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Various modulating influences of negative and positive membrane charges on binding and transport 
properties of the reconstituted ADP/ATP carrier from mitochondria were investigated. The results are 
interpreted in terms of functional and structural asymmetries of the adenine nucleotide carrier embedded in 
the liposomal membrane. The surface potential of liposomes was measured directly either by potential-depen- 
dent adsorption of the fluorescent dye 2-p-toluidinylnaphthalene 6-sulfonate (TINS) or by the pK shift of the 
lipophilic pH indicator pentadecylumbelliferone. These results were correlated with the following observa- 
tions. (1) Negative surface potentials increase the apparent dissociation constant, Kd, for binding of the 
negatively charged inhbitor carboxyatractylate to the reconstituted carrier protein. (2) Surface potentials 
modulate the apparent transport affinity, Km, of the reconstituted adenine nucleotide carrier for ADP and 
ATP. The interaction of surface charges with the transport function was investigated with carrier proteins 
oriented both right-side-out and inside-out. Thus the influence of the surface potential on the function of the 
ADP/ATP carrier could be determined for the internal and external active sites of the translocator on the 
outer side of the membrane. Large discrepancies were observed not only between the potentials measured 
directly (fluorescent dyes) and those measured indirectly (binding and transport affinities), but also between 
the different surface potentials determined from the influence on the alternatively oriented carrier proteins. 
The effect of surface charges was rather weak on the cytosolic side of the translocator, whereas there was a 
strong influence of surface charges on the active site at the matrix side. The most obvious explanation, i.e., 
screening of negative membrane charges by positively charged amino acid residues at the protein surface, 
could be ruled out. Besides the modulation of binding affinities for substrates and inhibitors, an additional 
side-specific effect of surface charges on the transport velocity was observed. Again, the influence on the 
internal active site of the ADP/ATP carrier was found to be much higher than that on the cytosolic site. The 
observed effects can be explained by a definite structural asymmetry of the carrier embedded in the 
liposomal membrane. That site which is physiologically exposed to the cytosol is located at a considerable 
distance from the plane of the membrane, whereas the opposite site seems to be in close proximity to the 
membrane surface. Moreover, a spatial equivalence of carboxyatractylate binding site and nucleotide binding 
site at the external side of the carrier protein was concluded. 

Abbreviations: CTAB, cetyltrimethylammonium bromide; 
C15U, pentadecylumbelliferone; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; TNS, 2-p-toluidinylnaphthalene 6- 
sulfonate; Tricine, N-tris(hydroxymethyl)methylglycine; if0, 
surface potential; o, surface charge density. 

Introduction 

The adenine nucleotide carrier from the inner 
mitochondrial membrane is influenced and regu- 
lated by a wide variety of factors. Many of these, 
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such as membrane potential [1,2], divalent cations 
[3] and composition of the phospholipid mem- 
brane with respect to headgroups [4,5] and charge 
[5] have been investigated in the reconstituted 
system. The most important regulatory factor of 
the nucleotide exchange activity, the membrane 
potential [6-8], has been shown to influence pre- 
dominantly one single kinetic parameter in the 
reaction cycle of nucleotide transport, namely the 
rate constant of ATP import and export [2]. An 
influence of membrane potential on the binding 
affinity (Kd) of the carrier protein could be more- 
or-less excluded. However, there are also factors 
directly modulating the apparent carrier affinity 
for nucleotides, the most significant of which is 
presumably the surface potential. 

The inner membrane of mitochondria, like most 
biological membranes, bears a high net negative 
surface charge which gives rise to a negative surface 
potential. This will affect the concentration of 
cations and anions in the region adjacent to the 
membrane and may thus influence kinetic parame- 
ters of membrane-bound enzymes [9-11] and car- 
riers [12,13]. This should be of importance in 
particular for the adenine nucleotide carrier, since 
its substrates, ATP and ADP, are highly negatively 
charged. The effects of surface potential on the 
transport of various anions in mitochondria from 
heart and liver have been previously studied indi- 
rectly by the dependence of transport velocities on 
the ionic strength of the surrounding medium 
[14,151. 

The influence of negative surface potential on 
the ADP/ATP transport is of such interest not 
only because of the presence of negatively charged 
phospholipids in the inner mitochondrial mem- 
brane, but also because they have been shown to 
stimulate the reconstituted adenine nucleotide ex- 
change [4,5,16,17]. Functional dependence on 
negatively charged phospholipids has been re- 
ported for several membrane proteins (e.g. Refs. 
18,19). However, it is not yet clear whether the 
stimulation observed is always due to direct inter- 
action of the protein with the individual phos- 
pholipid species or whether this dependence is 
caused predominantly by the anionic charge. 

Besides the quantitative correlation of actual 
surface potentials with their effect on the 
ADP/ATP transport, the present study will focus 

especially on the fact that both the phospholipid 
distribution between the outer and inner side of 
the membrane [20] and, of course, the location of 
proteins within the inner mitochondrial membrane 
[21,22] are asymmetric. This explains the impor- 
tance of investigating the influence of surface 
charges separately on each side of a transmem- 
brane carrier protein. Since the translocator mole- 
cules turn out to be oriented in the two possible 
directions after insertion into the liposomal mem- 
brane [23] and since these two populations of 
carrier molecules can be functionally separated, 
the reconstituted system is particularly suitable for 
determining any asymmetric interaction of the 
ADP/ATP carrier with the two different mem- 
brane surfaces. 

Materials and Methods 

Chemicals 
The chemicals and their sources were as fol- 

lows: Triton X-100 (Sigma); carboxyatractylate, 
valinomycin and nucleotides (Boehringer-Mann- 
heim); radioactive nucleotides (Amersham- 
Buchler); Dowex l-X8 (Bio-Rad); Sephadex 
(Pharmacia); dicetyl phosphate, cetyltrimethylam- 
monium bromide, tetraphenylborate and 2-p- 
toluidinylnaphthalene 6-sulfonate (Sigma). Penta- 
decylumbelliferone was a gift from Professor 
Fromherz (Ulm) and bongkrekate was a gift from 
Professor Berends (Delft). Hydroxyapatite was 
prepared as described previously [23]. All other 
chemicals were of analytical grade. [3H]carboxy- 
atractylate was prepared according to Ref. 24. 

Determinations 
Protein concentration was determined by the 

method of Lowry et al. in the presence of 1% 
sodium dodecyl sulfate [25] and phosphorus was 
estimated by the method of Chen et al. [26]. 

