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ABSTRACT: Two peptides corresponding to the amino acid sequences 1-1 1 (N-terminal peptide) and 288-297 
(C-terminal peptide) of beef heart ADP/ATP carrier have been synthesized. After coupling to ovalbumin, 
they were injected into rabbits to raise polyclonal antibodies. The specificities of the generated antibodies 
were tested by enzyme-linked immunosorbent assay (ELISA) and (or) Western blot. Anti-N-terminal 
antibodies and anti-C-terminal antibodies reacted specifically with the corresponding peptide. However, 
only anti-N-terminal antibodies reacted with the isolated ADP/ATP carrier; they also reacted with the 
membrane-bound carrier in freeze-thawed mitochondria and mitoplasts, indicating that the first 10 amino 
acid residues of the membrane-bound carrier in mitochondria face the cytosol. On the basis that the 
ADP/ATP carrier can adopt two conformations, one trapped by carboxyatractyloside (CATR conformation) 
and the other by bongkrekic acid (BA conformation), the reactivity of the anti-N-terminal antibodies to 
the ADP/ATP carrier in mitoplasts or freeze-thawed mitochondria was tested for each conformation of 
the carrier. Only in the CATR conformation was the N-terminal region of the membrane-bound carrier 
reactive to the N-terminal antibodies; the contrasting weak reactivity of the carrier in the BA conformation 
suggested that the transition from the CATR conformation to the BA conformation results in a restricted 
conformation of the peptide chain corresponding to the first 10 amino acid residues or its partial burying 
in the lipid bilayer. These immunological data were complemented by enzymatic data pertaining to proteolysis 
of the membrane-bound ADP/ATP carrier by an arginine-specific endoprotease. Enzymatic cleavage of 
the carrier occurred in inside-out submitochondrial particles, but not in right-side-out particles, yielding 
a large fragment of M, N 25 000 that was immunodetected on Western blot by anticarrier antibodies but 
not by anti-N-terminal antibodies. These results demonstrated that the arginine-specific endoprotease had 
access to the matrix face of the inner mitochondrial membrane, a t  Arg 30 or a t  Arg 59. Thus, it appears 
that in intact mitochondria the sequence of the ADP/ATP carrier including Arg 30 or Arg 59 protrudes 
into the matrix space, whereas the N-terminal segment corresponding to the first 10 amino acid residues 
protrudes into cytosol, and the intermediate, rather hydrophobic, sequence spanning residues 9-28 transverses 
the lipid bilayer of the inner mitochondrial membrane. 

M u c h  interest is currently devoted to the analysis of the 
spatial organization of membrane-embedded proteins by 
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chemical modification, proteolysis, and the use of site-specific 
immunological probes [for review, see Ovchinnikov (1 987)], 
These approaches are presently applied in our laboratory to 
the topographical study of the ADP/ATP carrier, an intrinsic 
protein Of  the inner mitochondrial membrane that Catalyzes 
the import of cytosolic ADP into the matrix space of mito- 
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chondria and the concomitant export of mitochondrial ATP 
toward cytosol [for review, see Vignais et al. (1985)l. The 
beef heart ADP/ATP carrier is ideally suited since a wealth 
of structural data is presently available. The protein, which 
is 297 amino acids long, has been sequenced (Aquila et al., 
1982). The isolated protein, solubilized in Triton X-100 and 
complexed to the specific inhibitory ligands (CATR and BA),’ 
behaves as a dimer, as shown by ultracentrifugation (Hack- 
enberg & Klingenberg, 1980) and neutron diffraction studies 
(Block et al., 1982). The existence of two different confor- 
mations of the carrier probed by CATR (or ATR) and BA 
has been demonstrated, and there is strong evidence that 
during the course of transport a transition between the two 
conformations occurs (Block et al., 1983; Brandolin et al., 
1985). A model for the transmembrane carrier topography, 
based on a hydropathy plot, has been proposed (Saraste & 
Walker, 1982; Runswick et al., 1987). This model does not, 
however, predict which regions of the carrier are exposed to 
the cytosol or the matrix space. 

Photolabeling of the membrane-bound carrier with non- 
permeant derivatives of both ATR (Boulay et al., 1983) and 
ADP (Dalbon et al., 1988) has allowed the identification of 
a common binding center for ATR (or CATR) and ADP. The 
sequence Phe 153-Met 200 belongs to this center and is ac- 
cessible from cytosol. An additional site for ADP binding has 
been revealed by photolabeling, extending from Tyr 250 to 
Met 28 1. However, the photolabeling method is restricted to 
a limited number of photoprobes derived from substrates and 
inhibitory ligands. Chemical modification with the alkylating 
permeant reagent NEM has shown that NEM binds to Cys 
56 of the ADP/ATP carrier in the BA conformation (Boulay 
& Vignais, 1984). Modification of lysine residues by pyridoxal 
phosphate in mitochondria and inside-out submitochondrial 
particles has also been used to probe the orientation of the 
carrier chain (Bogner et al., 1986). There are, however, 
drawbacks inherent to chemical modifications, including the 
absence of strict specificity and often uncontrolled permea- 
bility. 

Two other approaches, namely, interaction with antibodies 
directed against specific peptide sequences and cleavage of 
exposed peptide bonds by specific proteases, do not suffer from 
these drawbacks. In the present work, we have used antibodies 
directed against synthetic peptides corresponding to the N- 
and C-terminal sequences of the beef heart mitochondrial 
carrier, and digestion of the membrane-embedded carrier by 
an endoprotease specific for arginine residues. The results 
provide new insight into the transmembrane arrangement of 
the N-terminal portion of the membrane-bound ADP/ATP 
carrier and the dependence of this arrangement on the con- 
formational state of the carrier. 

