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Electrophoretic Control of Reconstituted Adenine Nucleotide 
Translocationt 

Reinhard Kramer* and Martin Klingenberg 

ABSTRACT: The initial velocity of adenine nucleotide exchange 
catalyzed by the reconstituted ADP-ATP carrier from beef 
heart mitochondria was measured under the influence of 
membrane potential and with different nucleotide distributions 
between the internal liposomal and the external buffer volume. 
Both V,,, and K ,  of adenine nucleotide uptake not only 
changed due to the applied potential but also depended on the 
respective nucleotide distribution. The rate equations for the 
ADP-ATP exchange under the various conditions were de- 
rived. These equations were simplified by assuming two al- 
ternative situations: either (a) an affinity type model, where 
the membrane potential influences only the affinity of the 
adenine nucleotide carrier toward ATP and ADP, or (b) a 
velocity type or distribution model, where the membrane po- 
tential modulates the rate constants of the ADP-ATP ex- 

w h e n  mitochondria are energized by coupled electron 
transport, ADP and ATP are exchanged at different rates and 
differently in efflux and influx (Klingenberg & Pfaff, 1966; 
Klingenberg, 1975). The uptake of ATP is strongly suppressed 
in favor of that of ADP, and the efflux of ATP is increased 
compared to that of ADP. Although the membrane potential 
is known to be the primary energy source for the secondary 
active transport of ADP and ATP across the inner mito- 
chondrial membrane (Klingenberg et al., 1969; LaNoue et al., 
1978; Klingenberg & Rottenberg, 1977; Kramer & Klingen- 
berg, 1980a), there are still questions about the mechanism 
of energy transduction and also controversial experimental data 
concerning this point. 

The regulatory influence of the membrane potential on the 
ADP-ATP carrier activity can theoretically be explained by 
two different models. In the first, the affinity-type model, only 
the dissociation constants of the carrier-nucleotide complexes 
are changed by the membrane potential. As a result, under 
steady-state conditions the substrate is concentrated on the 
side with the higher dissociation constant. This mechanism, 
necessarily involving an energy-dependent conformational 
change of the carrier protein, is favored by two groups 
(Souverijn et al., 1973; Vignais et al., 1975; Villiers et al., 1979; 
Lauquin et al., 1978). In the second, the velocity-type model, 
the rate constants in both transport directions are different. 
Thus, the substrate binding sites are enriched on one side of 
the membrane. This model has also been called the distri- 
bution model. A regulation based on influences on the 
translocation rates has been postulated by us since the first 
findings that the adenine nucleotide exchange in mitochondria 
is energy dependent. An explicit differentiation between the 
change of affinity or rate was first pursued by analyzing the 
effect of energy on the competition between ADP and ATP 
(Klingenberg, 1972, 1980). 
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change. On the basis of several simplifications in the recon- 
stituted system, the rate equations could be solved and the rate 
constants and dissociation constants of the exchange in the 
"energized" and in the "deenergized" state could be calculated. 
These values were used to derive prediction tables for nor- 
malized exchange rates under different nucleotide distributions, 
which were then compared with the experimental data. Only 
the exchange rates predicted by the velocity-type model agreed 
with the measured values. On the basis of this model a definite 
asymmetry caused by the membrane potential could be seen. 
Whereas this asymmetry is not very pronounced in the case 
of carrier-ADP complexes, about 40 times more ATP-loaded 
binding sites face the outside than the inside of the vesicles 
in the energized state. 

Also, in several other transport systems, experiments con- 
cerning the mechanism of carrier regulation based on the 
kinetic properties of the transport process have been carried 
out, e.g., aspartate-glutamate exchange in mitochondria 
(LaNoue et al., 1979; Murphy et al., 1979), lactose in Es- 
cherichia coli (Kaczorowsk et al., 1979; Wright et a]., 1979; 
Lancaster et al., 1975; Booth & Hamilton, 1980), hexose 
transport in Chlorella (Komor et al., 1973; Schwab & Komor, 
1978), and sugar transport in erythrocytes (Geck, 1971; 
Holman, 1980). 