Lipids and liposomes 
Egg yolk phospholipids were prepared accord- 

ing to Ref. 27. Soybean phospholipids were par- 
tially purified [28]. Purification and separation of 
single phospholipid species were performed as de- 
scribed previously [29]. For the preparation of 
liposomes with added negatively or positively 
charged lipids, the individual lipids were mixed in 



chloroform, evaporated to dryness and sonicated 
under nitrogen atmosphere in a Branson sonifier. 

Isolation, reconstitution and assay of ADP/ATP 
carrier protein 

The adenine nucleotide carder was isolated from 
beef-heart mitochondria by hydroxyapatite chro- 
matography in a batch procedure using Triton 
X-100 as described previously [23]. The carrier 
protein was incorporated into preformed lipo- 
somes and the ADP/ATP-translocation activity 
was reconstituted by a freeze-thaw procedure [30] 
and a second sonication [4]. The sonication buffer 
included all ions and nucleotides which had to be 
present afterwards in the internal liposomal 
volume. For most experiments, the internal space 
contained 10 mM ATP/30 mM Na2SO4/10 mM 
Tricine-NaOH (pH 8.1). The external medium was 
exchanged by chromatography on Sephadex G-75 
columns in order to obtain the desired external 
ionic conditions, as indicated in the corresponding 
experiments. Reconstituted adenine nucleotide ex- 
change in the forward [4,2] and backward direc- 
tion [23] has been described previously. Extrapola- 
tion of true exchange velocities and of individual 
kinetic parameters was carried out according to 
Ref. 2. In exchange experiments with simultaneous 
measurement of surface potential, an aliquot of 
the liposome pool from the Sephadex G-75 col- 
umns was titrated with TNS or C15U and analyzed 
for its phospholipid content by phosphate de- 
termination. 

In some experiments, the two populations of 
reconstituted nucleotide carriers (right-side-out and 
inside-out) were analyzed further. This was 
achieved by alternate titration of the exchange 
with carboxyatractylate and bongkrekate, respec- 
tively. The procedure has been described in detail 
previously [23]. After stopping the exchange reac- 
tions with carboxyatractylate and/or  bongkrekate, 
as indicated in the corresponding experiments, ra- 
dioactive external nucleotides were removed by 
ion-exchange chromatography on Dowex l-X8 
columns (CI- form). 100-200/~1 of liposomal sus- 
pension was subjected to columns 5 mm × 30 mm. 
In order to minimize loss of lipid and protein, the 
columns were preequilibrated with egg-yolk phos- 
pholipid liposomes (3-5 mg phospholipid/col- 
umn) and bovine serum albumin (2 rag/column). 
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The liposomes of the exchange assay were eluted 
with a defined volume of 50 mM NaCI. Aliquots 
of the eluate were analyzed by liquid scintillation 
counting of the amount of internal radioactively 
labeled nucleotides. 

Carboxyatractylate binding assay 
In order to determine carboxyatractylate bind- 

ing in a rapid procedure, suitable for large experi- 
mental series, advantage was taken of the very 
high affinity of carboxyatractylate for the recon- 
stituted ADP/ATP translocator. After incubation 
of the reconstituted nucleotide carrier with 3H- 
labeled carboxyatractylate, 300-500/~1 of this in- 
cubate were added to 50 mg of Dowex-C1- which 
had been dried on filter paper. After 30 s, 'the 
Dowex material was quickly centrifuged (10 s, 
15 000 × g). The supernatant was immediately sep- 
arated from the ion exchange resin and aliquots of 
the supernatant were analyzed in a scintillation 
counter. 

Measurement of surface potential 
Two different methods were used for the de- 

termination of surface potential: 
(i) The potential-dependent adsorption of the 

fluorescent dye 2-p-toluidinylnaphthalene 6-sulfo- 
nate (TNS) and calculation of the corresponding 
surface potentials are described by Eisenberg et al. 
[31]. The fluorescence of TNS (0.25 #M) was 
measured with a Perkin-Elmer MPF 44a fluores- 
cence spectrometer in the presence of 0.05-0.15 
mg phospholipid/ml. The excitation wavelength 
was 321 nm (2 nm bandwidth) and emission was 
measured at 439 nm (5 nm bandwidth). The ap- 
propriate corrections, described in Ref. 31, were 
carried out. The surface potential was determined 
in dependence on added NaCl and the correspond- 
ing surface charge densities were calculated (see 
theoretical section). 

In order to confirm these measurements and to 
allow their extension also to positive surface 
potentials, a technique was applied whereby nega- 
tive surface charges in the liposomal membrane 
were titrated back with externally added CTAB 
and positive surface charges with sodium te- 
traphenylborate, respectively. An example of this 
kind of measurement is shown in Fig. 1. The 
surface potential of liposomes consisting of egg- 
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Fig. 1. Titration of negatively charged liposomes with CTAB. 
T h e  indicated amounts of CTAB were added to liposomes 
consisting of purified egg-yolk phospholipids ( O - O )  or egg- 
yolk phospholipids with 10 mol% dicetyl phosphate (e -e ) .  The 
surface p o t e n t i a l  w a s  measured at Na ÷ concentrations of 
10-100 mM by TNS fluorescence and the corresponding surface 
charge densities were calculated and averaged over this range of 
ionic strength. 

yolk phospholipids and negatively charged dicetyl 
phosphate was determined in dependence on the 
amount of added CTAB. The point of equilibra- 
tion between dicetyl phosphate in the membrane 
and added CTAB can be extrapolated. This value 
clearly depends on the amount of originally in- 
corporated dicetyl phosphate. The complication 
arising due to the two faces of the liposomal 
bilayer membrane will be discussed later (see Fig. 
3). 

(ii) Alternatively, the fluorescence of the lipo- 
philic pH indicator C15U was used to determine 
surface potential [32,33]. The interfacial pK of the 
membrane-incorporated pH indicator can be de- 
tern'fined by acid/base titration, since only the 
basic form of the indicator in fluorescent. The pK 
can thus be obtained by measuring pH and fluo- 

rescence intensity [32]. The pH indicator was dis- 
solved in a methanolic stock solution and added in 
a concentration of 0.2-0.5 ~M to the liposomal 
suspension (0.15-0.3 mg phospholipid/ml). Exci- 
tation was at 366 nm (2 nm bandwidth), emission 
at 448 nm (5 nm bandwidth). The pK was de- 
termined from simultaneous measurement of 
steady-state fluorescence and pH with a microglass 
electrode and calculcated by graphic extrapola- 
tion. 