EXPERIMENTAL PROCEDURES 
Materials. Boc amino acid derivatives were obtained from 

Peninsula Laboratories and Fluka, and 1 % cross-linked chlo- 
romethylated styrene-divinylbenzene (Merrifield polymer) was 
from Fluka. The sources of other chemicals were as follows: 
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I Abbreviations: PBS, phosphate buffer saline consisting of 0.14 M 
NaCI, 2.7 mM KCI, 1 mM KHzP04, 8.1 mM NazHP04, pH 7.4; PBS-T, 
PBS supplemented with 0.05% (w/v) Tween 20; ELISA, enzyme-linked 
immunosorbent assay; HPLC, high-performance liquid chromatography; 
BDB, bisdiazotized benzidine; TMB, 3,3’,5,5’-tetramethyIbenzidine; 
SPAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
N-t-Boc, N-rert-butoxycarbonyl; TEA, triethanolamine; TFA, trifluoro- 
acetic acid; Arg-endoprotease, arginine-specific endoprotease; NEM, 
N-ethylmaleimide; DMSO, dimethyl sulfoxide; BSA, bovine serum al- 
bumin; CATR, carboxyatractyloside; BA, bongkrekic acid. 

Sepharose 4B and Sephadex G-25, Pharmacia; acrylamide and 
N,N’-methylene bisacrylamide, BDH; ovalbumin, 3,3’,5,5’- 
tetramethylbenzidine, and peroxidase-conjugated anti-rabbit 
IgG, Miles Scientific; peroxidase-conjugated protein A, NEN; 
1Z51-labeled protein A, Amersham; Arg-C endoprotease and 
carboxyatractyloside, Boehringer. Bongkrekic acid was iso- 
lated as described (Lauquin & Vignais, 1976). 

Biological Preparations. Beef heart mitochondria were 
prepared according to the method of Smith (1967). For an- 
tibodies assays, we used either freshly prepared beef heart 
mitoplasts or mitochondria stored in liquid nitrogen and 
thawed just before use. Intact mitoplasts, corresponding to 
mitochondria from which the outer membrane and the in- 
termembrane space components were removed, were prepared 
as described by Burnette and Batra (1985). In brief, freshly 
prepared beef heart mitochondria were suspended in an hy- 
potonic medium consisting of 60 mM sucrose and 0.1 M 
EDTA, pH 7.2. Digitonin (5 mg/mL) was then added to a 
final ratio of 0.8-1 mg digitonin/mg of protein and incubation 
was allowed to proceed for 15 min at room temperature. The 
integrity of the resulting mitoplasts was assessed by mea- 
surement by activity of the mitochondrial malate de- 
hydrogenase, an enzyme specific for the matrix space. In 
addition to mitoplasts, freezethawed mitochondria were used. 
Freeze-thawed mitochondria have a damaged outer membrane 
but an intact inner membrane. They proved to be as useful 
as mitoplasts for testing the accessibility of antibodies to the 
inner membrane. Inside-out submitochondrial particles were 
obtained by differential centrifugation after ultrasonic irra- 
diation of beef heart mitochondria (Beyer, 1967; Lauquin et 
al., 1977a). 

The ADP/ATP carrier protein from beef heart mito- 
chondria was purified by chromatography on hydroxylapatite 
gel in Triton X-100 (Riccio et al., 1975). Subsequent chemical 
modifications and acidolytic cleavage have been described 
(Dalbon et al., 1988). Overnight electrophoretic separation 
of peptides was performed in 20% acrylamide slab gels (Cabral 
& Schatz, 1979). The protein concentration was determined 
by the method of Zak and Cohen (1961) with addition of 
sodium dodecyl sulfate (Dulley & Grieve, 1975; Chin-Sun & 
Smith, 1975). 

Proteolytic Digestion. Freshly prepared mitoplasts from 
beef heart mitochondria and inside-out submitochondrial 
particles in 200 pL of 0.225 M mannitol, 0.075 M sucrose, 
0.5 mM EDTA, and 5 mM Tris, pH 7.4, were treated with 
an arginine-specific endoprotease for 1 h at 37 OC. The re- 
action was stopped by addition of 20 pL of 20% (w/v) Na- 
DodSO,, 50% (v/v) glycerol, 25% p-mercaptoethanol, and 
traces of bromophenol blue and heating for 2 min at 100 OC. 
Aliquots of 15 pL corresponding to about 30 pg of protein were 
loaded on slab SPAGE for further characterization of the 
peptide fragments. 