This work is the first to obtain detailed kinetic information 
about a carrier mechanism with a reconstituted system. This 
system offers great advantages, since defined nucleotide dis- 
tributions on both sides of the membrane can be established 
which proved to be essential for the kinetic resolution of the 
transport regulation. Under these provisions, the experimental 
data clearly demonstrate that the ADP-ATP exchange in 
mitochondria is regulated by the membrane potential, ac- 
cording to a velocity-type model. 

Materials and Methods 
Materials. The chemicals used and their sources were as 

follows: Triton X- 100 (Sigma), egg yolk phospholipids 
(Merck), carboxyatractylate, valinomycin and nucleotides 
(Boehringer-Mannheim), radioactive nucleotides (NEM), 
Dowex 1-X8 (Bio-Rad), and Sephadex (Pharmacia). All other 
chemicals were of analytical grade. Hydroxylapatite was 
prepared as previously described (Kramer & Klingenberg, 
1979). 

Determinations. Protein concentration was determined by 
the method of Lowry in the presence of 1% sodium lauryl 
sulfate (Helenius & Simons, 1972), and phosphorus was es- 
timated by the method of Chen et al. (1956). 

Isolation of the Adenine Nucleotide Carrier. The carrier 
protein was isolated by hydroxylapatite chromatography in 
a batch procedure with Triton X-100 as described by Kramer 
& Klingenberg (1979). 

Reconstitution of Adenine Nucleotide Exchange. Lipo- 
somes were prepared by sonication of phospholipids with a 
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FIGURE 1: Competition of ADP and ATP uptake. Labeled external 
ADP was varied between 10 and 100 pM; addition of unlabeled 
external ATP is indicated in the figure. Internal ADP and ATP were 
5 mM each. Every point includes an initial velocity determination 
as described under Materials and Methods. 

Branson sonifier (Kramer et al., 1977). The carrier protein 
was incorporated (Kramer & Klingenberg, 1977a) and the 
ADP-ATP translocation activity was reconstituted by a 
freeze-thaw procedure (Kasahara & Hinkle, 1977) and a 
second sonication (Kramer & Klingenberg, 1979,1977b). The 
sonication buffer was 200 mM NaCl or KC1, depending on 
the intended membrane potential, 10 mM Tricine-NaOH,' 
pH 8.0, and 10 mM nucleotides. The type of nucleotides is 
indicated in the corresponding experiment. The internal and 
external nucleotide distribution remains stable during the 
reconstitution procedure, since interfering activities of ATPase 
and adenylate kinase were virtually absent in the purified 
adenine nucleotide carrier preparation (Kramer & Klingen- 
berg, 1980a). The membrane potential was adjusted as de- 
scribed by Kramer & Klingenberg (1980a). As it was already 
discussed in detail in the same paper, we emphasize that the 
value given for the membrane potential can only be calculated 
as Nernst potential and is certainly overestimated. Never- 
theless, the potential is effectively influencing the direction 
of ATP-ADP exchange for longer than 10 min as it was also 
shown there. Thus, measurements in the first 10-30 s, which 
are used to calculate the initial uptake velocity, can be done 
under sufficiently stable membrane-potential conditions. 

All exchange velocities were calculated on the basis of ki- 
netic measurements with at  least four inhibitor-stopped ex- 
change samples within the first 30 s. Since only the internally 
labeled nucleotides are measured in the exchange experiments, 
a formalism to calculate the initial velocity of nucleotide uptake 
had to be developed. This is described in the Appendix. Every 
point in the Eadie-Hofstee plots used for the derivation of V,, 
and K, (cf. Figures 1 and 2) therefore includes a complete 
determination of an initial uptake velocity. 