There remains, however, a severe methodologi- 
cal problem. Using the dye C15U, a definite nega- 
tive surface potential is measured also in pure PC 
liposomes, probably due to the geometry of the 
phosphatidylcholine headgroup [34]. This potential 
does not contribute to the apparent surface poten- 
tial as calculated, for example, from ~'-potential 
determinations or from fluorescence of TNS, but it 
can be detected with the lipophilic pH indicator 
C15U, because of the location of its potential-sen- 
sitive OH group. Since PC is always the predomi- 
nant lipid in the phospholipid mixtures used for 
these experiments the pK value for pure PC lipo- 
somes, measured at equivalent ionic strength, was 
taken as zero surface potential. 

T h e o r e t i c a l  c o n s i d e r a t i o n s  

Ligand binding 
The concentrations of ions with z negative or 

positive charges in the aqueous phase at the mem- 
brane/solution interphase (era) is given by the 
Boltzmann relation 

[ z'q'~PO ] 
Cm = cb'exp~ ~ - ~ - -  ) (1) 

where c b in the bulk phase concentration of the 
ions, q the negative electron charge and ~0 the 
surface potential. For the present experiments, this 
relation is important in several respects. 

(a) The concentration of H + is influenced 
according to the equation 

prim = pHb + if0/60 (2) 

where pH b is the bulk phase pH and pHm the pH 
at the membrane/water interphase. Eqn 2 also 
explains the apparent pK shift of C15U caused by 
the surface potential. 



(b) The concentration of TNS anions is mod- 
ulated likewise by the surface potential. 

(c) The concentration of carboxyatractylate 4- 
is strongly influenced by surface charges. This 
results in an apparent K d shift according to 

(d) In the same way, the binding affinity of 
membrane-bound enzymes [11] or the transport 
affinity of carrier proteins is modulated by the 
surface potential, leading to a change in the ap- 
parent K m values: 

Km app = Krn'eXp( z'q'~b°~-'k-77 ] (4) 

At pH 8.2, used in these experiments, z for ATP 
and ADP is - 4 and - 3, respectively. The follow- 
ing investigations were carried out without appli- 
cation of membrane potentials; therefore the com- 
plication due to modulation of other kinetic con- 
stants that are also contained in the K m of 
ADP/ATP exchange [2] can be neglected. 

Gouy-Chapman potential 
The values for surface potential derived from 

the different methods described here are used to 
calculate surface charge density (o)according to 
the equation 

Aft 
- -  = s inh (z -q .  %/2kT) (5) 

C 

where A is a temperature-dependent constant [35] 
and c is the bulk aqueous electrolyte concentra- 
tion. To estimate the distance between membrane 
surface and the plane at which different potential 
monitors sense the actual potential, the extended 
Gouy equation [35] was used. 

Results 

(1) Influence of surface potential on the adenine 
nucleotide exchange 

The anionic nature of ADP and ATP, the sub- 
strates of the adenine nucleotide carrier, results in 
a repulsion of these ligands from negatively 
charged membrane surfaces. As already shown for 
membrane-bound enzymes [9-11] and transport 
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proteins [12,13], this repulsion leads to an increase 
in the apparent K m of ADP and ATP transport 
(see also Theoretical section). Thus, the fundamen- 
tal question arises: to what extent does the surface 
potential influence the nucleotide exchange at the 
two sides of the membrane and which steps in the 
reaction cycle of the cartier protein [36] are mod- 
ulated? 

Since the adenine nucleotide cartier is a trans- 
membrane protein, exposing its nucleotide binding 
sites to both sides of the membrane, it is of basic 
interest to find out whether the surface potential 
influences the carrier protein symmetrically at the 
outside and the inside. The inside of liposomal 
vesicles is, however, not easily accessible to direct 
measurement. Therefore advantage was taken of 
the fact that during reconstitution the carrier pro- 
tien is incorporated into the membrane in both 
possible directions [23]. In the 'physiological' 
orientation, i.e., right-side-out (R), the nucleotide 
cartier exposes its carboxyatractylate-binding site 
to the outside, whereas in the reverse orientation, 
i.e., inside-out (I), the bongkrekate-binding site 
faces the outside. The two contrarily oriented 
populations of carrier molecules can be differenti- 
ated by titration with the site-specific inhibitors 
carboxyatractylate and bongkrekate [23]. In this 
way, the influence of surface charges on the two 
binding sites of the nucleotide carrier can be 
investigated at the outer side of the liposomai 
membrane. Complications due to asymmetric 
phospholipid distribution, which has been re- 
ported not only for mitochondrial membranes [20], 
but also for liposomes [37,38], can thus be avoided. 

The apparent K m values for adenine nucleotide 
exchange measured with right-side-out (R) and 
inside-out (I) cartier molecules are summarized in 
Table I. In both types of orientation, the influence 
of negative surface charges on the transport affin- 
ity in liposomes with different phospholipid com- 
position is detected. As expected, the increase in 
the apparent K m is enhanced when a higher den- 
sity of negative charges is applied. As predicted by 
the theory of the diffuse layer [35], the surface 
potential and its effect on the apparent transport 
a f f i n i t y ,  Kin, can be screened by high ionic strength. 
It should be emphasized that the data of Table I 
clearly demonstrate an asymmetric influence of 
the surface potential on the two binding sites of 
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TABLE I 

TRANSPORT AFFINITY g m (/ . tM) FOR ATP OF THE RECONSTITUTED ADP/ATP CARRIER 

The liposomes used for reconstitution consisted of PC/PE/cholesterol = 65:20:15 mol% with addition of the indicated amounts of 
dicetyl phosphate. The transport affinity K m was measured for the tight-side-out- (R) and inside-out- (I) oriented carrier protein (see 
text). The external Na + concentration was adjusted with NaC1, osmolarity was balanced with sucrose. 

Dicetyl Cartier 
phosphate orientation 
added 
(mol%) 

External Na + concentration (mM) 

4 7 10 20 40 60 100 

0 R 
I 

3 R 
I 

6 R 
I 

10 R 
I 

7 8 8 11 14 16 
18 17 20 26 28 37 

15 
105 

118 67 36 31 19 17 
1800 1400 950 570 210 

187 115 72 43 20 
2050 390 

19 

the carrier. Apparent ly,  the t ransport  affinity of  
the inside-out-oriented carrier protein (I) is mod-  
ulated very strongly, whereas the effect on the 
right-side-out-oriented carriers (R) is relatively 
weak. The increase in K m values at high ionic 
strength can be explained fully by competi t ion 
effects of  anions, in this case CI - ,  at the nucleotide 
binding site (unpublished results). 