Synthesis ofPeptides. The N-terminal sequence of the beef 
heart ADP/ATP carrier corresponding to residues 1-1 1 
(Ac-Ser- Asp-Gln-Ala-Leu-Ser-Phe-Leu-Lys-Asp-Phe) and the 
C-terminal sequence corresponding to residues 288-297 
(Val-Leu-Tyr-Asp-Glu-Ile-Lys-Lys-Phe-Val) were synthesized 
by the Merrifield solid-phase method (Barany & Merrifield, 
1980) using t-Boc as the temporary protecting group. A 
tyrosine residue was substituted for phenylalanine at the 
C-terminal end of the N-terminal peptide to facilitate coupling 
to the ovalbumin carrier. The C-terminal peptide, spanning 
amino acid residues 288-297, was synthesized on a benzy- 
drylamine resin; it therefore contained an amide group on the 
C-terminal residue. 
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The completeness of all coupling reactions was monitored 
by the ninhydrin test (Kaiser et al., 1970). If required, the 
coupling reaction was repeated until the test became negative. 
The Boc protecting groups were removed by treatment with 
trifluoroacetic acid as described by Stewart and Young (1984). 
The N-terminal peptide was finally acetylated by treatment 
of the resin with a mixture of 5 mmol of acetic anhydride and 
5 mmol of TEA in 15 mL of dimethylformamide for 30 min 
at room temperature. The peptides were released from the 
resin with simultaneous removal of side-chain protecting groups 
by treatment with anhydrous hydrogen fluoride at 0 "C in the 
presence of 10% anisole (v/v) and 5% (v/v) ethanedithiol as 
scavengers (Stewart & Young, 1984). The released peptide 
was desalted over Sephadex G-25 in 10% acetic acid and 
ultimately purified by preparative HPLC using a C18 re- 
versed-phase column (pBondapak C18 240 X 12 mm, Waters) 
eluted with a linear gradient (40-1 00%) of acetonitrile sup- 
plemented with 0.1% (v/v) trifluoroacetic acid. The amino 
acid composition and the concentration of the purified peptide 
were determined with a Waters apparatus after hydrolysis in 
6 M HCl for 24 h at 110 OC. Fast atom bombardment mass 
spectrometry yielded signals corresponding to IM + HI+ values 
of 1328 and 1252 for the N- and C-terminal peptides, re- 
spectively. 

Coupling of Peptide to Ovalbumin and Generation of 
Rabbit Anti-Peptide Antibodies. The N-terminal peptide 
(residues 1-1 1) and C-terminal peptide (residues 288-297) 
were coupled with bisdiazotized benzidine (BDB) to ovalbumin 
through the hydroxyl group of Tyr 11 (replacing Phe 11) and 
Tyr 290, respectively. The coupling reaction was performed 
as described by Tamura and Bauer (1982). To allow specific 
coupling at the tyrosine residues, the two synthetic peptides 
were citraconylated at lysine residues (Boulay et al., 1983). 
Routinely, 0.1 pmol of ovalbumin was reacted with 3 pmol 
of N- or C-terminal peptides. The ovalbumin-peptide con- 
jugate was first dialyzed for 2 h against 5% acetic acid for 
deprotection of the NH2 group of lysine, and a further dialysis 
step against PBS was performed to remove excess BDB and 
free peptide. The binding stoichiometry of peptide with respect 
to ovalbumin (mol/mol) was between 15 and 20. The con- 
jugates corresponding to 100 pg of coupled peptide in 0.5 mL 
of PBS were supplemented with 0.5 mL of complete Freund's 
adjuvant, and male New Zealand white rabbits were im- 
munized as previously described (Boulay et al., 1986). Sera 
were decomplemented by treatment at 56 OC for 30 min. 

Antibodies directed to the N-terminal peptide were purified 
by affinity chromatography according to the following pro- 
cedure. First, the ADP/ATP carrier protein (20 mg) was 
coupled to CNBr-activated Sepharose 4B by using the method 
described by Axen et al. (1967). The carrier-coupled Se- 
pharose column (1.5 X 10 cm) was equilibrated with PBS. 
Antiserum against the N-terminal peptide was layered onto 
the top of the column. After an overnight recycling perfusion 
at 4 OC, the N-terminal peptide antibodies were eluted with 
a medium consisting of 3 M KSCN and 0.5 M NH,OH; the 
pH of the eluted fractions was immediately adjusted to 7.4. 
The recovered antibodies were extensively dialyzed against 
PBS and stored at -20 OC. 

Antibody Assays by ELISA. The ability of antisera to react 
with the synthetic peptides, the isolated carrier, and the 
membrane-bound carrier was tested by ELISA, using micro- 
titration polystyrene plates (NUNC ref 4-39454). 

Two hundred microliters of the synthetic peptides diluted 
in PBS or the carrier protein in a carbonate buffer was added 
to each well of the plate. The carrier protein recovered from 
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hydroxylapatite chromatography in 0.1% Triton X- 100 was 
used, without further purification, after dilution in 0.05 M 
NaHC03/Na2C03,  pH 9.6, to the desired concentration. 
After an overnight incubation at 4 OC, the solution was re- 
moved and the wells were washed with PBS. They were then 
filled with 200 pL of a 1% BSA solution in PBS, and the plate 
was allowed to stand for 1 h at room temperature for satu- 
ration of unspecific sites. After washing with PBS-T, 200 pL 
of antiserum diluted in PBS-T was added to the wells and the 
plate was incubated at room temperature for 2 h. The plate 
was washed with PBS-T, and 200 pL of a solution of per- 
oxidase-conjugated anti-rabbit IgG diluted 2000-fold with 
PBS-T was added to each well. After another 2-h incubation 
at room temperature followed by washing, each well was filled 
with 200 pL of a solution of 3,3',5,5'-tetramethylbenzidine 
(TMB) in DMSO (1% w/v) diluted 100-fold with 0.1 M 
sodium acetate/citric acid, pH 6, and supplemented with 3 
pL of 30% HzOz. The peroxidase reaction was left to develop 
for 1 h in the dark at room temperature; it was stopped by 
addition of 50 pL of 2 M H,SO,. The absorbance of the 
reaction medium was determined at 450 nm with an automatic 
reader (Titertek Multiskan PLUS, Flow Laboratories). 