Results 
The energy-transduction mechanism in the reconstituted 

adenine nucleotide transport could be elucidated on the basis 
of several provisions: (i) As already pointed out under Ma- 
terials and Methods, defined nucleotide distributions on both 
sides of the membrane can be established in the reconstituted 
system. (ii) All exchange velocities have to be determined as 
initial velocities. Thus the influence of different vesicle sizes 
resulting in different amounts of exchanged radioactively la- 

' Abbreviation: Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)- 
ethyllglycine. 
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FIGURE 2: Determination of V,, and K ,  of adenine nucleotide uptake 
with single homologous nucleotide distribution (A) and mixed dis- 
tribution (B). Labeled external nucleotides were varied between 20 
and 400 pM; internal nucleotides were 10 mM (A) or 5 mM each 
(B). The symbols for uptake velocity are explained in the text. Every 
point includes an initial velocity determination as described under 
Materials and Methods. 

Table I :  Influence of Membrane Potential and Nucleotide 
Distribution on the Vmax Ratios of ADP and ATP Uptake 

nucleotide distribution4 velocity ratio 
V z  (A$ in mV) D, - Di and T,  -- Ti D,T, - DiTi 
V2(0)/VT(O) 0.9 * 0.1 ( 5 )  0.88 f 0.14 (3) 
V2(180)/V2(180) 2.5 i 0.24 (4) 10.6 i 2.9 (7)  
V2(180)/V2(0) 0.91 i 0.09 (3) 3.05 2 0.45 (4) 
V2(180)/V2(0) 0.33 t 0.07 (3) 0.25 i 0.1 (4) 

a The values are given with standard deviation and number of 
experiments in parentheses. Internal nucleotides were 10 mM 
(single) or 5 mM each (mixed). 

beled nucleotides within longer exchange times is cancelled 
out. (iii) It can be shown that ADP and ATP are competitive 
in the exchange reaction (Figure l ) ,  though V,,, of the nu- 
cleotide influx is dependent on the applied potential. 

Most of the kinetic data are obtained by a standard pro- 
cedure that will be described in the following. Phospholipid 
vesicles with incorporated carrier protein and the appropriate 
nucleotide and cation distribution are used for the exchange 
assay. The uptake velocity is measured with external nu- 
cleotides in the range of 10-500 wM. Eadie-Hofstee plots of 
a typical experiment are given in Figure 2. If only one single 
nucleotide is present in the external space (Figure 2A), V,,, 
and K ,  can be directly taken from the reciprocal plot. If both 
ADP and ATP are present externally (Figure 2B), additional 
experiments have to be carried out for the calculation of K,, 
where only one of the two nucleotides is varied (cf. Figure 1). 
It should be mentioned that the straight lines in the reciprocal 
plots, obtained in all experiments with reasonable accuracy, 
rule out a limiting influence of the internal nucleotide con- 
centration (10 mM) on the kinetics of nucleotide uptake. 
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and the conservation equation 
Co = C +  CD + C ’ +  CD’ ( 2 )  

Influx and efflux are assumed to be first-order processes: 

v!? = kECD (3) 

v: = kECD’ (4) 

Finally, since the ADP-ATP carrier catalyzes a strict coun- 
terexchange (Klingenberg, 1976) 

u+ = v, (5) 
Substituting eq 3 and 4 into eq 5 and after rearrangement, 
the following equation results: 

CD’ = CDk!?/k!? (6) 
This equation and eq 1 are substituted into eq 2:  

In Table I some measured uptake velocities are listed. They 
are given as ratios, because in different reconstituted prepa- 
rations the absolute exchange activities change within about 
f30% due to variable activity of the isolated and reconstituted 
protein and also due to variable extent of incorporation and 
reconstitution. The absolute velocities are furthermore strongly 
dependent on the type of phospholipid used for reconstitution 
(Kramer & Klingenberg, 1980b; Brandolin et al., 1980). All 
these influences can be cancelled out by calculating velocity 
ratios as given in Table I. Thus, the data from experiments 
of the same type but with different absolute uptake rates can 
be averaged. 

