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ABSTRACT: Structure-function relationships of the membrane-embeddgatcharomyces cersiae
mitochondrial ADP/ATP carrier were investigated through two independent approaches, namely, limited
proteolysis and cysteine labeling. Experiments were carried out in the presence of either carboxyatractyloside
(CATR) or bongkrekic acid (BA), two specific inhibitors of the ADP/ATP transport that bind to two
distinct conformers involved in the translocation process. The proteolysis approach allowed us to
demonstrate (i) that N- and C-terminal extremities of ADP/ATP carrier are facing the intermembrane
space and (ii) that the central region of the carrier corresponding to the matrix loop m2 is accessible to
externally added trypsin in a conformation-sensitive manner, being cleaved at the Lys163-Gly164 and
Lys178-Thrl79 bonds in the carrier-CATR and the carrier-BA complexes, respectively. The cysteine
labeling approach was carried out on the S161C mutant of the ADP/ATP carrier. This variant of the
carrier is fully active, displaying nucleotide transport kinetic parameters and inhibitor binding properties
similar to that of wild-type carrier. Alkylation experiments, carried out on mitochondria with the
nonpermeable reagents eosin-5-maleimide and iodoacetamidyl-3,6-dioxaoctanediamine-biotin, showed that
Cys 161 is accessible from the outside in the carrier-CATR complex, whereas it is masked in the carrier-
BA complex. Taken together, our results indicate that the matrix loop m2 connecting the transmembrane
helices H3 to H4 intrudes to some extent into the inner mitochondrial membrane. Its participation in the
translocation of ADP/ATP is strongly suggested, based on the finding that its accessibility to reagents
added outside mitochondria is modified according to the conformational state of the carrier.

The adenine nucleotide carrier (Ah@ a nuclear-encoded  specific inhibitors, namely, carboxyatractyloside (CATR) on
protein located in the mitochondrial inner membrane. Under one hand and bongkrekic acid (BA) on the other. CATR and
physiological conditions, it catalyzes the one-to-one exchangeBA bind with high affinity to two distinct preexisting
of ATP, generated inside mitochondria by oxidative phos- conformations of the carrier referred to as CATR and BA
phorylation, against cytoplasmic ADP. The mitochondrial conformations, respectively, resulting in the formation of
ADP/ATP exchange process can be blocked by two very stable CATR- and BA-carrier complexes. It has been
proposed that the transition between the CATR and BA
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C-ter,. of a SH group inserted in the m2 loop of the yeast carrier
* by site-directed mutagenesis.
The results provide direct experimental evidence that the
i”'e’g‘;a"gg’a”e m2 loop of the yeast Anc2p intrudes into the mitochondrial
membrane, and they are discussed in terms of the confor-
mational changes occurring in the peptide chain of the carrier
during the nucleotide transport process.

N-ter

EXPERIMENTAL PROCEDURES

matrix

Chemicals.Hydroxyapatite (HTP), poly(vinylidene dif-
luoride) (PVDF) and nitrocellulose 0.2m were obtained
from Bio-Rad. Emulphogen BC 720 (EM) was purchased

mf1 m2 m3
Ficure 1: Schematic representation of the postulated arrangement

of yeast Anc2p in the mitochondrial inner membrane. The model from GAF Corporation and purified accord?ng to r@B. .
is based on the crystal structure of the bovine ADP/ATP carrier Yéast extract and bactopeptone were from Difco. Lactic acid

(5) and on the sequence alignment of bovine Anclp and yeastwas from Fluka. Bicinchoninic acid (BCA), carboxyatrac-
Anc2p performed with ClustalW software. Residues located at tyloside (CATR), dodecylmaltoside (DDM), sodium dodecyl
extremities of helices are numbered, taking into account the sulfate (SDS), bovine serum albumin (BSA), and most other

sequence of Anc2p starting at Sedll), Boxes represent trans- . - . . .
membrane and matrix-exposed helices. Transmembrane helices (H£Nemicals were obtained from Sigma-Aldrich. Eosin-5-

to H6) are connected by either cytosolic (c1 and c2) or matrix (m1, maleimide (EMA) was purchased from Molecular Probes,
m2, and m3) loops. The dashed line at the C-terminal extremity iodoacetamidyl-3,6-dioxaoctanediamine-biotin (i-PEO-biotin)

fwo regions (162 190 ahd 316 317) abeled by & nontransporiable. 2 oM Pierce and fF.Di (adenosine-5)-penta-phos-
photoagctivable ADP derivativel(). Endogengus cysteinepresidue p_hate (ApSA) was from Calb|ochem_. Luc;lferlne and lu-
positions (72, 243, 270, and 287) are highlighted with stars, whereasCiferase were from Roche. Bongkrekic acid (BA) it

a black circle shows the position of the added cysteine residue in atractyloside §H]-ATR) were prepared as previously described
the Anc2-S161C(Higp mutant. (14, 15).

) o Methods. Strains and Growth Conditiorihe Saccharo-
compact transmembrane domain made up of six tilted yyces cerdsiae strain used in this study, derived from the
a-helices, which form a wide cavity opening toward the \\303-1B strain, was JL1-3-1BVATa, ade2-1 leu2-3 112
intermembrane spac8)( The CATR molecule is located at his3-11, 15, trp1-1, can1-10Q ura3-1, ancl:LEU2, anc2:
the bottom of this cavity and strongly interacts with the H|S3 anc3::URA3) (16). Yeast cells were grown at°gs
peptidic chain of the carrier through an intricate network of on media made up of 1% (W/yeast extract, 2% (w})

hydrogen bonds, as well as electrostatic and hydrophobicpactopeptone supplemented with 2%:(-glucose (YPD)
interactions. Toward the matrix compartment, transmembraneor with 2% (wk) lactic acid and 1% (wf) KH,PO,, final

a-helices are connected by three loops (m1, m2, and m3),pH 5.5 (YPL).

each containing a 12-residue-longhelical stretch lying on Escherichia coliXL1-Blue strain (ecAl endAl gyrA96

the membrane surface. The involvement of the matrix loops (Nal) thiAl hscR17 (k- mk*) sugE44relAl lac™ F [Tn10

of the bovine mitochondrial ADP/ATP carrier in the transport (tet) proAB* lacl? lacZAM15]) was used to enhance and
mechanism has been suggested by several approachegy sypclone the pRS314 phagemid. Bacteria were grown on
including photolabeling studies using photoactivable deriva- 5 standard LB medium supplemented with 0.001% (w/v)
tives of atractyloside or adenine nucleotid€s ), site- ampicillin when necessary.

specific proteolysisg), and chemical labeling of SH groups Construction of the Mutated ANC2 Gerite-directed

(9, 10). The role of the central matrix loop of the ADP/ATP mutagenesis of th&NC2 gene was performed using the

carrier in substrate recognition was also demonstrated in the, : A L
: ; standard Quick-change site-directed mutagenesis kit from
yeast carrier that was photolabeled by 2-azid®@adaph- Q g 9