To titrate antibodies against the membrane-bound carrier, 
the wells of the microtiter plates were coated overnight, at 4 
"C, with freeze-thawed mitochondria or with mitoplasts, 
preincubated with CATR or BA when indicated, and then 
diluted at the appropriate concentration with a medium con- 
sisting of 0.12 M KC1, 10 mM MOPS, and 1 mM EDTA, 
final pH 6.7. The next steps were as described above, except 
that a protein A-peroxidase conjugate was substituted for the 
peroxidase-conjugated anti-rabbit IgG. 

Back-titration of antibodies by ELISA was used in partic- 
ular to analyze the effect of the CATR or BA conformation 
of the membrane-bound carrier on accessibility of the N- 
terminal segment. Freeze-thawed mitochondria were diluted 
at appropriate concentrations in a medium consisting of 0.12 
M KCI, 10 mM MOPS, and 1 mM EDTA, final pH 6.7. 
After incubation with saturating concentrations of BA or 
CATR for 1 h at 4 "C in the presence of ADP, antiserum was 
added and incubation was pursued for another 2 h at room 
temperature. After a 5-min centrifugation at lOOOOOg 
(Airfuge Beckman) at room temperature, supernatants were 
collected. The unreacted antibodies present in supernatant 
were assayed by ELISA against the corresponding peptides 
coated onto microtiter plates as described above. 

Western Blot Analysis. Besides ELISA, the Western blot 
technique (Towbin et al., 1979) was used to test the reactivity 
of the anti-peptide antisera against the ADP/ATP carrier 
protein and the derived fragments. The electrotransfers on 
nitrocellulose were performed as previously described (Boulay 
et al., 1986) except that PBS was replaced by PBS supple- 
mented with 0.05% (w/v) Tween 20. 

RESULTS 
Characterization of Peptide Antibodies by ELISA. The 

presence of peptide-specific antibodies in the serum of rabbits 
immunized against the ovalbumin-conjugated N- or C-terminal 
peptide was assayed by ELISA, using microtiter plates with 
the peptides coated on the wells. The data presented in Figure 
1 illustrate the potent reactivity of the antisera against the 
respective peptides. No reaction was found with the preim- 
mune sera. To ascertain the specificity of the antibodies, 
controls were performed, in which the anti-C-terminal and 
anti-N-terminal antisera were assayed against the coated 
N-terminal peptide and C-terminal peptide, respectively. No 
cross-reaction was detected. Furthermore, no reaction of the 
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FIGURE 1: Reactivity of anti-N-terminal peptide antiserum and 
antic-terminal peptide antiserum to N-terminal and C-terminal 
peptides a& by ELISA. Microtiter plates were mated with the 
N-terminal peptide or the C-terminal peptide at ZW ng/mL in PBS. 
The immobilized peptides were incubated with the corresponding 
antisera added at different dilutions. This was followed by per- 
oxidase-conjugated rabbit antibody, hydrogen peroxide as substrate, 
and TMB as chromogenic indicator (cf. Experimental Procedures). 
The data in ordinate represent values of absorbance at 450 nm. (0)  
Preimmune serum; (m) antic-terminal peptide antiserum; (0) pre- 
immune serum; (0) anti-N-terminal peptide antiserum. 

/ I 

1 - 1 - 1 

Serum dilution 

mom@ 2: Reactivity of anti-N-terminal and anti-C-terminal peptide 
antisera to the CATR-carrier complex a d  by ELISA. Micmtiter 
plates were mated with the purified CATR-carrier complex at I74 
ng/mL. The immobilized CATR-carrier complex was then incubated 
with either the anti-N-terminal antiserum or the anti-C-terminal 
antiserum. Immunoreactivity of the antisera was m l e d  as in Figure 
I .  

C-terminal and N-terminal peptides was detected with the 
rabbit antiserum directed to ovalbumin. 

Reactivity of Anti-N-Terminal and Anti-C-TerminaI P e p  
tide Antisera against the CATR-Carrier Complex. Anti-N- 
terminal and anti-C-terminal peptide antisera were assayed 
by ELISA against the purified CATR-carrier complex coated 
on the wells of the microtiter plates. As shown in Figure 2, 
the anti-N-terminal peptide antiserum, but not the anti-C- 
terminal peptide antiserum, reacted with the CATR-carrier 
complex. These results were corroborated by immunoblotting, 
using the membranebound ADP/ATP carrier in a NaDodSO, 
lysate of beef heart mitochondria (Figure 3); the anti-N-ter- 
minal peptide antiserum (lane I), but not the anti-C-terminal 
peptide antiserum (lane 3). labeled a zone of M ,  -30000 
corresponding to the ADP/ATP carrier protein. Absence of 
immunological reactivity of the anti-C-terminal peptide an- 
tiserum might be due to the lack of accessibility of the C- 
terminal region, as discussed later (see Discussion). Mito- 
chondrial proteins with a M, higher than 30000 reacted with 
anti-N-terminal and anti-C-terminal antisera. These proteins 
were not related to the ADPJATP carrier, as they disappeared 
when antibodies were purified by affinity chromatography (cf. 
Experimental Procedures). 

The identity of the N-terminal region of the carrier reacting 
with the anti-N-terminal peptide antiserum was ascertained 
by immunoblot analysis of peptide fragments generated by 
acidolytic cleavage of the purified ADP/ATP carrier protein. 