In Table I the velocity ratios are given for two “basic” 
nucleotide distributions, namely, only one single nucleotide 
species with homologous distribution (De - Di or T, - Ti) or 
ADP and ATP mixed in a 1:l ratio on both sides of the 
membrane (DeTe - DiTi).  The V,,, values are found to be 
dependent not only on the membrane potential but also on the 
nucleotide distribution. The K,,, values obtained in these ex- 
periments are discussed later (cf. Table V). It will be shown 
that, on the basis of a general kinetic model developed for the 
adenine nucleotide exchange, the data of Table I can be used 
to calculate the actual kinetic constants of ADP and ATP 
transport. 

General Kinetic Model. The symbols used in the derivations 
are as follows: D, T, N ,  D’, T’, and N’, concentration of ADP, 
ATP, or adenine nucleotides (ADP and ATP) at the outside 
and inside (‘) of the vesicles; C,, total carrier concentration; 
C, CD, CT,  C’, CD’, and CT’, concentration of free carrier, 
carrier-ADP, and carrier-ATP complex with binding site 
facing the outside and the inside (’) of the membrane; v!?, and 
UT, ADP and ATP uptake velocities, respectively; v?. and UT, 
ADP and ATP efflux velocities, respectively; V? and V?., 
corresponding maximum velocity; €$ and K:, dissociation 
constant of the carrier-ADP complex at the outside and inside, 
respectively; KE and KK, concentration of ADP at the outside 
and inside, respectively, which yields a rate of 1/12 for influx 
or efflux, named transport affinity constant; Kn and KT, 
distribution constant of the carrier-ADP and carrier-ATP 
complexes, respectively (for derivation see text); k?, k 5 ,  k?., 
and k r ,  first-order rate constant for ADP and ATP uptake 
and efflux, respectively. 

Some of these symbols are explained by the scheme: 

k J  
? x t e r n a l  ,E 1,ii I n t t r n J  +: k_” .,rL i 

1 

The kinetic determinations were done under two basic as- 
sumptions: (a) The overall transport rate is determined by 
the translocation step; i.e., the binding reaction is very fast as 
compared to the translocation. (b) Obligatory exchange re- 
quires that only the carrier-nucleotide complex and not the 
free carrier molecule is able to undergo the transition between 
C and C’. A corresponding conformational change has been 
shown to depend on the nucleotide interaction (Klingenberg, 
1976). 

In the following, the general rate equation for the most 
simple case, Le., only ADP at the outside and inside (De - D,), 
is derived. The basic equations are the mass action law 
equations 

@ KY k!? k!? 
D D k ,  

Co = -CD + CD + y C D x  + CD- kE 

or 

DD’k?Co 

CD = KtD‘k? + (D’k: + Kyk!?, + D‘kD)D (7 )  

Equation 7 can now be inserted into eq 3 

DD ’k?k? Co 

@ k 9 ’ +  [Krk!?, + (k: + k!?)DqD 
v!?, = 

or after rearrangement 

It should be mentioned here that eq 8 is analogous to a classical 
Michaelis relation where 

corresponds to K,,, (influx, ADP) and 

k!?G 

Corresponding relations can easily be derived for the nucleotide 
distributions T, - Ti,  De - Ti ,  or T, - Di. 