; Stratagene to introduce a cysteine residue at position 161.
thoyl-[5%?P]-ADP at the level of the Ser182Arg190 region The pgRS314 phagemid co)r/naininfg\ICZH'lj coging for
(12). Anc2(His;)p, and its 3and 3 flanking regions (between Pstl
Experiments described in this paper were carried out with and Sall restriction sites) was kindly provided by V.
a yeast strain expressing the Anc2p isoform of the ADP/ Trézeguet (IBGC, Bordeaux). A mutation at positiar343
ATP carrier carrying a six-histidine extension at its C- (position +1 corresponding to A from ATG codon) was
terminal end, which has been previously describ&g).( introduced by Polymerase Chain Reaction (PCR) using the
Figure 1 shows a six transmembramdielices model of the  following primers:>GCTGACTCCAAGTCCTGTAAAAA-
resulting Anc2(Hig)p yeast carrier, based on the crystal GGGTGGTGE andSGCACCACCCTTTTTACAGGACT-
structure of the bovine carrier and on alignment of the TGGAGTCAGC (Genome Express, France) (mutated base
sequences (that share 47% sequence identity) of beef ands underlined). The mutateANC2HT ORF sequence was
yeast carriers. Two independent approaches were used in thighecked by DNA sequencing (Genome Express, France), and
work to investigate the conformation-sensitive topography this fragment was then subcloned into pRS314 vector prior
of the central matrix loop m2 in CATR- and BA-carrier to being used to transform the JL1-3-1B strain, according to
complexes. The first was based on limited site-specific the LiCl procedure 17). Transformed yeast cells isolated
proteolysis to identify peptide regions accessible to externally by three repeated inoculations on YPL agar medium were
added trypsin. In the second approach, we probed theselected for their ability to grow on selective media lacking
chemical reactivity to membrane-impermeable thiol reagents, tryptophan or histidine. Correct integration at tiieC2locus
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was finally controlled by multiple colony PCR experiments
(data not shown).

Isolation of mitochondriaYeast cells grown on YPL were
harvested in the late log phase (66.mbetween 5 and 6).

Dahout-Gonzalez et al.

(SBTI, twice as much in weight as trypsin).

Proteolysis of the ADP/ATP carrier from beef heart either
in mitochondria or in inside-out mitochondrial particles
(SMP) was carried out under the experimental conditions

Mitochondria were prepared following the protocol described described in reB.

in ref 18. Briefly, spheroplasts obtained after enzymatic

Thiol Labeling of Membrane-Embedded Anc2@tisand

digestion of the cell envelope by Zymolyase 20 T (Seikagaku Anc2-S161C(Higp. Suspensions of freshly isolated mito-
Corp.) were disrupted by Dounce homogeneization in 0.6 chondria were incubated with CATR or BA under the

M mannitol, 10 mM Tris pH 7.4, 1 mM EDTA, 0.1% (w/v)
BSA, and 1 mM PMSF. Mitochondria were isolated by

experimental conditions described for proteolysis experi-
ments. Thiol-containing proteins were then labeled by

differential centrifugation and washed in the same buffer addition of sulfhydryl reagents, namely, EMA or i-PEO-

devoid of BSA and PMSF. Mitochondria were stored in

biotin, at a final concentration of 0.2 mM. The reaction was

liquid nitrogen. Protein concentration was determined using allowed to process for 30 min at® in the dark and was

the BCA reagent kit and BSA as a standard.

[®H]-ATR binding was performed as described previously
(19). Briefly, mitochondria were suspended at 1 mg of
protein/mL in a medium containing 120 mM KCI, 10 mM
Tris pH 7.4 and 1 mM EDTA. H]-ATR was added at
increasing concentrations ranging from 0.1 taM. After
45 min of incubation at 0C, mitochondria were sedimented

terminated by addition of 20 mM DTT. Mitochondrial
proteins were then either analyzed by SPAGE or subjected
to HTP and IMAC chromatography to purify the HisTag
ADP/ATP carrier.

Purification of Yeast Anc2(Hép. Purification of Anc2-
(Hisg)p was carried out according to the procedure described
in ref 12. Mitochondria were suspended at a final concentra-

and the radioactivity associated with the pellets was measuredion of 10 mg of total mitochondrial protein per mL in a

by scintillation counting. Nonspecific binding was evaluated

medium made of 0.1 M N&O;, 1 mM EDTA, 10 mM Tris-

by a parallel experiment performed in the presence of 20 HCI pH 7.3 and lysed by addition of 1.5% (w/v) DDM

uM CATR.
ADP/ATP Transport Assay in Isolated Mitochondria.

followed by 1.5% (w/v) EM. After 5 min of incubation, the
soluble fraction was loaded on a HTP column equilibrated

ADP/ATP transport was measured by means of a lumines-in 50 mM N&SO,, 1 mM EDTA, 0.1% (w/v) EM, 10 mM

cence assay as described in r20. Freshly prepared
mitochondria were incubated at 2& in 0.6 M mannitol,
0.1 mM EGTA, 2 mM MgC}, 10 mM Tris pH 7.4, 1uM
Ap5A (an inhibitor of adenylate kinase) and«M a-keto-

Tris-HCI pH 7.3 (1 mL resin/2 mg of total mitochondrial

proteins) and the pass-through fraction was collected. As
previously reported, it essentially contained three proteins:
the ADP/ATP carrier, the phosphate carrier, and mitochon-

glutarate (as respiratory substrate) in the presence of 0.1%drial porin (12). Anc2(His)p was then specifically retained

(w/v) luciferin and 0.1% (w/v) luciferase2(). This 2 mL

on Ni-NTA resin (Qiagen) in the presence of 5 MM MgSO

final volume mixture was placed in a spectrophotometry 0.1% (w/v) DDM, 50 mM NaHPQO, pH 7.3. After extensive

cuvette with continuous stirring, in front of a photomultiplier.

washing of the resin, purified Anc2(H)p was eluted by

It was checked that the amount of luciferin/luciferase added 500 mM imidazole in 0.1% (w/v) DDM, 50 mM N&PQO,
to the medium was not limiting and that the luminescence pH 7.3.
response was directly proportional to the amount of released SPAGE and Western-BlottinBetergents were removed

ATP. After a 3 min incubation period, ADP (0-150 uM
final concentration) was added to initiate the ATP efflux and

from protein fractions by overnight precipitation-a0 °C
in 80% (v/v) acetone and subsequent washings of the pellets

the related light emission was recorded. The time-course ofwith 10% (v/v) trichloroacetic acid in 50% (v/v) methanol.

ATP efflux was monitored ovea 5 min period. It was shown
in control experiments carried out in the presence ofiRD
CATR that the ADP/ATP exchange was totally inhibited,
thus demonstrating it was strictly mediated by the ADP/ATP

Proteins were then solubilized in SDS dissociating buffer
and separated by SPAGE using 7.5/15% polyacrylamide gels
(23). Proteins were either stained with Coomassie Brilliant
Blue (24) or electrotransferred onto a nitrocellulose sheet

carrier. Quantification of released ATP was performed on (25). Molecular weights of peptides generated by limited
the basis of the signal amplitude corresponding to additions proteolysis of membrane-bound Anc2(kjjswere estimated

of 0.5 nmol of ATP as a standaréy values for external
ADP were determined from initial transport rates, taking into
account the concentrations of free ADE2).