The interpretat ion of  the observed K m modula-  
t ion as an electrostatic interaction between sub- 
strates and the membrane  surface is corroborated  
not  only by  variation of  the surface charge density 
and the ionic strength, as shown in Table I, but  

TABLE II 

TRANSPORT AFFINITY K m (#M) FOR ADP AND ATP 

The liposomal membranes consisted of egg-yolk phospholipid/ 
cholesterol = 85:15 mol% with addition of dicetyl phosphate 
where indicated. The reconstituted exchange was measured 
only for right-side-out-oriented carrier molecules. 

Dicetyl Substrates External Na + concentration 
phosphate (mM) 
added 6 10 20 100 
(mol%) 

0 ATP 6 8 8 16 
ADP 7 9 

10 ATP 154 80 45 20 
ADP 65 36 21 15 

also by variation of  the substrate charge from four 
(ATP)  to three (ADP)  negative charges. As seen in 
Table  II, the influence of  negative surface charges 
on the t ransport  affinity is in fact diminished 
when ATP  is replaced as substrate by ADP.  The 
data  f rom Table I and Table II  are used in the 
following sections for the calculation of  the actual 
surface potential  (Table V). 

(2) Influence of surface potential on inhibitor binding 
The surface potential  modulates not only the 

b inding of  the charged transport  substrates A D P  
and ATP,  but influences also the binding of 
inhibitor ligands like carboxyatractyla te  and 
bongkrekate,  which carry about  four and three 
negative charges at p H  8.2, respectively. The bind- 
ing step of  adenine nucleotides cannot  be easily 
separated f rom the overall t ransport  reaction due 
to the fact that conformat ion  change and translo- 
cat ion step are obligatorily coupled in the reaction 
cycle of  the nucleotide carrier [36]. Using specific 
inhibitors, however, the influence of  surface 
charges on the dissociation constant  can be 
detected directly. 

Binding of  the hydrophobic  inhibitor bongkre- 
kate, as assayed in the reconstituted system with 
its high phospholipid : protein ratio, leads to rather 
unsatisfactory results in the binding analysis, due 
to unspecific binding to l iposomal membranes.  In 
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Fig. 2. Binding of carboxyatractylate (CAT) to the recon- 
stituted ADP/ATP carrier in liposomes with different surface 
charges. 3H-labeled carboxyatractylate (100 nM) was bound to 
the reconstituted adenine nucleotide carrier in liposomes con- 
sisting of egg-yolk phospholipids (e -o ,  neutral), soybean phos- 
pholipids ( © - O ,  negatively charged) and a 1/1 mixture of 
both ( + -  + ). The amount of bound inhibitor at 100 mM Na + 
was taken as 100%. 
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contrast, binding of the more hydrophilic inhibitor 
carboxyatractylate can be well analyzed with re- 
gard to the modulation caused by negative surface 
potentials. 

In Fig. 2, binding of radioactively labeled 
carboxyatractylate to carrier protein reconstituted 
in egg-yolk lipid (1-2% negatively charged phos- 
pholipids) and soybean phospholipid (more than 
20% negatively charged lipids) is analyzed. Obvi- 
ously, variation in the lipid composition of the 
liposomal membrane may, in fact, have a dramatic 
influence on the binding properties of the nucleo- 
tide carrier. Although the effects of the potential 

TABLE III 

are strongly enhanced because of the low ionic 
strength used in this experiment, this observation 
explains why asolectin is such a poor material for 
the reconstitution of functionally active ADP/ATP 
exchange. It has to be taken into consideration 
that the affinity of ADP and ATP for the carrier 
protein is about three orders of magnitude lower 
than that of carboxyatractylate. Substrate binding 
to the active site would therefore be virtually im- 
possible in soybean phospholipid membranes, even 
at higher ionic strength. 

The influence of surface potential on the bind- 
ing affinity of carboxyatractylate for the nucleo- 
tide carrier reconstituted into membranes with de- 
fined negative surface charge is analyzed in Table 
III. The results are similar to those obtained for 
the transport affinity K m of ADP and ATP (Ta- 
bles I and II): both charge density and ionic 
strength determine the apparent affinity changes, 
in accordance with the theory of the diffuse layer. 
These data, too, are used in the following sections 
to calculate actual surface potentials at the 
carboxyatractylate-binding site (Table V). 

(3) Direct determination of the surface potential 
In order to cerrelate these functional measure- 

ments with the true surface potential, the latter 
was determined by direct methods. Several meth- 
ods were used to obtain reliable values for the 
surface potential: (a) salt titration with the fluo- 
rescent dye TNS [31]; (b) salt titration with the 
lipophilic fluorescent pH indicator C15U [32,33]; 
and (c) titration of negatively charged liposomes 
with CTAB ÷ or positively charged vesicles with 

DISSOCIATION CONSTANTS, K d (nM), FOR THE CARBOXYATRACTYLATE-CARRIER COMPLEX 

3 H-labeled carboxyatractylate was bound to the adenine nucleotide carrier reconstituted in liposomal membranes with the indicated 
phospholipid composition. The external Na + concentration was adjusted by addition of NaC1, osmolarity was balanced with sucrose. 
Binding to the carder protein in PC membranes was carried out in multiple determinations (n > 5), wherease the other values each 
represent the average of 2-4 binding assays. EYPL, egg-yolk phospholipid; DCP, dicetyl phosphate. 

Liposome External Na + concentration (mM) 

composition 1 3 7 10 20 75 
(mol%) 

PC 5+2 a 
EYPL 14 8 10 
EYPL + 6% DCP 210 34 25 18 11 
EYPL+ 10% DCP 190 78 31 23 14 

a For all Na + concentrations. 
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Fig. 3. Titration of CTAB in pure PC liposomes. CTAB was 
added to pure PC liposomes ( P L / C T A B  = 94 : 6 mo l /mol )  and 
the surface potential was determined either immediately after 
the addition of positively charge lipid (A) or after the time 
intervals indicated on the X-axis (B + C). Furthermore, at time 
zero, a l iposome/CTAB mixture equivalent to (B) was frozen 
five times in liquid nitrogen, thawed and finally resonicated 
(C). Measurement  of surface potential was carried out as 
described in Fig. 1. Thus  line (A) represents a series of de- 
terminations after repeated new addition of CTAB to stored 
PC liposomes, whereas lines (B) and (C) reflect repeated mea- 
surements  at the indicated times with the same l iposome/CTAB 
mixtures, which were prepared separately for (B) and (C) at 
t ime zero. 

the tetraphenylborate anion and determination of 
the charge equilibration by TNS or C15U as moni- 
tors of the potential. 