The derivation of the ra.te equation for the situation with 
competition between ADP and ATP at the outside and/or 
inside of the vesicles is more complicated. It will be carried 
out only for saturating substrate concentrations ( D  >> K: and 
T >> K I )  and for a 1:l ratio of both nucleotides ( T  = D and 
T’ = 0 9 .  The corresponding equations have to be modified 
into 

C o = C D + C T + C D ’ + C T ’  (2 ‘ )  

(3’) v, = k!?CD + kLCT 
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u, = k?CD’ + kLCT‘ (4’) 

By similar insertions as above, the following equation can be 
derived: 

. .  . 

kL( 1 + $)( $1 (8’) 

An equivalent equation can be obtained for UT. 
Reduced Models. The general velocity equations (eq 8 and 

8’, respectively), derived above, can be reduced into two sim- 
plified models by assuming an influence of the membrane 
potential exclusively on the affinity of the adenine nucleotide 
carrier toward the bound nucleotides or on the distribution of 
the carrier binding site on both sides of the membrane. The 
two cases were elaborated originally on the nucleotide ex- 
change in mitochondria under the influence of energization 
(Klingenberg, 1972). These two alternatives were also ana- 
lyzed for the case of ion cotransport and termed ”affinity” vs. 
“velocity” model (Heinz et al., 1972; Heinz & Geck, 1978; 
Geck & Heinz, 1976). Different from those systems, the 
ADP-ATP transport is a counterexchange which is basically 
symmetrical in the “deenergized” state of the membrane. 

If the electric field regulates the adenine nucleotide exchange 
by changing the affinity of the carrier protein toward ADP 
or ATP (affinity-type model), the general velocity equation 
(8) for the simple nucleotide distribution De - Di can be 
modified under the following assumptions: (1) k ,  = k,, Le., 
the transport rates are symmetrical; (2) k-(Aq1) = k+(A$*), 
i.e., no effect of membrane potential on the exchange rate 
constants. With saturating nucleotide concentrations ( D  >> e), eq 8 is reduced to 

UE = kEC0/2  (9) 
Thus, eq 8’ gives 

On the other hand, if the electric field influences the exchange 
rate constants (velocity-type model), the general rate equations 
can be simplified by assuming (1’) = c, Le., the carrier 
affinity is symmetrical, and (2’) G(A$,) = G(AlcI2), Le., no 
effect of membrane potential on the carrier affinity. Similar 
as above, eq 8 and 8’ give 

LD 
h+ 

0% = kECo 
k 2  + k?. 

and 

For all other nucleotide distributions the corresponding rate 
equations, reduced to both models, have been derived by the 
same procedure. For methodological reasons, as discussed 
above, the rate values are handled in terms of the velocity 

Table 11: Analytical Expressions for the Velocity Ratio V E / V z  
with Different Nucleotide Distributionsa 

nucleotide velocity ratio V,D/V: 

distribution affinity model velocity model 

and T, - Ti 
D k: 1 + K T  

k z l + K D  
-- k ,  

kT, 
- De - Di 

a The values were derived from eq 9, 9‘, 10, and 10‘. Also 
the values for Vz( 18O)/V’,N(O) can be derived from these 
equations. Very complex expression derivable from eq 9’, 
includes all four rate and four dissociation constants, not neces- 
sary for calculations in the text. 

ratios. The analytical expressions for these ratios as derived 
from the previous equations are listed in Table 11, for those 
nucleotide distributions which are of interest in the following 
calculations. It will be shown that with these equations the 
kinetic constants can be calculated and the validity of both 
models tested. 

Calculation of Kinetic Constants. In the affinity-type model 
the rate constants k ,  and the transport affinity constants K ,  
can be directly calculated from the reciprocal plots (cf. Figure 
2) and from eq 9. In the velocity-type model the rate constants 
have to be derived from two different experiments, as shown 
below. In this calculation the value of kL(A$ = 0) is used 
as a reference for all rate constants because the absolute values 
vary greatly for different phospholipid compositions of the 
reconstituted vesicles. As a result the value for kL(A$ = 0) 
= 1. For illustration, in extreme cases, k,  may vary as much 
as from 1 min-’ for phosphatidylcholine to 300 min-’ for 
phosphatidylcholine-phosphatidylethanolamine mixtures 
(Kramer & Klingenberg, 1980b). 