Proteolysis of the Membrane-Bound ADP/ATP Carrier.
Freshly isolated mitochondria expressing Anc2¢Hisvere
first incubated for 10 min at C at a concentration of 4 mg
of total mitochondrial proteins per mL in the presence of
either CATR (20uM) or BA (20 uM) in a medium made
up of 0.6 M mannitol and 1 mM EDTA, supplemented with
10 mM Tris-HCI, final pH 7.3 or with 10 mM MES, final

by comparison with standard markers (Rainbow molecular
weight markers, Amersham). As indicated, immunodetections
of Anc2p fragments were carried out using polyclonal
antibodies raised in rabbits against either SDS-treated Anc2p
(1/5000 dilution) 26) or a 12-residue long peptide corre-
sponding to the C-terminal sequence of Anc2p (1/5000
dilution) (12). Anti-aconitase antibodie®®) were used at
1/2000 dilution. The immune complexes were detected with
ElA-grade HRP conjugate (Bio-Rad, 1/3000 dilution) and
HRP was revealed with an ECL reagent kit from Amersham.

pH 6.6, respectively. The pH of both suspensions was thenPeptides carrying the HisTag extension were immunodetected

adjusted to 8.0 by addition of NjHICO; (0.1 M final

with monoclonal anti-penta His antibodies (Bio-Rad, 1/1000

concentration) and trypsin was added at a final protease-to-dilution) and anti-mouse 1gG-HRP conjugates (Roche, 1/3000

mitochondrial proteins ratio of 1/200 to 1/50 (w/w). Pro-
teolytic digestion was carried out af€ for different periods
of time and stopped by addition of soybean trypsic inhibitor

dilution).
SPAGE of samples resulting from thiol labeling experi-
ments were run in darkness. EMA-labeled proteins were
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visualized and photographed under UV light prior to Coo-
massie Brilliant Blue staining. Proteins labeled by i-PEO-
biotin were revealed by immunodetection using an extravidin-
HRP conjugate (Sigma-Aldrich, 1/10000 dilution).

Amino Acid Microsequencing\fter proteolysis, samples
of mitochondrial fractions (4 mg of total proteins/mL) were
treated with 0.2 M NzCO; (final concentration) pH 11.0
for 30 min at 0°C, then centrifuged at 10009@or 30 min
at 0 °C. The supernatant containing soluble proteins was

discarded. The membrane protein pellet was resuspended ir

the sample dissociating buffer and subjected to SPAGE in

Biochemistry, Vol. 44, No. 49, 20096313
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parallel lanes on the same gel. Proteins were then electrobFIGURE 2: Trypsin cleavage of aconitase and of the membrane-

lotted onto PVYDF membraneg%). One lane was used for
immunodetection of the proteolytic peptides, whereas the
second one was used for Coomassie Brilliant Blue staining.

embedded ADP/ATP carrier. (A) Intact (lanes 1 and 2) or sonicated
(lane 3) mitochondria were incubated fbh at 4°C in the absence
(lane 1) or in the presence (lanes 2 and 3) of trypsin. Proteolytic
fragments of aconitase were immunodetected using anti-aconitase

Stained bands corresponding to immunodetected peptidesantiserum (1/2000 dilution). The arrow points to the aconitase band
were excised and submitted to automatic Edman degradatior(80 kDa). (B) Time course of the membrane-embedded Ancg)tis

(ABI 492 Procise Sequencer, Perkin-Elmer, Applied Bio-
systems Division).

MALDI-TOF and ESI-MSMS Analysédembrane-bound
Anc2-S161C(Higp was labeled by i-PEO-biotin and purified
by HTP and affinity chromatography as described in preced-
ing sections. The final purified fraction was then precipitated
overnight in the presence of 80% (v/v) acetone-20 °C
and solubilized in 1% (w/v) SDS at a protein concentration
of about 2 mg/mL. Amino groups were succinylated in the
presence of 50 mM succinic anhydride in 200 mM,8@&;
pH 8 for 2 h at 20°C. After a second acetone precipitation,
Anc2-S161C(Hig)p was solubilized in dissociating buffer

proteolysis by trypsin. Freshly isolated mitochondria were incubated
for 10 min at 4°C in the presence of 26M CATR and then treated
with trypsin. Proteolysis was stopped by addition of SBTI (2 mol
per mole of trypsin). Proteolytic fragments of the ADP/ATP carrier
were immunodetected using anti SDS-denatured Anc2p antiserum
(1/5000 dilution). Initial sample without trypsin (lane 1). Mito-
chondria incubated with trypsin for 30 min (lane 2)h (lane 3),

2 h (lane 4) 4 h (lane 5). Mitochondria incubatedrfd h without
trypsin (lane 6). The arrow points to the full-length Anc2 (s

(36 kDa). (C) Trypsin proteolysis of the beef heart carrier. Beef
heart mitochondria in the presence of CATR (lane 7) or inside-out
particles in the presence of BA (lane 8) were treated with trypsin
for 1 h at 4°C. Proteolytic fragments from the beef carrier were
immunodetected using anti SDS-denatured beef carrier antiserum
(1/1000 dilution). The white arrow points to the uncleaved beef

and subjected to SPAGE. The protein band was detected bycarrier (30 kDa). In all cases, trypsin was used at a trypsin-to-

Coomassie Blue staining and excised to perform in-gel
enzymatic digestion following the procedure previously
described by Z7). Briefly, the gel band containing ap-
proximately 10ug of protein was successively washed with
25 mM NHHCQO; for 15 min and then with 25 mM NH
HCGO;in 50% (v/v) CHCN for 15 min (destaining solutions).

protein ratio of 1/100 (w/w) under the conditions described in
Experimental Procedures. Samples were then lysed with 2% (w/v)
SDS and proteins were separated by SPAGE«R6f total protein/
lane). After electroblotting onto a nitrocellulose sheet, peptides were
allowed to react with the corresponding antisera and immune
complexes were detected with ECL reagent.

This washing cycle was repeated three times and the gel band"N: 0-1% (v/v) TFA) and loaded on a target prior to analysis.

was finally dried in a vacuum centrifuge. Free thiol groups
were reduced in a solution containing 10 mM DTT and 25
mM NH4HCQO; for 30 min at 37°C prior to be alkylated by
treatment with 55 mM iodoacetamide in 25 mM M O;

for 30 min at 37°C. After extensive washing with the
destaining solutions and dehydratation with 100% (v/v}CH
CN, the gel band was dried under vacuum and reswollen in
25 mM NH;HCO;, 0.1% (w/v)-octylglucoside containing
trypsin (sequencing grade, Promega, 1/20 w/w trypsin-to-
protein ratio). In-gel digestion was allowed to proceed for 5
h at 37°C. Prior to drying the sample under vacuum, the
resulting trypsic peptides were extracted from the gel by
passive diffusion using the following solutions: 50% (v/v)
CH3CN, then 5% (v/v) formic acid, and finally 100% (v/v)
CH3CN. Peptides were solubilized with AL of 1% (v/v)
formic acid, 5uL of 10% (w/v) f-octylglucoside, JuL of 1

M DFP, and 1 mL of 25 mM NEHCO; pH 8. i-PEO-biotin
labeled peptides were purified using Avidin-Ultrogel resin
(IBF, 50 uL/ug of protein): biotinylated peptides retained
on the resin were eluted by 30% (v/v) @EN containing
0.4% (v/v) trifluoroacetic acid (TFA).

