Y. M., and
Terada, H. (1994) Importance of loops of mitochondrial ADP/ATP
carrier for its transport activity deduced from reactivities of its
cysteine residues with the sulfhydryl reagent eosin-5-maleimide.
Biochemistry 33, 9530–9536.

17. Majima, E., Ikawa, K., Takeda, M., Hashimoto, M., Shinohara,
Y., and Terada, H. (1995) Translocation of loops regulates transport
activity of mitochondrial ADP/ATP carrier deduced from formation
of a specific intermolecular disulfide bridge catalyzed by copper-
o-phenanthroline. J. Biol. Chem. 270, 29548–29554.

18. Boulay, F., Lauquin, G. J.-M., Tsugita, A., and Vignais, P. V.
(1983) Photolabeling approach to the study of the topography of
the atractyloside binding site in mitochondrial adenosine 5′-
diphosphate/adenosine 5′-triphosphate carrier protein. Biochemistry
22, 477–484.

19. Dalbon, P., Brandolin, G., Boulay, F., Hoppe, J., and Vignais, P. V.
(1988) Mapping of the nucleotide-binding sites in the ADP/ATP
carrier of beef heart mitochondria by photolabeling with 2-azi-
do[alpha-32P]adenosine diphosphate. Biochemistry 27, 5141–5149.
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