For calculation of the kinetic constants in the velocity-type 
model, the following simplifications have to be made: (3’) For 
A$ = 0, necessarily k? = k: and k?. = k k  i.e., without 
membrane potential the binding site is equally distributed 
between both sides of the membrane. (4’) In a first approx- 
imation it is assumed that the rate constants for uptake and 
efflux are influenced by A$ symmetrically in a reciprocal way; 
Le., k%(A$) = fDk?.(A$=O) and k?.(A$) = ( l / f o ) k E -  
(A$ = 0). 

By eliminating fD and rearrangement, the following ex- 
pression can be deduced: 

[kE(A$)I2 -- - k?.(A$) 
k:(A$) kE(A$ = O)k?.(A$ =0) 

and together with eq 3’ 

The same is valid for ATP. With these simplifications, the 
distribution constants P and fl can be derived from the rate 
constants for uptake. By inserting eq 6 into eq 11 these dis- 
tribution constants can also be expressed as P = CD’/CD 
or fl,= CT’ICT; Le., the constants equal the ratio of carrier 
binding sites facing the inside to those facing the outside of 
the membrane. 

On the basis of these relations and the experimental data 
of Table I, the rate constants for different nucleotide distri- 
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- 
Table 111: Normalized Rate Constants for Both Kinetic Modelsa 

model k z  k z  k: k? K D  KT 

affinity (for 0.9 1.0 0.9 1.0 1.0 1.0 
all A$)  and 
velocity (All, = 0) 

(All, = 180 m V )  
velocity 1.64 0.155 0.49 6.44 3.35 0.024 

All rate constants were normalized to k z  = 1.0 (see text). The 
symbols are explained in the text. 

butions can now be calculated. For the affinity-type model 
the results of the simple distributions De - Di and Te - Ti are 
sufficient to extrapolate the rate constants according to eq 9 
and Table 11. In the velocity-type model, since more inde- 
pendent constants have to be determined, the combined values 
for the distributions De - Di, Te - Ti, and DeTe - DiTi are 
required. The measured velocity ratios for these nucleotide 
distributions (Table I) are inserted into the equations of Table 
I1 

- 2.5 (D,  - Di, T, - Ti; A+ = 180 mV) 
k T ! I + I ( T  --- 
k q  I + KD 

and 

kE _ -  - 10.6 
kT_ 

which can be combined to 

(DeTe - DiTi; A$ = 180 mV) (13) 

KD = 4.24I(T + 3.24 (14) 
Equation 11 is now inserted into eq 14: 

[ kT!(A’) 1’ = 4.24fl(A$) + 3.24 = 
kD(A$ = 0) 

2 

+ 3.24 (15) 
k W + )  

4’24[ k?,(A+ = 0) ] 
Considering a value of 0.9 for kD(A+ = 0) and 1.0 for 
kL(A$ = 0) (cf. Table I), eq 15 reduces to 

[kT!(A+)]*/0.81 = 4.24[kL(A$)I2 + 3.24 

Together with eq 13 one obtains the value 

k?.(A$) = 0.155 

The corresponding rate constants for ADP uptake and for 
nucleotide efflux can easily be calculated from eq 13, 14, and 
1 1. These values are listed in Table 111. 

On the basis of the velocity-type model a definite asymmetry 
caused by the membrane potential can be seen. Whereas this 
asymmetry is not very pronounced in the case of carrier-ADP 
complexes, about 40 times more ATP-loaded carrier binding 
sites face the outside than the inside of the vesicles, due to the 
strongly different rate constants for influx and efflux, re- 
spectively. Although not shown in this table, also in the af- 
finity-type model the membrane potential induces asymmetry 
in the adenine nucleotide transport system. This is expressed 
in the affinities toward ADP or ATP and will be discussed 
later. 