MALDI-TOF analyses of the sample were carried out in
reflector mode. A total of 0.xL of the digest solution was
mixed with the same volume of matrix solutioa-¢yano-
4-hydroxy-trans-cinnamic acid saturated in 60% (v/v)s€H

Mass spectra were recorded on a Autoflex, Bruker Daltonik
spectrometer. External calibration was achieved using a
mixture of four synthetic peptides (Angiotensin Il, Bombesin,
ACTH, substance P).

ESI-MSMS spectra were recorded on a Q-TOF Ultima
Waters spectrometer. The dried peptides were resuspended
in 0.1% (v/v) formic acid and desalted on a Zip-Tip C18
column (Millipore, UK) prior to be analyzed. Peptides of
interest were selected on the basis of thelz value and
submitted to MSMS fragmentation using specific collision
energies.

RESULTS

Assessment of Mitochondrial Inner Membrane Tightness.
Topographical approaches should be considered as meaning-
ful only if membrane tightness is demonstrated. Therefore,
to avoid possible membrane damage due to freeze thawing,
all the experiments described in this pap#&mited pro-
teolysis and thiol labelingwere carried out on freshly
isolated mitochondria. Mitochondrial inner membrane in-
tegrity was checked by the proteolysis due to externally
added trypsin of a matrix enzyme, aconitase. As illustrated
in Figure 2A (lane 2) aconitase was not cleaved by trypsin
treatment of mitochondria in iso-osmotic conditions since it
was immunodetected as a single 80 kDa band. In contrast,
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when mitochondria were partially disrupted by sonication A B
prior to trypsin treatment, a major 25 kDa proteolysis TUME > s A= s
fragment of aconitase appeared at the expense of the 80 kDa ' t’lg: I
band (lane 3). ligro i

As shown hereafter, additional evidence of mitochondria md R B B -
tightness was deduced from experiments carried out on the
membrane-embedded ADP/ATP carrier, which demonstrated U
the conformation-dependent cleavage efficiency of Anc2- - g - .
(Hisg)p and the differential chemical reactivity of cysteine 3 —14.3= .
residues of the carrier to external reagents. Taken together, l.r: o —65- a

these results excluded the possibility of mitochondrial Fiure 3 Conformation-dependent proteolysis of membrane

membrane leakiness, making relevant the _exploratlon of embedded Anc2(Hip in mitochondria. Mitochondria in which

membrane topography of the ADP/ATP carrier. the ADP/ATP carrier was trapped either in the Anc2@fisCATR
ProteonS|S of the Membrane_Embedded Ancwﬁls'ro (A) or AnCZ(Hl%)p-BA (B) COmpIeX were treated with tl’ypSIn for

: : : : 1h at 4°C (trypsin-to-protein ratio of 1/100, w/w). Proteolysis
investigate the topographical changes of the carrier rQIathproducts were immunodetected by antibodies directed against the

to conformational changes, proteolysis of membrane-embed-sps_denaturated Anc2p (lanes 1 and 4), the 12-Cterminal residues
ded Anc2(Hig)p with site-specific proteases was carried out of Anc2p (lanes 2 and 5) or the six histidine extension (lanes 3
on Anc2(Hig)p-CATR and Anc2(Hig)p-BA complexes. On and 6). SPAGE, Western blot and immunodecoration were per-
the basis of the size and on the immunoreactivity of the formed as described in Experimental Procedures.

resulting fragments toward sequence-directed antibodies, ana carrier on the cytoplasmic face of the mitochondrial
rough localization of the cleavage sites was deduced. ,ambrane.

Identification of the proteolysis sites was then ascertained |yentification of the Trypsin Clemge Sites of The

by N-terminal amino acid sequencing of the generated \jembrane-Embedded Anc2(bis-CATR ComplexFrag-
fragments. In contrast to the internal mitochondrial mem- ,ants originating from the trypsin cleavage of Anc2¢@is
brane, the external membrane was sufficiently permeabilized - pTR complex (Figure 3A) were characterized according
during isolation of mitochondria to be crossed by externally 4 their reactivity toward either antisera raised against the
added protease;. In screening assays, seyeral site-specifig._terminal region of the carrier (lane 2) or anti-HisTag
endoproteases, including trypsichymotrypsin, endopro-  gntipodies (lane 3). Whereas only weakly reactive toward
teinase ArgC, endoproteinase LysC, and endoproteinaseyntipodies directed against the whole protein (lane 1), the
GluC, were tested for their ability to cleave the membrane- 34 kpa peptide was immunodetected by anti-HisTag and
embedded Anc2(Hép (data not shown). Among them, only  therefore arose from a cleavage that occurred in the N-
trypsin, used under mild conditions, gave reprodumble terminal region of Anc2(Higp. In contrast, the 32 kDa
results. The time course of proteolysis by trypsin of the peptide reacted with anti-Cter antibodies but not with anti-
membrane-bound Anc2(H)p-CATR complex s illustrated  HisTag antibodies, which indicated it possibly resulted from
in Figure 2B. Using a trypsin-to-protein ratio as low as 1/100 sypsequent cleavage of the 34 kDa with removal of the
(w/w) at 4 °C, only a discrete number of peptides was HisTag sequence. Three peptides were discriminated among
generated even over a period of 4 h. No cleavage productthe peptides migrating in the @8 kDa region based on
was detected in a control experiment carried out in the their distinct immunoreactivity. One of them, approximately
absence of trypsin (lane 6), demonstrating that our mito- 17 kDa MW, reacted with anti-Cter antibodies (lane 2),
chondrial preparations were not contamined by endogeneousyhereas two others, about 16 and 18 kDa MW were detected
endoproteases. The 36 kDa band corresponding to the initialyith anti-HisTag antibodies (lane 3). As already observed
carrier was totally digested aft@ h (lanes 2-4). Thisresult  for the 34 kDa peptide, this behavior is paradoxical since
was markedly different from that obtained from the pro- the HisTag extension is attached to the C-terminal end of
teolysis of the membrane-embedded beef heart ADP/ATP the carrier. This was attributed to the restricted accessibility
carrier-CATR complex, which remained uncleaved when of the C-terminal region to antibodies compelled by the
mitochondria were subjected to similar proteolysis conditions adjacent HisTag segment since high immunoreactivity of the
(Figure 2C, lane 7). As discussed below, this finding clearly C-terminal region was demonstrated in control experiments
demonstrates that the peptide segments exposed on both sidgserformed with untagged Anc2p (data not shown). Masking
of the membrane are not equivalent in the yeast and beefof the C-terminal epitope by the HisTag segment probably
carriers, despite the fact that both proteins display 47% aminoalso explains why uncleaved Anc2(k)isis immunodetected
acid identity. The cleavage patterns obtained after trypsi- by anti-HisTag antibodies, whereas it only fairly reacts with
nolysis of the yeast membrane-bound Anc2ghtisin the anti-Cter antibodies.