0 1  - 
105 104 10) 

30 - 
Mr 
x10-3 

-A i  

-A2 

- X  

Ann N-tar Ann C-tu Antl CWVIU 
"RE 3 Binding of antibodies to the ADP/ATP carrier protein 
and its acidolytic fragments explored by Western blot analysis. 
Samples of lysed mitochondria (lanes 1.3.5) and purified ADP/ATP 
carrier protein after acidolytic cleavage (see Experimental procedures) 
(lanes 2.4.6) were electrophoresed on a 20% polyacrylamide gel in 
the presence of 0.5% NaDodSO,. After electroblotting, the nitro- 
cellulose sheets were treated with the anti-N-terminal peptide an- 
tiserum (A), the anti-C-terminal peptide antiserum (B), and the 
anti-NaDodSO,-treated carrier antiserum (C). After incubation with 
l"I-labeled protein A, the immunoreactive proteins were detected by 
autoradiography as described under Experimental Procedures. The 
two acidolytic cleavage products are designated A, and A,. The 
radioactive band (X) with an M, of =8000. occasionally found, is 
probably a secondary cleavage prcduct. Note that the antisera reacted 
not only with the carrier protein in the mitochondrial lysate but also 
with several other proteins of higher molecular weight. lmmunological 
reaction with t h m  contaminant proteins disappeared when anticarrier 
antibodies were prepared by affinity chromatography (cf. Results). 

Acidolytic cleavage of the carrier protein takes place exclu- 
sively at the Asp 203-Pro 204 bond, thus generating an N- 
terminal fragment of M. 20000 (Al)  and a C-terminal 
fragment of M, 10000 (A2) (Boulay et al., 1986). Only the 
A1 fragment reacted with the anti-N-terminal antiserum 
(Figure 3, lane 2). Yet, as shown in Figure 3, lane 6, both 
fragments A1 and A2 were immunodetected by anti-Na- 
DodSO, carrier antiserum. The lack of reactive bands at the 
level of A1 or A2 to the anti-C-terminal antiserum (Figure 
3, lane 4) is consistent with the lack of reactivity of the whole 
carrier to this antiserum. 

Reactivity of the N-Terminal Region of the Membrane- 
Bound ADPJATP Carrier Protein toward the Anti-N-Ter- 
mind Antiserum. Having shown that the anti-N-terminal 
antibodies reacted with the isolated carrier protein, we further 
examined whether they were able to react with the mem- 
brane-bound carrier. 

Additional series of immunotitration, bgsed on ELISA, were 
performed with coated mitoplasts or coated freezethawed 
mitochondria. Both types of particles yielded similar results, 
which is not surprising because in both cases accessibility of 
antibodies to the inner mitochondrial membrane was made 
possible by removal or damage of the outer membrane. As 
illustrated in Figure 4, the binding of anti-N-terminal anti- 
bodies to freezethawed mitochondria increased with the 
amount of particles coated on the microtiter plates to a plateau 
value. Furthermore, the N-terminal peptide added together 
with the antiserum inhibited efficiently the binding of anti- 
N-terminal antibodies. In contrast, no reaction was observed 
with the anti-C-terminal antiserum. These results indicate that 
the N-terminal region of the membrane-bound carrier is ac- 
cessible to specific antibodies from the cytosolic face of the 
inner mitochondrial membrane. I t  could be argued that 
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FIGURE 4: Reactivity of the anti-N-terminal peptide antiserum toward 
the membrane-bound ADP/ATP carrier in mitochondria assessed 
by ELISA. Microtiter plates were coated with increasing concen- 
trations of freeze-thawed beef heart mitochondria. The immobilized 
mitochondria were incubated with the anti-N-terminal peptide an- 
tiserum diluted 1D00-fold in the absence or in the presence of competing 
N-terminal peptide at 2.5 pg/mL. Binding of antibodies was detected 
by a chromogenic reaction (cf. Figure 1 and Experimental Procedures). 
Plotted data in ordinate represent values of absorbance at 450 nm. 

0 1  
0 5 10 

Mitochondria (yg lml )  

FIGURE 5: Back-titration by ELISA of anti-N-terminal antibodies 
after reaction with the membrane-bound ADP/ATP carrier in mi- 
tochondria. The anti-N-terminal antiserum diluted 1000-fold was 
incubated at 25 "C with increasing concentrations (0.2-10 pg/mL) 
of freezethawed beef heart mitochondria. After 2 h, the mitochondria 
were sedimented by centrifugation. Unreacted antibodies present in 
the supernatants were assayed by ELISA, using microtiter plates 
coated with the N-terminal peptide at 100 ng/mL. After an incubation 
of 2 h at 25 OC, the bound antibodies were assayed by a chromogenic 
reaction (cf. Figure 1 and Experimental Procedures). 

coating the freeze-thawed mitochondria or mitoplasts on the 
microtiter plates could disorganize the membrane structure, 
resulting in access of N-terminal peptide antibodies to initially 
nonexposed epitopes of the membrane-bound carrier. The 
following experiment was devised to test this possibility. 

Various amounts of freshly prepared mitoplasts or freeze- 
thawed mitochondria were left in contact with a fixed con- 
centration of anti-N-terminal antiserum. After centrifugation, 
the antibodies remaining in the supernatant were back-titrated 
by ELISA, using microtiter plates coated with N-terminal 
peptide. As shown in Figure 5, the binding of the anti-N- 
terminal antibodies to the coated N-terminal peptide markedly 
decreased with the amount of freeze-thawed mitochondria, 
full inhibition being obtained with less than 10 pg of mito- 
chondrial protein. Conversely, with the same procedure, 
freeze-thawed mitochondria were unable to prevent the re- 
action of the anti-C-terminal peptide antiserum with the 
C-terminal peptide. Similar results were obtained with mi- 
toplasts. 