In all these experiments, it must be remembered 
that only the outer layer of the liposomal mem- 
brane is measured. This is clearly demonstrated in 
Fig. 3. Basically, the neutral PC liposomes are 
made positive by addition of CTAB from the 
outside. The positive surface charge, titratable with 
tetraphenylborate from the outside, gradually di- 
minishes, with a half-life of several days. The 
interpretation of these results as disappearance of 
positive charges from the outside is further corrob- 
orated by an experiment in which the positively 
charged lipid is equilibrated from the beginning 
(Fig. 3, line C). Addition of CTAB, with subse- 

quent repeated freezing, thawing and sonication, 
results in liposomes with a diminished amount of 
externally accessible CTAB. 

The calculated surface charge densities derived 
from measurements of surface potential are listed 
in Table IV for several types of liposome with 
different phospholipid composition. The negative 
surface potential created by addition of dicetyl 
phosphate to the liposomal membrane is measured 
both by C15U and TNS. Several results, which are 
of special interest both for the following experi- 
ments as well as for the interpretation of sections 1 
and 2, are pointed out here. (a) The charge densi- 
ties determined directly by C15U and TNS are 
relatively close to the calculated values. (b) The 
data obtained by titration with CTAB (last col- 
umn) are in good agreement with the calculated 
data when they are multiplied by a factor of about 
1.7, which resembles the ratio of total lipid/lipid 
in the outer layer of the liposomes. (c) Addition of 
CTAB and DCP in equimolar amounts during the 
preparation of liposomes results in virtually un- 
charged or chargecompensated liposomes. (d) Iso- 
lated and purified egg-yolk phospholipids have 
only few negative charges, whereas soybean phos- 
pholipids are highly negatively charged. 

(4) Comparison of directly and indirectly measured 
surface potentials 

In Table V, values of surface potentials mea- 
sured in two kinds of negatively charge liposome 
are summarized. The data are either calculated on 
the basis of lipid composition or measured directly 
by TNS and C15U fluorescence, or they are de- 
rived from the apparent K m and K d values for 
adenine nucleotide transport and carboxyatracty- 
late binding, respectively. On the one hand, there 
is an unequivocal correlation of the increase in the 
negative surface charge caused by increasing 
amounts of dicetyl phosphate with the shift in the 
binding affinity of carboxyatractylate and the 
transport affinity of ATP for the carrier protein. 
On the other hand, striking discrepancies are ob- 
served between the results obtained by the differ- 
ent methods for calculating the surface potentials. 

The experimental data of Table V, together 
with the results achieved with various other types 
of liposome (not shown) can be arranged in the 
following sequence, using decreasing values of 



153 

T A B L E  IV 

D I R E C T  M E A S U R E M E N T  O F  S U R F A C E  P O T E N T I A L S  U S I N G  F L U O R E S C E N T  D Y E S  

The  surface charge  dens i ty  of l iposomes  wi th  di f ferent  l ip id  compos i t ions  was  ca lcula ted  f rom values  of  surface po ten t i a l  measured  by  

the fol lowing methods .  (1) o was ca lcula ted  from the l ipid compos i t ion  a s suming  an area of 70 ,~2 for phosphol ip ids ,  50 .~2 for d icetyl  

phospha te ,  and  25 .~2 for CTAB.  (2) The  surface po ten t ia l  was measured  direct ly by  p K  t i t ra t ion  of ex te rna l ly  added  C15U in the 

presence  of var ious  N a  + concent ra t ions .  The  charge densi t ies  ca lcula ted  f rom the ob t a ined  potent ia l s  a t  10, 20 and  40 m M  N a  + were 

averaged.  The surface po ten t i a l  for pure  PC l iposomes was  taken  as zero (see Mate r ia l s  and  Methods) .  (3) The  surface po ten t i a l  was 

measu red  by  sal t  t i t ra t ion  of TNS  fluorescence. The charge densi t ies  ca lcu la ted  from the po ten t ia l s  at  10, 20, 40 and 80 m M  N a  + were 

averaged.  (4) The  surface po ten t ia l  was  t i t ra ted  by  add i t ion  of C T A B  to negat ively  charged  l iposomes  and  moni to red  by  TNS  

fluorescence.  The  values  of this  co lumn  have  to be mul t ip l i ed  by a factor  of approx.  1.7 in order  to ob ta in  the correct  charge  densi ty,  

s ince on ly  the outer  layer  of the m e m b r a n e  is t i t ra ted  (see Mater ia l s  and  Methods  and  Fig. 1). DCP,  d icetyl  phospha te ;  EYPL,  

egg-yolk  phosphol ip ids ;  AL,  asolect in  (soybean phosphol ip ids) .  

L iposome  

compos i t ion  

(mol%) 

Surface charge  densi ty,  o ( 1 / 1 0 0 0  .~2) 

C a l c u l a t e d ( I )  Measured  

C15U (2) TNS  (3) TNS  (4) 

(direct)  (direct)  (CTAB t i t ra t ion)  

PC 0 0 (2) 0 + 0 . 0 3  

PC + 5 % D C P  - 0.72 - 0.6 - 0.40 

PC + 10% D C P  - 1.47 - 1.15 - 0.79 

P C + 5 %  D C P + 5 %  C T A B  0 - 0 . 0 6  

E Y P L  - 0.27 - 0.16 

E Y P L / A L  = 1 : 1 - 1.7 - 1.05 

A L  - 2 . 5  - 1 . 7  

- 0 . 3 9  

- 0.74 

- 0 . 1 4  

T A B L E  V 

S U R F A C E  P O T E N T I A L  (mV) O F  L I P O S O M E S  AS D E T E R M I N E D  BY D I R E C T  A N D  I N D I R E C T  M E A S U R E M E N T S  

The potent ia l s  der ived f rom K m measu remen t s  are based  on the da ta  of Tables  I - I V  and  on fur ther  exper iments .  For  the ca lcu la t ion  

of  surface poten t ia l s  f rom their  inf luence on  the t ranspor t  aff ini ty  of A T P  towards  the r ight -s ide-out -or iented  carrier,  K ATP (R), a 

va lue  of 7 # M  was used  for neut ra l  membranes .  The cor responding  value  for ins ide-out -or ien ted  carr ier  molecules,  K ~  rp  (I), was  15 

#M.  EYPL,  egg-yolk phosphol ip ids ;  DCP,  dicetyl  phospha te ;  CAT,  carboxyat rac ty la te .  