presence of either CATR or BA were strikingly different,  The finding that some of the released peptides containing
as illustrated in Figure 3. Cleavage of the Anc2gifisCATR the C-terminal region were approximately half of the size
complex generated two 34 and 32 kDa fragments togetherof the whole carrier strongly indicated that trypsic cleavage
with shorter peptides migrating as a broad band in the 16 occurred in a central region of the peptide chain. To localize
18 kDa region (Figure 3A). In contrast, trypsic digestion of precisely the cleavage sites, the-188 kDa fragments were
the Anc2(Hig)p-BA complex produced a 34 kDa fragment analyzed by N-terminal amino acid sequencing. Two se-
on one hand and a higher number o1 kDa peptides  quences were clearly identified from the analysis of the 16
on the other hand (Figure 3B). This was taken as evidence18 kDa bands!®Lys-Glu-Ser-Asn-Phe-Leu-lle-Asp-Phe-Leu
of conformation-dependent exposure of the peptide chain of and'%Gly-Gly-Ala-Arg-GIn-Phe-Asn-Gly-Leu-lle, which, by
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Table 1: Biochemical Characterization of Yeast Strains and Isolated Mitochondria Expressing Age2¢iHi&nc2-S161C(Higp

cells culturé [*H]ATR binding® ADP/ATP exchange
doubling growth 3H-ATR Kq KPP Vinax
time (h) yield (pmol/mg of prot) (nm) (uM) (nmol/min/mg of prot)
Anc2(His)p 4.8 9.2 450t 2 270+ 70 44+ 0.4 247+ 7
Anc2-S161C(Higp 5.3 9.4 4414 280+ 25 5.6+ 1 264+ 14

aCells were cultivated at 28C, 300 rpm in YPL medium, and kinetic parameters were deduced froes,QR ° [3H]-ATR binding parameters
are calculated from plots shown in Figure®ADP/ATP exchange catalyzed by Anc2(k)is or Anc2-S161C(Higp was measured on freshly
isolated mitochondria, as described under Experimental Procedfxgsand apparenKy for external free ADP (evaluated as in r2@) were
calculated from kinetic data using the Michaellenten equation. The whole values are means of at least three independent experiments.

comparison with the overall sequence of the carrier, allowed 500

us to identify unambiguously the cleavage sites at positions 2 400} P s
Lys17-Lys18 and Lys163-Glyl64. The latter reveals the ,ﬂ_rg i '25
unexpected accessibility of the matrix m2 loop to externally %% 300¢ o oF

added trypsin. One of the resulting fragments, spanning 2e 200 % .
Lys18-Lys163, 18 kDa, escaped immunodetection by anti- SET L/ Bos

Cter and anti-HisTag antibodies. The cleavage of the Lys163- “8 100 05— |
Gly164 bond is responsible for the generation of the Gly164- = oo e e
Lys327 peptide, 18 kDa, reactive toward anti-HisTag 0O ST T s

antibodies and of the Glyl164-Lys317 peptide, 17 kDa, free [BHJATR (uM)

rea(?tive towar d anti-Cter b L.jt not toward anti-HisTag anti- Ficure 4: Specific binding of fHJATR to mitochondria expressing
bodies (See F'QUfe 3A)'_ Besides, cleavage at position LYS”'AnCZ(Hisa)p or Anc2-S161C(Higp. Freshly isolated mitochondria
Lys18 is consistent with the exposure of the N-terminal (1 mg of total protein) from yeast cells expressing either Anc2-
region to the intermembrane space, as already shown for theHisg)p (white circles) or Anc2-S161C(Hjp (black squares) were
bovine protein 26) and proposed from genetic engineering incubated with increasing concentrations¥{JATR in 1 mL of a
approaches2, 29). Proteolysis experiments also demon- Standard medium (120 mM KCI, 1 mM EDTA, 10 mM Tris pH

d th he | b f th 7.4) for 45 min at 0°C. After centrifugation, the radioactivity
Strated the exposure to the Intermembrane space of th&ggpciated with the mitochondrial pellet was estimated by scintil-

C-terminal region of Anc2(Higp, therefore affording direct  |ation counting. Data were corrected for unspecific binding from
biochemical evidence of a common location of N- and parallel experiments carried out in the presence ofROCATR.
C-terminal extremities of the yeast mitochondrial ADP/ATP The inset shows the Scatchard plot of the binding data. Error bars

carrier on the cytoplasmic side of the membrane in the caseVere calculated from three independent experiments.

of the Anc2(Hig)p-CATR complex. minimize steric effects. We then investigated the accessibility
Identification of the Trypsin Cleage Sites of the Mem-  to SH reagents of Cys 161 of the mutated carrier Anc2-
brane-Embedded Anc2(H)p-BA ComplexThe immuno- S161C(His)p.
decoration of cleavage products resulting from the trypsin  Functional Characterization of Anc2-S161C(K)js Mu-
proteolysis of the Anc2(Higp-BA complex differs from that  tant. To ensure that Anc2-S161C(H)p was functional, the
of the Anc2(Hig)p-CATR complex, especially in the 35 corresponding mutated gene was used to transform the JL1-
17 kDa region (Figure 3B). However, the generation from 3.1B strain, which is unable to grow on a nonfermentable
both complexes of a 34 kDa peptide reactive toward anti- carbon source. Transformants were able to grow on glycerol
HisTag antibodies (lane 6) indicates that a conformation- or |actate, indicating that the mutated gene encoded an active
independent Cleavage site is located in the N-terminal reglonADP/ATP carrier. The strains expressing Anc2®t$or
of the carrier. The sequence of the major peptide band Anc2-S161C(Higp were grown at 28C in liquid media
immunodetected with anti-Anc2p antibodies in the-15 using lactate as a carbon source. As shown in Table 1, both
kDa region (lane 4) was ascertained from amino acid strains displayed very similar growth characteristics with
analysis*’°Thr-Leu-Lys-Ser-Asp-Gly-Val-Ala-Gly-Leu-Tyr-  doubling times of abdib h and ORy, values of the cultures
Arg-Gly-Phe-Leu, indicating that cleavage of the carrier at the growth plateau of about 9.
occurred at the Lys178-Thr179 bond. Interestingly, although  The amounts of Anc2(Higp and Anc2-S161C(Higp in
distinct from that accessible in the case of Anc2¢ffis  the corresponding mitochondria were similar, as evaluated
CATR complex (Lys163-Gly164), this peptide bond is also roughly by Western blotting after SPAGE of mitochondrial
located in the m2 loop of the carrier. lysates (data not shown). A more accurate determination of
Results from proteolysis experiments were taken as carrier content was performed by binding experiments of
evidence that the m2 loop of the membrane-embeddedradiolabeled atractyloside, a specific inhibitor of the ADP/
carrier, whereas predicted to face the matrix, inserts to someATP carrier. As shown in Figure 4, binding ofH]-ATR
extent into the membrane in a conformation-dependentincreased as a function of added ligand and reached a plateau,
manner. Because this result was unexpected, we sought tdollowing similar curves for mitochondria expressing Anc2-
probe the dynamics of the m2 loop by site-specific chemical (Hisg)p or Anc2-S161C(Higp. From the Scatchard plots
modification of a cysteine residue. Thus, we constructed a (Figure 4, inset), identicaky values (280 nM) and equal
mutant of the Anc2p carrier in which a cysteine residue was number of binding sites (450 pmoilH]-ATR/mg of mito-
introduced by site-directed mutagenesis to replace serine 161chondrial protein) were calculated for both variants of the
in the m2 loop, the Ser/Cys substitution being chosen to carrier (Table 1). These results indicated that introduction
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A B carrier by Western blotting using anti-Anc2p antibodies (not
shown). Inaccessibility of cysteine residues of the membrane-