Complementary experiments with inside-out submitochon- 
drial particles were inconclusive. This was probably due to 
contamination of the inverted particles by right-side-out 
particles in which the carrier had the same orientation as in 
mitochondria, as will be discussed later. 

Effect of the CATR and BA Conformations on the Binding 
of Anti-N-Terminal Antibodies to the Membrane-Bound 
ADPIATP Carrier. The ADPIATP carrier can adopt two 
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FIGURE 6:  Reactivities of the CATR and BA conformations of the 
membrane-bound carrier to anti-N-terminal peptide antibodies. (A) 
Freeze-thawed mitochondria at increasing concentrations (0.2-10 
pg/mL) were incubated with 15 pM CATR plus 2 pM ADP or with 
20 pM BA plus 2 pM ADP in 0.12 M KCl, 1 mM EDTA, and 10 
mM Mops, pH 6.6, for 1 h at 25 'C. This was followed by addition 
of the anti-N-terminal peptide antiserum diluted 1000-fold in PBS. 
After a further incubation of 2 h at 25 OC, the mitochondria were 
sedimented. Unreacted antibodies present in the supernatants were 
assayed by ELISA, using microtiter plates coated with the N-terminal 
peptide at 100 ng/mL. (B) In another experiment, the mitochondria 
treated by CATR or BA as described above were coated overnight 
onto microtiter plates. The immobilized mitochondria were incubated 
for 2 h at 25 'C with the anti-N-terminal peptide antiserum diluted 
1000-fold. In both (A) and (B) bound antibodies were assayed by 
a chromogenic reaction (cf. Figure 1 and Experimental Procedures). 

conformational states that are trapped by the inhibitors CATR 
and BA, respectively. CATR is a nonpermeant inhibitor that 
binds to a region of the carrier exposed to cytoplasm, whereas 
BA has to enter the inner mitochondrial membrane to bind 
the carrier [for review, cf. Vignais et al. (1985)l. The tran- 
sition between the CATR conformation and the BA confor- 
mation is triggered by the specific substrates ADP and ATP 
and is thought to reflect topographical changes of the carrier 
protein occurring during transport. To examine which of the 
two conformations had the highest affinity for anti-N-terminal 
antibodies, freeze-thawed mitochondria were first incubated 
with either CATR or BA added at  saturating concentrations 
to stabilize the carrier in the CATR or BA conformation and 
then allowed to react with anti-N-terminal antiserum. In a 
first experiment, the nonreacted antibodies were back-titrated 
by ELISA. As shown in Figure 6A, the reactivity of the 
N-terminal region of the membrane-bound carrier in mito- 
chondria toward anti-N-terminal peptide antibodies was much 
higher when the carrier was in the CATR conformation than 
when it was in the BA conformation. This result was fully 
corroborated by direct ELISA titration in a separate exper- 
iment in which the reactivity of coated mitochondria having 
the ADPIATP carrier in either the CATR conformation or 
the BA conformation was assayed with anti-N-terminal an- 
tibodies (Figure 6B). 

Localization of an Arginine Endoprotease Cleavage Site 
in the Membrane-Embedded Carrier. For a further insight 
into the transmembrane arrangement of the carrier chain in 
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carrier, Arg 30 and Arg 59. Cleavage at either of these ar- 
ginine residues is compatible with the M. of 25000 f 1000 
of the resulting product. 

DISCUSSION 
Immunological and enzymatic approaches have been used 

to localize emerging segments in a number of membraneem- 
bedded proteins including the Escherichia coli lactose/H+ 
carrier (Seckler et al., 1983, 1986; Carrasco et al., 1984). the 
human erythrocyte glucose carrier (Davies et al., 1987). the 
LDL receptor in the plasma membrane of fibroblasts 
(Schneider et al., 1983), the quinone-binding protein of the 
thylakoid membrane (Sayre et al., 1986). and the acetylcholine 
receptor of the postsynaptic membrane (Young et al., 1985; 
Ratnam et al., 1986). In the present work, antibodies were 
raised against two peptides corresponding to the N-terminal 
and C-terminal regions of the beef heart ADP/ATP carrier. 
These antibodies were used to probe the orientation of the 
corresponding e p i t o p  in the ADP/ATP carrier of beef heart 
right-side-out and inside-out particles. The access of an ar- 
ginine-specific endoprotease to the peptide chain of the mem- 
braneembedded carrier was also studied. We shall first 
consider some of the methodological aspects related to the 
immunological and enzymatic approaches used. Then, we shall 
discuss the dependence of the immunological reactivity of the 
N-terminal portion of the carrier chain on the carrier con- 
formation. 

Methodological Aspects. Both N-terminal peptide and 
C-terminal peptide conjugated to ovalbumin were able to 
generate anti-N-terminal and anti-c-terminal antibodies in 
rabbits. Whereas the anti-N-terminal antiserum reacted to- 
ward the isolated or membrane-bound carrier protein, the 
anti-C-terminal antiserum was inefffective. This result was 
unexpected since the anti-C-terminal antiserum reacted ef- 
ficiently with the C-terminal peptide, and the C-terminal re- 
gion of the carrier contains strong antigenic determinants 
(Boulay et al., 1986). Furthermore, the N- and C-terminal 
regions are usually located on the surface of proteins; they are 
accessible to solvent and often flexible (Chavez & Sheraga, 
1979; Thornton & Sibanda, 1983). I t  cannot be excluded, 
however, that the conformation or the flexibility of the C- 
terminal region of the carrier protein differs from that of the 
isolated C-terminal peptide and that, thereby, its accessibility 
to antibodies is hampered. I t  is also possible that coupling of 
the C-terminal peptide by means of Tyr 290 to ovalbumin 
results in decrease in immunogenicity by shortening the C- 
terminal reactive region to only eight amino acid residues. 