L iposome  Basis for 

compos i t ion  potent ia l  

(mol%) de te rmina t ion  

N a  ÷ concent ra t ion  (mM)  

7 10 20 40 60 75 

E Y P L  + 6% D C P  

E Y P L  + 10% D C P  

calcula ted  - 65 - 58 - 46 - 33 - 28 - 25 

C15U - 49 - 45 - 36 - 30 

TNS  - 49 - 42 - 31 - 22 - 19 - 17 

K ~  Tp (I) - 32 - 29 - 27 - 22 - 16 
KATP (R) - 14 - 10 - 9 - 6 -- 5 m 
Km CAT - 13 - 11 - 8 - 5 

ca lcula ted  - 86 - 77 - 61 - 47 - 40 - 36 
C15U - 7 8  - 6 9  - 6 0  - 51 - 4 5  - 37 
TNS  - 68 - 60 - 44 - 34 - 29 - 26 
K A T P  m (I) - 3 2  - 2 1  
Km ATP (R) - 18 - 15 - 12 - 6 
Km CAT - 18 - 12 - 10 - 6 
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measured surface potentials: 

I/'0 (calculated) -- ~k0 (C15U) > ~k0 (TNS)  > q'0 ( KATp ( I ) )  

>> ~b o ( K  ATP ( R ) )  = t~ o ( K  cAT) 

where CAT is carboxyatractylate. Evidently, the 
actual surface potential at the cartier-binding site 
for inhibitor and transport ligands is not the same 
as the potential at the membrane surface and - 
what is even more surprising - it makes a consid- 
erable difference whether the cytosolic binding site 
or the matrix binding site of the carrier is investi- 
gated. 

The difference between the calculated value of 
the surface potential and the potentials measured 
by fluorescent dyes is relatively small and may be 
explained on methodological grounds (see Discus- 
sion). The influence of negative surface charges on 
the apparent K m of the transport by tight-side- 
out-oriented carrier protein (K ATP (R)) leads to a 
significant underestimation of the true surface 
potential. An equivalent deviation from the poten- 
tial measured by TNS or C15U is seen when the 
surface potential is calculated on the basis of the 
apparent dissociation constant of CAT-binding to 
the carrier protein (KdCAT). In contrast to these 
observations, much higher values are obtained 
when the surface potential is derived from its 
influence on the inside-out-oriented carrier protein 
(K  ATP (I)). These values are comparable to surface 
potentials as determined by the fluorescent dyes. 

(5) Correlation of the influence of surface potential 
with the structure of the carrier protein 

When searching for possible explanations for 
these discrepancies in the measurement of surface 
potential, one has to take into account that in the 
reconstituted system - in contrast to the situation 
in mitochondria - the surface charges of the phos- 
pholipid membrane cannot be screened by sur- 
rounding proteins in the direct neighborhood of 
the adenine nucleotide carrier. This possibility is 
ruled out because of the very low amount of 
carrier proteins in the liposomal membrane; there- 
fore, the simple view of the carrier protein sym- 
metrically embedded in the membrane (Fig. 4A) 
does not apply in the reconstituted system. Two 
alternative explanations remain, which are il- 

t 
Fig. 4. Correlation of carrier structure with effect of surface 
potential. The figure illustrates the influence of external (~ko~ex)) 
and internal (~boon)) surface potentials on the binding sites of 
the reconstituted A D P / A T P  carrier at the external and inter- 
nal side of the membrane (c-side and m-side). For interpreta- 
tion see text. 

lustrated in Fig. 4. Either the negative potential at 
the cytosolic side is specifically compensated by 
positive charges at the protein surface in the mi- 
cro-environment of the active site, which is ex- 
posed to the cytosol (Fig. 4C) or the binding area 
for nucleotides and inhibitors at the cytosolic car- 
rier site protrudes very far from the plane of the 
membrane (Fig. 4B). 

In the reconstituted system, it is possible to 
decide between these alternatives. If a completely 
neutral or a charge-compensated membrane is used 
for reconstitution, the presence of positive charges 
at the active site, influencing the binding step of 
nucleotides, should be clearly detectable on the 
basis of electrostatic interaction between nega- 
tively charged substrate and positively charged 
binding site. In this case, in contrast to the results 
of Tables I and II, an increase of ionic strength in 
the surrounding phase should result in an increase 
in the apparent transport affinity K m. Thereby the 
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TABLE VI 

T R A N S P O R T  AFFINITY K m (/~M) OF ATP E X C H A N G E  IN N E U T R A L  LIPOSOMES 

The transport affinity for ATP was determined in the presence of different NaC1 concentrations. The surface charge density was 
calculated on the basis of surface potential measured by salt titration of TNS fluorescence. EYPL, egg-yolk phospholipid. 

Liposome Surface Na  + concentration (mM) 

composition charge 3 10 30 60 
(mol%) (1/1000 ,~2) 

EYPL + 1.5% CTAB 0 + 0.02 8 10 10 12 
P C / P E / c h o l  = 7 : 2 : 1 - 0.03 16 12 14 17 

local surface potential near the active site would 
be calibrated. 

Two different types of electrically neutral lipo- 
some were used to decide between the alternatives 
mentioned above (Table VI). Neutral liposomes 
were obtained either using phospholipid mixutres 
of purified PC and PE, or by titration of slightly 
negatively charged membranes (egg-yolk phos- 
pholipids) with CTAB, monitored by fluorescent 
dyes. In reconstitution experiments with both lipo- 
somes, increasing ionic strength does not lead to a 
significant change in the transport affinity Kin, 
which would be expected for a high local con- 
centration of positive surface charges at the active 
site. As discussed already in Table I, the small 
increase in the K m upon higher ionic strength can 
be explained by competition effects of anions. 

(6) Influence of positive surface charges 
The reconstituted system offers an additional 

possibility for testing the results and interpreta- 
tions obtained so far. Incorporation of the cationic 
lipid CTAB ÷ into the membrane results in a net 
positive surface charge of the liposomes and should 
consequently increase the apparent affinity for 
nucleotides due to electrostatic attraction of nega- 
tively charged substrates. 