1 2N 3 4
EI[‘)N 7 bound ADP/ATP carrier to EMA added outside mitochondria
463 I was taken as an evidence of mitochondria tightness since

5 the carrier could be labeled when the mitochondrial suspen-
e 41 i

sion was subjected to sonication prior to EMA labeling, i.e.,
because of membrane disruption and consequently exposure
of matrix cysteine residues to the reagent (data not shown).
EMA Labeling of the Membrane-Embedded Anc2-S161C-
(Hisg)p. Exposure of the central loop of Anc2p to the
FiIGURES: EMA labeling of the membrane-bound ADP/ATP carrier  jntermembrane space was assessed by comparison of the

in yeast mitochondria. Freshly isolated mitochondria expressing . . - )
Anc2(His;)p or Anc2-S161C(Higp were first incubated with either extent of EMA labeling of Anc2(Higp with that of Anc2

CATR or BA prior to be treated with 200M EMA for 30 min at S161C(Hig)p. Unlike Anc2(Hig)p-CATR (Figure 5B, lane

0 °C in darkness. The samples were then solubilized by treatment1), Anc2-S161C(Higp-CATR incorporated EMA when
with a DDM/Emulphogen (1/1, w/w) mixture and subjected to HTP  subjected to a similar labeling procedure (Figure 5B, lane
chromatography (see Experimental Procedures). Proteins contalne(t)_ Since the two variants of the carrier only differ by the

in the pass-through fraction (ADP/ATP carrier, Pi carrier and porin) - R
were separated by SPAGE and vizualized by either Coomassie bluelresence of Cys161in Anc2-S161C(H)fs itis inferred that

staining (A) or by irradiation under UV-light that revealed the this residue is the target of EMA. As presented in the
presence of EMA (B). Lane 1, Anc2(H}p-CATR; lane 2, Anc2- following section, additional experiments based on chemical
S161C(Hig)p-CATR; lane 3, Anc2(Higp-BA; lane 4, Anc2-  cleavage of thiol-labeled Anc2-S161C(k)js and mass
S161C(Hig)p-BA. The arrow points to Anc2(Hgp. spectrometry determinations have been devised to confirm
this result.
of the Ser/_Cys_mutation into AncZ(I—é)p dic_i not signifi- . Endogenous cysteine residues of Anc2@jfisare not
cantly modify either the amount of carrier in mitochondria  5cegsiple to EMA from the intermembrane space, irrespec-
or its hinding affinity for atractyloside. tive of the conformational state of the membrane-bound
ADP/ATP exchange activities of Anc2(H}p and Anc2-  carrier: no labeling was observed in the presence of either
S161C(Hig)p in corresponding mitochondria were measured CATR or BA (Figure 5B, lanes 1 and 3). In contrast, labeling
by the luciferase/luciferin system (see Experimental Proce- of Cys 161 was conformation-sensitive, as EMA alkylated
dures). Variation of the exchange rate as a function of ADP thjs residue in the Anc2-S161C(ijp-CATR complex (lane
concentration was analyzed with the Michaelidenten 2) but not in the Anc2-S161C(Hjp-BA complex (lane 4),
equation. As shown in Table 1, Anc2(Wis and Anc2-  thys confirming topographical changes of the m2 loop
S161C(Hig)p exhibit very similali andVmax values, thus  jnherent in the conformational transition of the carrier.
indicating that the introduction of an exogenous cysteine | gcalization of the Reaction Site of The Thiol Reagents.
residue at position 161 neither impairs the binding of Because of the presence in Anc2p of four endogenous Cys
nucleotides nor affects ADP/ATP transport efficiency. residues, located at positions 72, 243, 270, and 287 (see
The similar properties of Anc2(Hijp and Anc2-S161C-  Figure 1) control mapping experiments were carried out to
(Hiss)p regarding atractyloside binding and ADP/ATP trans- ascertain that labeling by EMA of the Anc2-S161C()is
port strongly suggested that the two variants of the carrier CATR complex was exclusively directed to cysteine 161.
adopted the same fold in the mitochondrial membrane. This Therefore, the protein band corresponding to EMA-labeled
was confirmed by trypsin digestion experiments carried out Anc2-S161C(Higp-CATR was isolated by SPAGE and in-
as described in the Iegend of Figure 5, which led to similar gel digested by trypsin for MALDI-TOF-MS analyses (see
proteolytic patterns for Anc2(Hijp and Anc2-S161C(Higp Experimental Procedures). However, attempts to detect
(data not shown). trypsic peptides carrying EMA on the basis of their imple-
EMA Labeling of the Membrane-Embedded Anc2{jgis mentedm/z values were unsuccessful, probably due to the
Eosin-5-maleimide (EMA) was used as a covalent, membrane-instability of this reagent30). Therefore, a more suitable
impermeable thiol reagent to probe the accessibility of the thiol reagent, i-PEO-biotin, was used to achieve MALDI-
m2 loop from the cytosolic face of the membrane. Prelimi- TOF-MS analyses. As EMA, this thiol-specific reagent is
nary experiments were carried out with wild-type membrane- membrane-impermeable3]) and it covalently binds to
bound Anc2(His)p-CATR carrier complex by incubating membrane-embedded Anc2-S161C@#isCATR complex
mitochondria in the presence of 2@® EMA for 30 min whereas reacting neither with Anc2(lgis-CATR nor with
at 0°C. Proteins were then solubilized in a DDM/Emulpho- Anc2-S161C(Hig)p-BA and Anc2(Hig)p-BA (data not
gen (1/1, wi/w) detergent mixture and subjected to HTP shown).
chromatography (see Experimental Procedures). As il- The trypsic peptides generated from in-gel digestion of
lustrated in Figure 5A, lane 1, the pass-through fraction Anc2-S161C(Higp labeled with i-PEO-biotin were analyzed
contained three proteins that were detected by Coomassieby MALDI-TOF mass spectrometry. It should be recalled
Blue staining. As previously reported, they corresponded to that SH groups that did not react with i-PEO-biotin were
the ADP/ATP carrier (MW 36 kDa), the phosphate carrier alkylated with iodoacetamide (see Experimental Procedures).
(MW 32 kDa), and the mitochondrial porin (MW 30 kDa) Therefore, cysteine-containing peptides were detected ac-
(12). Examination of the gel under UV light showed that cording to theirm/z values when alkyled by either i-PEO-
only two proteins were rendered fluorescent upon incorpora- biotin (+414.2 Da per Cys residue) or iodoacetamit®T
tion of EMA (Figure 5B, lane 1). The protein that failed to Da per Cys residue) (Table 2). MALDI-TOF analysis of the
react with EMA was clearly identified as the ADP/ATP trypsic digest of Anc2-S161C(Hjp is shown in Figure 6.