Immunological assays by E L S A  or Western blots yielded 
clear-cut results with the freezethawed mitochondria and the 
mitoplasts; however, no definite conclusions could be drawn 
from the assays carried out with inside-out submitochondrial 
particles obtained by sonication. This is most likely due to 
the fact that the population of sonicated particles was heter- 
ogeneous, with a small fraction of the particles being in the 
right-side-out configuration (Lauquin et al., 1977b). Because 
of the extreme sensitivity of ELISA, a small contamination 
of the population of inverted particles by right-side-out particles 
would introduce considerable uncertainty into the assessment 
of immune titration data. The uncertainty concerning the 
orientation of the carrier chain in inside-out particles was 
removed by the use of the Arg-endoprotease. This enzyme, 
which attacks selectively peptide bonds a t  arginine residues, 
cleaved the membrane-bound carrier protein in inside-out 
particles, but not in mitoplasts. 

The use of Arg-endoprotease made it possible to answer the 
question of whether the subunits of the membrane-bound 
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FIGURE 7 Reactivity of anti-carrier antibodies and anti-N-terminal 
peptide antibodies to the carrier protein and the Arg-endoprotease- 
derived fragments in mitoplasts and inside-out submitochondrial 
particles, explored by Western blot analysis: (A) Mitoplasts: (B and 
C) inside-out particles. Mitoplasts (30 fig) were incubated with 8 
pg of Arg-endoprotease. Inside-out particles (33 pg) were treated 
with increasing concentrations of Arg-endoprotease at the following 
ratios of protease to particles (w/w): (Lanes 2 and 6)  0; (lanes 3 and 
7) 1/10; (lanes 4 and 8) I / %  (lanes 5 and 9) 1/4. After 1 h of 
incubation at 30 "C, the particles were lysed by 2% NaDcdSO, and 
proteins were separated by polyacrylamide gel electrophoresis in the 
presence of 0.5% NaDodSO,. This was followed by electroblotting 
and detection of the immunoreactive pcptides on the nitrocellulose 
sheets by the anti-NaMSO,-treated carrier antiserum diluted 50fold 
(A and B) and affinity-purified anti-N-terminal peptide antibodies 
diluted 50fold (C). followed in both cases by reaction with lUI-labeled 
protein A and exposure to X-ray film. An autoradiogram of each 
gel is presented. The 25000 M, protein corresponds to the immu- 
noreactive large fragment released from the carrier protein after 
cleavage by the Arg-endoprotease. 

the inner mitochondrial membrane, enzymatic digestion of the 
ADP/ATP carrier in freshly prepared mitoplasts and inside- 
out submitochondrial particles was combined with an immu- 
nological approach. In a previous study, polyclonal antibodies 
raised against the solubilized ADP/ATP carrier protein were 
used to detect immunologically reactive cleavage fragments 
in the carrier by Western blot analysis (Boulay et al., 1986). 
In the present study, we took advantage of the reactivity of 
the N-terminal antiserum to map cleavage sites with an ar- 
ginine-specific endoprotease. 

The Arg-endoprotease added to mitoplasts was unable to 
cleave the carrier protein, as evidenced by the absence of 
cleavage products in immunoblot analysis with anti-NaDodSO, 
carrier antiserum, even after 1 h of incubation at 37 "C, using 
a ratio of enzyme to mitochondrial protein of 1/4 (w/w) 
(Figure 7A). In contrast, the ADP/ATP carrier in insideout 
particles was efficiently cleaved by the Arg-endoprotease, 
resulting in accumulation of a large fragment of M, 25 000 
f IOOO, reactive against the anti-NaDodSO, carrier antiserum 
in immunoblots (Figure 78). Taken together, these results 
lead to the conclusion that the cleavage site is located close 
to an extremity of the peptide chain of the membrane-bound 
carrier on the matrix face of the inner mitochondrial mem- 
brane. 

When Arg-endoprotease cleavage products of the ADP/ 
ATP camer were blotted onto nitrocellulose and treated with 
anti-N-terminal antiserum, no reaction occurred (Figure 7C), 
indicating that the cleavage site for the Arg-endoprotease is 
located close to the N terminus of the peptide chain of the 
carrier. There are two arginine residues in this region of the 
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FIGURE 8: Scheme depicting a possible motion of the N-terminal 
segment of the ADP/ATP camer chain during the reversible transition 
from the CATR conformation to the BA conformation. The first two 
helices of the five that have been recently postulated (Dalbon et al., 
1988) are represented in the scheme. The N-terminal segment 
protrudes further into cytosol in the CATR conformation, and con- 
versely the segment containing Arg 30, Cys 56, and Arg 59 protrudes 
further into the matrix in the BA conformation (for details, see text). 

oligomeric ADP/ATP carrier (Block & Vignais, 1984) are 
oriented in a parallel or antiparallel manner. The asymmetric 
cleavage at the level of Arg 30 or Arg 59 excludes an anti- 
parallel orientation of the subunits. 