In the following experiments, two possible ef- 
fects of incorporated CTAB have to be considered, 
namely firstly the influence of its positive charge 
and secondly the inhibitory effect due to its deter- 
gent nature. When investigating nucleotide trans- 
port by the right-side-out-oriented carrier (R), both 
influences can in fact be observed. The apparent 
transport affinity is slightly increased by CTAB 
(Table VIIA), whereas the exchange velocity be- 

comes increasingly inhibited (Table VIIB). Al- 
though positive surface charges obviously mod- 
ulate the transport affinity at the cytosolic surface 
of the carrier, again the effect is very small as 
compared to the calculated and measured positive 
surface potential. The same was found for negative 
charges (Table V). 

The situation turns out to be completely differ- 
ent when the nucleotide carrier is oriented in the 
opposite direction. Even very low amounts of ad- 
ded CTAB severely inhibit the adenine nucleotide 
exchange in this direction (Table VIIB), leading to 
a very strong depression of the exchange velocity. 
However, it remained to be elucidated whether the 
transport by the carrier protein with reversed 
polarity is inhibited by the positive surface charges 
or by the mere presence of CTAB molecules. This 
question was solved in a set of experiments apply- 
ing different modes of introducing charges into the 
liposomal membrane. 

It has been demonstrated in the Materials and 
Methods section and in Fig. 3 that negative and/or  
positive charges can be introduced at the outer 
surface of the lipid bilayer by in situ titration of 
the liposomes with positively charged CTAB and 
negatively charged tetraphenylborate, respectively. 
As shown in Table VIII, the inhibition by CTAB 
of nucleotide transport in inside-out-oriented car- 
rier proteins is completely reversed when the mem- 
brane surface is titrated back with tetraphenyl- 
borate, leading again to a net negative surface 
charge. This obviously holds true whether tetra- 
phenylborate is titrated to membranes with 2% or 
4% added CTAB. Furthermore, when tetraphenyl- 
borate is titrated to slightly negatively charged 
egg-yolk lipids, a stimulation by the increased 
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TABLE VII 

T R A N S P O R T  AFFINITY  K m A N D  M A X I M U M  E X C H A N G E  RATE Vma x OF THE R E C O N S T I T U T E D  A D P / A T P  CARRIER 
IN POSITIVELY C H A R G E D  LIPOSOMES 

The liposomes consisted of egg-yolk phospholipids with increasing amounts  of CTAB, which was added prior to the vesicle 
preparation. The different Na ÷ concentrations were adjusted by Na2SO 4 and NaC1. (A) Transport  affinities for ATP-exchange were 
measured for the right-side-out-oriented carrier. (B) Maximum exchange rates were measured for right-side-out- (R) and inside-out- 
(I) oriented carrier. The exchange rates are given in percent of the transport velocity catalyzed by the right-side-out-oriented 
translocator without addition of CTAB. Thereby, the possibility of variation due to varying reconstitution efficiency is eliminated [2]. 
The max imum velocity ( = 100%) corresponds to 1.5-3.0 mmol .  g -  1. m i n -  1 in the different experiments. 

(A) [Na +1 K m (/~M) 

(mM) CTAB added 

(mol%) 0 1 2 3 6 9 

4 11 3 

10 9 7 5 6 6 
25 9 7 6 
65 13 9 7 

100 16 12 8 8 9 9 

(B) [Na + ] Carrier Vm~ , (%) 
(mM) orientation 

CTAB added 
(mol%) 0 1 2 3 6 

16 R 100 79 72 55 37 
I 3 6  9 7 5 

100 R 100 87 86 67 63 
I 19  7 4 4 

TABLE VIII 

KINETIC PARAMETERS OF THE R E C ONS T IT UT E D A D P / A T P  E X C H A N G E  IN LIPOSOMES WITH D I F F E R E N T  
S U R F A C E  C H A R G E S  

The liposomes consisted of egg-yolk phospholipids/cholesterol  = 85 : 15 (mol%). CTAB and sodium tetraphenylborate (TPB) were 
added to the liposomes after reconstitution prior to the measurement  of the exchange. In experiments with addition of both CTAB 
and tetraphenylborate, the two substances were titrated to the liposomes in the two possible sequences with virtually the same results. 
Surface potential was measured by ' INS fluorescence in the presence of 20 mM Na +. The positive potentials could be measured by 
titration with tetraphenylborate (see Materials and Methods). The max imum exchange rate is normalized to the activity in untreated 
liposomes ( = 100%, see explanation in Table VII). Both Vma ~ and K m were determined with right-side-out- (R) and inside-out- (I) 
oriented carrier proteins. 

Addition of Surface Vma x (%) Km (/t M) 

(mol%) potential R I R I 

CTAB TPB (mV) 

- - 10  1 0 0  2 0  9 26 

2 - 22 121 41 10 125 
4 - 32 120 50 14 440 

- - 3 9 8  7 9 20 
- + 6 9 2  8 7 12 

2 - 1 6  22 55 
4 - 21 110 27 12 140 
2 - 6 11 42 



negative charge is observed. In addition to this 
influence on the transport velocity, a strong modu- 
lation of the transport affinity of inside-out-ori- 
ented carrier proteins can be detected (Table VIII) 
which is caused by the increase of negative surface 
charges. This is in good agreement with the results 
shown in Table I. 

Discussion 

Various aspects of interaction between charged 
lipids and the adenine nucleotide carrier were in- 
vestigated in the reconstituted system. It may be 
either a direct interaction between certain phos- 
pholipid molecules and the carrier protein, or it 
may also be an indirect interaction mediated by 
the surface potential which originates from the 
charged lipids. The present study focuses mainly 
on the latter possibility. 

The surface potential was measured directly 
with the fluorescent dyes TNS and C15U. Al- 
though the lipophilic pH indicator C15U gives 
quite accurate values for the surface potential 
(Tables IV and V) due to its position near the 
potential-generating plane of the membrane [34], 
its application is limited by the high pH values 
which are required for pK titration. The fluo- 
rescent dye TNS leads to an underestimation of 
the true surface potential; however, this drawback 
can be largely eliminated by titration of surface 
charges with lipids or lipophilic ions carrying op- 
posite charges (Fig. 1 and Table IV). Because of its 
simple application, predominantly TNS was used 
to monitor the surface potential of liposomes in 
the reconstitution experiments reported here. 