Swinging of theS. cereisiae ADP/ATP Carrier m2 Loop Biochemistry, Vol. 44, No. 49, 20096317

Table 2: Characteristics of the Cys-Containing Peptides Generated Cys243, in appropriate fragments of the carrier, using a

from In-Gel Trypsinolysis of Anc2-S161C(Hjp Labeled by sensitive detection method. We took advantage of the
i-PEO-biotir? existence in the sequence of Anc2p of a single Asn170-
native ) Gly171 bond which is cleavable by hydroxylamine, releasing
Cyf trypsic average mz of ,pe,pt'de,s alkylated t?y two peptides, 17 and 18.5 kDa MWLY1). Peptides were
no» fragment mass(D#) PEO-biotif iodoacetamide separated by SPAGE then electroblotted onto nitrocellulose
72 65775 1513.73 1927.93 1570.73 and i-PEO-biotin labeling was detected by extravidine-HRP
%2; %giégz égié'gg éégg'gg éggg'gg conjugate and ECL system. Only the N-terminat1l70
270 254-272  2223.94 2638.14 2280.94 region of Anc2-S161C(Higp was reactive, ruling out the
287  273-293 2303.20 2717.40 2360.20 possibility that Cys243 as Cys270 and Cys287 could be

aMembrane-embedded Anc2-S161C@iisCATR complex was labeled by i-PEO-biotin (data not shown).
labeled by i-PEO-biotin and purified as described under Experimental
Procedures. The sample was succinylated and subjected to SPAGEDISCUSSION
The protein band was stained with Coomassie blue then excised and
treated by iodoacetamide to alkylate the remaining unreacted cysteine This paper reports on the exploration of the dynamic
residues. After in-gel digestion with trypsin, peptides were extracted topography of the membrane-embedded yeast mitochondrial

from the gel and analyzed by MALDI-TOF-MS (see Figure 6). App/ATP carrier. Two independent approaches were used:
Theoretical masses of peptides were calculated with average isotopic

abundancies The sequence of Anc2(H) was numbered taking into () limited proteolysis by trypsin, followed by identification
account the absence of Met residue at the N-terminal extrerhify ( of the cleavage sites by immunodetection and microsequenc-
¢ Trypsin only cleaved the polypeptidic chain at the C-ter of Arg ing of the generated fragments, and (ii) assessment of the
residues since Lys residues were succinyladtétasses of peptides were accessibility of a matrix-facing cysteine to externally added,

incremented with 100 Da per Lys residue present corresponding to the : :
addition of succinyl group<:’ Modification of a Cys residue by either nonpermeable thiol alkylating reagents. Both approaches

i-PEO-biotin or iodoacetamide results in a mass implementation of Were carried out on mitochondria isolated from a genetically

414.2 or 57 Da, respectively. modifiedS. cereisiaestrain that only expressed the isoform
2 of the ADP/ATP carrier. This isoform is the only one of
Intensity 139467 the three present i. cereisiaethat is essential for growth
5000 1405.78 of the cells on a nonfermentable carbon sour8).(
1570.71 Experiments were performed on mitochondria preincubated
4000 4 e 14 with either CATR or BA, two potent specific inhibitors of
3000 | ADP/ATP transport. This relies on the previous finding that
CATR and BA lock two distinct conformations of the carrier
2000 | 842.:?8.3:02&37 D involved in j[he transport process. _
1000 . 2105.91 Proteolysis of the Yeast Mitochondrial ADP/ATP Carrier
[ { with Trypsin.To overcome possible drawbacks inherent to
0L '.“U: ;6&;3 tsopedeTon ?‘“2050 Liost S &«1;5«,00""2 uncontrolled membrane integrity, mitochondria tightness was

. carefully checked. This was assessed by the fact that
Ficure 6: MALDI-TOF mass spectrum of Anc2-S161C(k)is

> L aconitase used as a control protein since it is located in the
fragments covalently labeled by i-PEO-biotin. Membrane-embedded - | db | .
Anc2-S161C(Higp-CATR was incubated in the presence of i-PEQ- Matrx compartment was not cleaved by external trypsin,
biotin, then purified and subjected to in-gel trypsinolysis (see €ven under experimental conditions that allowed extensive

Experimental Procedures). Released peptides were analyzed byligestion of the ADP/ATP carrier. In addition, only after

MALDI-TOF and fragments containing cysteine residues were ggnijcation of mitochondria could the carrier be labeled by
identified according to their expected masses (see Table 2). EMA, a thiol specific reagent