Orientation of the N-Terminal Portion of the Membrane- 
Bound ADPIATP Carrier and Dependence on the Confor- 
mational State. Combining the immunological and enzymatic 
approaches gives rise to three main results from this study. 
(1) The N-terminal portion of the membrane-bound ADP/ 
ATP carrier in mitochondria devoid of the outer membrane 
is reactive to anti-N-terminal antibodies. (2) In inside-out 
particles, but not in mitochondria, the ADP/ATP carrier is 
cleaved at the level of Arg 30 or Arg 59 by an Arg-endo- 
protease. (3) The reactivity of the N-terminal portion of the 
ADP/ATP carrier to anti-N-terminal antibodies is favored 
when the carrier is in the CATR conformation. The first two 
results demonstrate a cytosolic exposure of the N-terminal 
region of the ADP/ATP carrier corresponding to the first 10 
amino acid residues and a matrix exposure of the segment 
including Arg 30 or Arg 59. This is consistent with structure 
predictions based on hydropathy plots suggesting that the 
hydrophobic sequence extending from residues 9 to 28 
transverses the lipid bilayer of the mitochondrial membrane 
(Runswick et al., 1987). The matrix exposure including Arg 
30 or Arg 59 is in agreement with the selective reactivity of 
Cys 56 to N-ethylmaleimide (NEM), a permeant alkylating 
reagent (Boulay & Vignais, 1984). The striking influence of 
the binding of CATR on the reactivity of the N-terminal 
segment of the membrane-bound carrier implies that large 
conformational changes occur upon binding of CATR, since 
CATR binds to a segment of the carrier extending from Cys 
159 to Met 200 (Boulay et al., 1983), quite remote from the 
N terminus. Conversely, the decreased immunological re- 
activity of the N-terminal segment of the carrier in the BA 
conformation might be explained by the fact that this segment 
adopts a restricted conformation and (or) has a decreased 
flexibility due possibly to interaction with other segments of 
the carrier chain exposed to cytosol. Alternatively, this seg- 
ment might become partially buried in the phospholipid bi- 
layer. Along this line, it should be stressed that the greater 
reactivity of Cys 56 in the BA conformation (Boulay & 
Vignais 1984) is the mirror image of the greater reactivity of 
the N-terminal region of the carrier chain in the CATR 
conformation. One might imagine that the transition from 
the CATR conformation to the BA conformation includes a 
pulling motion of the N-terminal region of the carrier toward 
the matrix, through the first membrane-embedded a-helix 
spanning residues 9-28, as illustrated in Figure 8. The reverse 

motion would occur when the carrier adopts the CATR con- 
formation. On the basis of the present work, no conclusion 
can be drawn concerning possible motion of the other mem- 
brane-bound helices. However, freeze-fracture electron mi- 
croscopy studies of the purified ADP/ATP carrier protein in 
phospholipid vesicles have shown that in the presence of CATR 
the carrier molecules are anchored preferentially at  the ex- 
ternal surface of the vesicles, and addition of BA results in 
an increased percentage of carrier molecules at the internal 
surface of the vesicles (Brandolin et al., 1980). It was sug- 
gested that the events corresponding to the reversible transition 
from the CATR conformation to the BA conformation, and 
thereby to ADP/ATP transport, might include a slight in- 
side-directed movement of the carrier due to unmasking of 
polar groups induced by BA on the inside-facing region of the 
carrier. Further work is obviously required to delineate in 
detail the different changes that occur on both faces of the 
carrier when this protein adopts the CATR and BA confor- 
mations. 
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Nature of Proton Cycling during Gramicidin Uncoupling of Oxidative 
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ABSTRACT: Addition of gramicidin D to liver mitochondria, incubated in low- or high-salt media, results 
in stimulation of respiration in the absence or presence of depression of ApH, respectively. Gramicidin D 
concentrations 2 orders of magnitude higher are  required in the low-salt media with full uncoupling a t  1 
nmol of gramicidin-mg-'. The stimulation of respiration is not accompanied by increased passive proton 
influx in low-salt media. In high-salt media, the extent of respiratory stimulation and the extent of ApH 
depression differ according to the nature and concentration of cation. The flow-force relationship is very 
steep when gramicidin D induced uncoupling occurs in low-salt media and much less steep in high-salt media. 
A multiplicity of flow-force relationship, respiratory rate vs ApH, is obtained, the slope of which depends 
on the nature and concentration of cation, and which can be reproduced by computer simulation by introducing 
a variable extent of proton cycling either in the membrane or in the pump. The apparent proton conductance, 
as analyzed in the relationship of JJAp, vs ApH, increases in the so-called ohmic and nonohmic regions 
according to whether gramicidin D is added in high-salt or low-salt media, respectively. Titration with 
antimycin of the respiratory control ratio (RCR) in gramicidin D treated mitochondria leads to a depression 
of the RCR in high-salt but not in low-salt media. The view is discussed that in low-salt media the gramicidin 
D induced uncoupling is due to a cycling of protons within a proton domain operationally located at or near 
the proton pump. This leads to a ApH-independent uncoupling different from the Ap-dependent uncoupling 
due to proton cycling through the lipid bilayer. 

z e  mechanism of uncoupling is one of the most fundamental 
problems of oxidative phosphorylation and as such has always 
received utmost attention in studies of energy coupling. In 
fact, if any acceptable mechanism of oxidative phosphorylation 
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must explain how ATP is made, it must provide an equally 
satisfactory explanation as to why ATP is not made. Both 
questions have been answered by the chemiosmotic hypothesis, 
and this has been the main reason for its success. 

That uncoupling agents increase the conductance for protons 
of the inner mitochondrial membrane and of black lipid 
membranes may be considered an established fact (Mitchell 
& Moyle, 1967; Hopfer et al., 1968). Whether the mem- 
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