The calculation of surface potentials on the 
basis of their influence on binding parameters and 
kinetic constants of the adenine nucleotide carrier, 
as described in the present paper, may be consid- 
ered as a very indirect procedure. However, it has 
turned out to be a reliable and a well-reproducible 
method to elucidate the interaction between 
charged lipids and the reconstituted carrier pro- 
tein. It should be mentioned here that the same 
indirect method has also been used successfully to 
determine the dissociation constants of adenine 
nucleotides for divalent cations [3]. 

Although the different methods for measuring 
surface potential have, in fact, led to different 
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results, a definite sequence in the measured ap- 
parent potentials was obtained in each case, inde- 
pendent of the type of liposome used for recon- 
stitution (see Results, section 4). The most interest- 
ing feature of this sequence is the distinct behavior 
of the external and internal ligand binding sites of 
the carrier protein. 

The binding affinity for carboxyatractylate and 
the transport affinity for ATP and ADP at the 
cytosolic side of the carrier are only weakly in- 
fluenced by negative surface charges (Tables I and 
V). This may be explained either by a considerable 
distance between the nucleotide binding site and 
the potential-generating plane of the membrane 
or, alternatively, by the possible presence of a 
certain number of positive charges at the binding 
site of the carrier - an explanation which would be 
all the more obvious when considering the ob- 
served participation of positive charges in binding 
and transport processes [39,40]. However, these 
positive charges cannot be the reason for the lack 
of response to negative surface potentials, as has 
been demonstrated here on the basis of two experi- 
mental results: (a) salt titration of ATP binding 
affinity in neutral or charge-compensated phos- 
pholipid membranes does not reveal any influence 
of positive charges at the active site (Table VI); 
and (b) positive membrane surface charges, too, 
which should not be screened by cationic groups 
at the active site, have a very weak effect on the 
nucleotide binding (Table VIIA). Assuming that 
the lack of response to the true surface potential is 
due to the distance between binding site and mem- 
brane surface, one can calculate from the data of 
Table V that this distance must be larger than 25 
,~. As discussed previously (Tables I and VI), the 
competitive effects of anions on the apparent K m 
at high ionic strength must be taken into consider- 
ation when interpreting the data of Table V. 

Independent of the accuracy of this determina- 
tion, there is another fact in Table V that should 
be emphasized. The surface potential modulates 
the binding of carboxyatractylate and of adenine 
nucleotides at the external site of the carrier to the 
same extent. This suggests a spatial equivalence of 
nucleotide and inhibitor binding sites at the cyto- 
solic side of the ADP/ATP translocator. 

In contrast to these results, the transport affin- 
ity of ATP for the internal binding site is strongly 
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influenced by both negative (Table I) and positive 
(Table VII) surface charges. The steep increase in 
the apparent transport affinity in negatively 
charged membranes leads to high values for the 
corresponding surface potentials (Table V). Al- 
though considerably lower than the values calcu- 
lated from the phospholipid composition, they are 
nearly as high as the potential measured directly 
with TNS. Compared to the situation at the cyto- 
solic site of the cartier, this would mean that the 
internal nucleotide binding site (matrix side) is in 
close proximity to the potential-generating plane 
of the membrane. 

In order to analyze these interactions between 
charged phospholipids and the cartier protein more 
extensively, the effect of the added lipid molecule 
itself and that of the charge had to be separated 
(Table VII). There is yet another problem to be 
considered. When testing the exchange velocity in 
liposomes with different lipid compositions, one 
has to take into account that during the complete 
reaction cycle of nucleotide transport both the 
'forward' (transport to the inside) and the 'back- 
ward' (transport to the outside) half-reactions may 
be influenced, even though the internal space al- 
ways disposes of saturating concentrations of 
nucleotides and other ions. These difficulties were 
overcome by the experiments shown in Table VIII. 
Here, negative and positive charges were added to 
intact liposomes in situ from the external phase. 
Therefore they create a surface potential only at 
the exterior half of the phospholipid bilayer. In 
this way, the influence of surface charges on one 
type of nucleotide binding site can be investigated 
separately, without a concomitant effect on the 
other site. 

When assuming a considerable distance be- 
tween binding site and plane of the membrane, the 
influence of both negative and positive charges on 
substrate and inhibitor binding to the external site 
in principle reflects classical effects of surface 
potential. Apart from this modulation of the sub- 
strate affinity the exchange velocity is only slightly 
affected by negative and/or  positive surface 
charges (Table VIII). Quite a different situation is 
revealed when the inside-out-oriented carrier pro- 
tein is concerned. Indeed, at the internal site, the 
transport affinity is strongly influenced by nega- 
tive surface charges, in accordance with a small 

distance between binding site and membrane plane. 
But in this case not only modulation of the trans- 
port affinity is observed, but also a definite stimu- 
lation of the exchange velocity be negative charges 
and a severe inhibition by positive charges. These 
effects are not based on interaction of the translo- 
cator with the lipid molecule itself, since both 
stimulation and inhibition are reversible by back- 
titration (Table VIII). It has to be pointed out 
once more here that the results of Table VIII 
cannot be compared directly with those of Tables 
I-VII, since addition of charged lipids before (Ta- 
bles I-VII) or after (Table VIII) preparation of 
liposomes leads to formation of quite different 
phospholipid vesicles. 

Thus, besides the difference in influence of 
surface potential on ligand binding to the two 
alternative carrier sites, an additional side-specific 
effect on the transport velocity is observed. From 
the results of Table VIII, it can be concluded that 
the carrier protein is inhibited by positive and 
stimulated by negative surface charges, present at 
that side of the membrane where the internal 
binding site is located. On the other hand, the 
cytosolic site does not seem to be strongly in- 
fluenced by negative or positive charges. Whether 
these effects are due to direct lipid-protein interac- 
tion, which may be different for the two sides of 
the membrane, or whether they are caused by 
influence of the surface potential on the corre- 
sponding binding site, is being investigated at the 
moment. These questions are of special interest in 
view of the well-established dependence of the 
reconstituted ADP/ATP transport on negatively 
charged phospholipids and/or  PE [4,5,16,17]. 

The influence of surface potential on the cata- 
lytic function of carriers can of course also be 
observed in several mitochondrial anion transport 
processes in general [14] and relating to the 
ADP/ATP carrier in particular [15]. The exact 
correlation of these results in the reconstituted 
system with the situation in mitochondria, in 
mitoplasts and also in inverted sonic particles, 
however, is beyond the scope of this paper. This 
will be discussed in detail in a further publication. 
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