Peptides containing Cys72, Cys270, and Cys287 were clearly Trypsin cleavage of Anc2(Hijp trapped in CATR-carrier
identified under the corresponding forms alkylated by complex (36 kDa) occurred after short periods of incubation,
iodoacetamide, atVz values of 1570.7, 2280.9, and 2360.2, generating 3234 kDa and 1618 kDa fragments. The latter
respectively, whereas they were not detected as alkylated@ccumulated at the expense of-3# kDa peptides when
by i-PEO-biotin. On the contrary, the 15467 peptide was  the proteolysis was lengthened, without being further di-
simultaneously detected under the form alkylated by i-PEO- gested. Some peptides migrating in the-18 kDa region
biotin and that alkylated by iodoacetamide at the character- were reactive toward anti-Cter or anti-HisTag antibodies,
istic m/'z values of 2105.9 and 1748.7, respectively. leading to the conclusion that they could only result from a
For additional characterization, the 15167 peptide was ~ cleavage occurring in the central region of the peptide chain
purified from a trypsin digest of Anc2-S161C(igis-CATR of the carrier, i.e., in the m2 loop (see Figure 1). A cleavage
prelabeled with i-PEO-biotin, using affinity chromatography site was indeed identified at the Lys163-Gly164 bond by
with immobilized avidin. The amino acid sequence of this microsequencing. Interestingly, the trypsic attack of the
fragment was determined by ESI-MSMS analysis: Leu-Ala- Anc2(His)p-BA complex also occurred in the m2 loop but
Ala-Asp-Ser-Lys-Ser-Cys-Lys-Lys-Gly-Gly-Ala-Arg, dem-  at the Lys178-Thr179 bond. This result demonstrated the
onstrating unambiguously that the cysteine residue locatedconformation-dependent accessibility to externally added
at position 161 was labeled by i-PEO-biotin. trypsin of the m2 loop despite the fact that it is postulated
The trypsic peptide 204251, containing Cys243, could to face the matrix compartment (see Figure 1).
not be resolved by MALDI-TOF, because of its too high Cysteine Labeling Studie§.he unexpected proteolytic
m/z value (Table 2). An alternative approach was to check cleavage of the m2 loop of the yeast carrier led us to further
for the presence of i-PEO-biotin, possibly combined to investigate its topographical dynamics by thiol specific
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labeling. For this purpose, we constructed and characterizedmonomeric conformers of the carrier to constitute functional
the fully functional Anc2-S161C(Hip mutant in which a dimers would be consistent with the existence of two
cysteine residue was introduced in the m2 loop at position nucleotide specific binding sites per carrier dimer located
161. It is noteworthy that we decided not to introduce the on each face of the membrar8). In this model, negative
S161C mutation into a Cys-less protein, since the four interactions between two internal or two external sites and
endogenous cysteine residues of Anc2¢isire not reactive  positive interactions between internal and external sites of
toward externally added thiol reagentd).( Furthermore, different monomers would favor the concomitant binding to
retaining the native cysteine probably favors the functional the transport unit of one nucleotide coming from the
state of the carrier, as demonstrated by the essential role ointermembrane space and of one coming from the matrix.
cysteine residues with regard to the lipid-mediated dimer- Conformational States of the Central Loop m&s
ization of the carrier 3). The conformation-dependent demonstrated in the present work, the m2 loop undergoes
accessibility of Cys161 was evaluated by assessing itssignificant topographical changes when the carrier is trapped
reactivity toward the membrane-impermeable thiol reagent by either CATR or BA, illustrating its functional dynamics.
eosin-5-maleimide (EMA) in CATR- and BA-carrier com-  Similar conclusions were drawn from limited proteolysis
plexes in mitochondria. Only in the CATR-carrier complex experiments carried out on the membrane-bound beef ADP/
could EMA added outside mitochondria react with Cys161, ATP carrier g). It was shown that the carrier could be
consistent with our finding of the conformation-dependent cleaved by proteases in inverted submitochondrial particles
unmasking of a discrete segment of the m2 loop. MALDI- under in the BA-carrier complex, whereas no proteolytic
TOF analyses ascertained that Cys161 was the sole cysteineleavage occurred in the CATR-carrier complex (see Figure
residue to be labeled by thiol reagent, confirming the 2C, lanes 7 and 8). In particular, one conformation-sensitive
inaccessibility of cysteine residues located at positions 72, cleavage site was localized at Lys146-Gly147 bond, which
243, 270, and 2879. belongs to the matrix m2 loop leading to the proposal that
Both approaches described in the present work supportmasking/unmasking of discrete regions of this loop are
the conclusion that the segment spanning residues 198 related to the dynamics of the carrier.
of the yeast ADP/ATP carrier intrudes to some extent into  Another striking feature of the m2 loop of the ADP/ATP
the mitochondrial inner membrane, in a conformation- carrier resides in its central role for substrate recognition as
sensitive manner. assessed by photolabeling approachés 39). In yeast
How Can the Re-Entrant m2 Loop Be Reconciled with the mitochondria, a restricted sequence of Anc2p spanning
Crystallographic Beine Structure?Ve recently determined  Ser182-Argl191, adjacent to the trypsic cleavage sites identi-
the structure at 2.2 A resolution of the bovine isoform 1 ADP/ fied in this study, was photolabeled by azido-naphthoyl-ADP
ATP carrier by X-ray crystallography). In agreement with ~ (11). Taken together, these results strongly suggest an
the tripartite structure noted from the sequence analysis ofinvolvement of the m2 loop in the nucleotide translocation
mitochondrial carriersd), the crystallographic structure of pathway and therefore its possible role in the functioning of
the ADP/ATP carrier shows three motifs that are similarly ADP/ATP transport.
folded. Each of them consists of one odd- and one even- The sidedness of SH groups in the membrane-embedded
numbered transmembranehelix connected to each other beef heart ADP/ATP carrier has been probed following their
by a 32-34-residue long loop, which is exposed to the matrix chemical modification by thiol-specific reagents, either in
compartment. Connecting loops each contain a 12-residuemitochondria or in submitochondrial inverted particlé€)(
long a-helix located parallel to the membrane plane that is No significant labeling of the carrier by membrane-imperme-
attached to the odd- and to the even-numbered helix throughable EMA occurred in mitochondria, whereas cysteine
a 15- and a 10-residue-long random-coil, respectively. Yeastresidues were reactive in inside-out particles. Three cysteine
Anc2p and beef isoform 1 ADP/ATP carriers share 47% residues out of four present in the sequence of the bovine
sequence identity, thus strongly supporting similar folding carrier could be alkylated by EMA, thus demonstrating the
of both carriers. In the bovine crystal structure, which is a accessibility of loops m1, m2, and m3 from the matrix
CATR-carrier complex, matrix loops do not intrude into the compartment. On the basis of differential chemical reactivi-
membrane. An alternative interpretation of the results ties of cysteine residues towakHethylmaleimide and EMA,
presented in this study relies on the fact that the ADP/ATP the authors suggested that the m1 loop is exposed to the
carrier in complex with CATR was crystallized as a matrix compartment, whereas the m3 loop, and to a lesser
monomer, although many biochemical approaches demon-extent the m2 loop, intrude into the membrat6)( Models
strated that it forms dimers, with one CATR molecule bond of the ADP/ATP carrier showing matrix-exposed loops
per carrier dimer34—37). Therefore, the finding that CATR  protruding into the membrane have been proposed from
binds inside the cavity of a carrier monomer implies the chemical labeling studiesl). Recently, Terada and co-
existence of an asymmetric dimeric CATR-carrier complex workers used a cysteine-scanning approach to probe CATR-
consisting of the association of strongly interacting but and BA-induced conformation changes of the yeast carrier
probably structurally different monomers. Whereas it is likely (41, 42), but no conformational change of the m2 loop of
that each carrier monomer contains one six-transmembrandhe yeast carrier has been reported so far. From studies
o-helix bundle, the overall arrangement of transmembrane performed on the beef heart carrier, Terada and co-workers
helices and of connecting flexible loops in two associated attributed restricted roles to matrix loops. According to their
monomers would be different. Therefore, the m2 loop shown interpretations, loop m1 functions as a gate for the transport
in the present work to intrude into the membrane most and loop m2 is restricted to nucleotide bindid@), Whereas
probably belongs to the monomer that is not carrying the we have previously demonstrated that the m2 loop carries
CATR molecule. The association of distinct interacting an ADP/ATP recognition sitel), we propose on the basis
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Anc2p-CATR Anc2p-BA 4
5

H3|63-164|H4| =—= [H3|178-179|H4
\fé161 6
C161 7

Ficure 7: Conformations of the m2 loop of the yeast ADP/ATP
carrier. Schematic model of the conformational changes undergone
by the m2 loop when the carrier shifts from the CATR- to the BA-
carrier complexes, as deduced from the results presented in this
work. Crosses refer to the peptidic bonds reached by trypsin. The
exogeneous cysteine residue introduced at position 161 is high-
lighted by a circle colored in black when it is accessible to thiol
reagents added from outside or in white when it is not.

8.

of the results presented here that it also actively participates
to the nucleotide translocation through a swinging movement
(Figure 7).

Moreover, the implication of flexible loops connecting
transmembrane helices has been proposed in the case oft1-
several transmembrane systems. Hence, the existence of a
re-entrant loop in the mitochondrial carnitine/acylcarnitine
carrier has been reported recen®g). This carrier belongs
to the mitochondrial carrier family and is therefore postulated
to consist of six transmembranehelices. From the explora-
tion of the topography of this carrier, performed using single
cysteine mutants, it was demonstrated that Cys136 was
accessible to nonpermeable thiol reagents added outside ;3
mitochondria. Similar to the findings presented in the present
study, this residue belongs to the matrix loop m2 of the
carnitine/acylcarnitine carrier, therefore suggesting that this
loop takes part of the substrate translocation path. Re-entrant
loops involved in substrate binding have also been identified 15.
by biochemical approaches, both for potassium chand4)s (
and for the glutamate transportd]. Their occurrence was
confirmed by the elucidation of the high-resolution structures
of the corresponding proteind@, 47).

10.
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1
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