Verification of the Velocity-Type Model. The aim of these 
calculations is now reached: all constants necessary to predict 
velocity ratios for other nucleotide distributions than those 
listed in Table I are available. The calculated velocity ratios 
are then compared with those measured for these distributions. 

Table IV: Prediction Table of Vmax Ratios with Nucleotide 
Distribution De - Ti and Te - Di for Both Kinetic Models 

predicted dataa 

velocity ratio affinity velocity measured 
V ~ ( A J ,  in m w  model model data 

0.9 i 0.12 
V? (180)/V2(180) 0.9 11.1 8.3 i 2.3 
VflC 1 go)/ V!?(O) 1.0 2.75 2.55 f 0.3 
V?,( 1 so)/ VZ(0) 1.0 0.25 0.28 f 0.08 

V 3 0 ) /  V 3 0 )  0.9 1.0 

a The predicted data are calcuIated from exchange experiments 

The measured values are given for the distributions De -- 
with the distributions De - Di, T ,  - Ti, and DeTe - DiTi (see 
text). 
Ti and T,  - Di. 

Table V: K ,  Values (pM) for ADP and ATP Uptake with 
Different Nucleotide Distributionsa 

nucleotide A$ = 0 A$ = 180 mV 

distribution ADP ATP ADP ATP 

De Di 60 i 6 (4) 56 f 11 (4) 30 i 6 (4) 95 f 10 (3) 

De TI 65 r 13 (4) 52 f 16 (4) 75 i 21 (3) 68  i 18 (3) 
and T, Ti 

and Te Di 
DeTe - DjTi 56 i 5 (3) 52 * 15 (3) 36 f 9 (7) 325 i. 65 ( 7 )  

a The data are derived from experiments as shown in Figures 1 
and 2. They are given with standard deviation and number of 
experiments in parentheses. 

By this, both models can be tested for their validity. In Table 
IV the comparison is carried out for the distributions De - Ti 
and T, - Di, i.e., single nucleotides on both sides but hetero- 
logous distribution. The predicted velocity ratios are calculated 
by inserting the rate constants of Table I11 into the equations 
of Table 11. The values in Table IV for the affinity-type model 
seem to be trivial. However, that is due to this particular case 
of single heterologous nucleotide distribution, which gives such 
trivial ratios of the V,,, values. 

From these results it is obvious that only the ratios predicted 
by the velocity-type model agree with the measured data. Also, 
to other types of mixed nucleotide distributions (e.g., mixed 
inside and single outside, or vice versa) this procedure can be 
applied, yielding basically similar results. However, the results 
are more conclusive in the case of the extreme single hetero- 
logous distribution of Table IV which can be achieved only 
in  a reconstituted system. 

Substrate Affinity. So far, the discrimination between the 
two models on the basis of calculated rate constants is con- 
vincing. But how can we explain the observed changes in the 
carrier-substrate affinity? The transport affinity constants 
K,  derived from experiments as shown in Figures 1 and 2 are 
given for several nucleotide distributions in Table V. It is 
evident that the K ,  values for the adenine nucleotide uptake 
are definitely affected not only by A$ but also by the type of 
nucleotide distribution under which they have been measured. 
However, the dissociation constants K d ,  of which K,,, is a 
function according to eq 8, do not change whether a homol- 
ogous or heterologous nucleotide distribution is applied. The 
substrate affinity should only be an attribute of the carrier 
protein conformation and should not reflect the nucleotide 
distribution over the membrane. 

Also the true Kd values can be calculated by inserting the 
data from Table V into eq 8 under the experimental conditions 
of internally saturating nucleotide concentrations (N’ >> KL).  
These values cannot be used for discrimination of the models 
because they cannot directly be measured. However, similar 
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both models for the carrier regulation is possible. 
(1) The kinetic equations described above offer the possi- 

bility to predict velocity ratios according to both theoretically 
possible models if particular nucleotide distributions are chosen. 
As shown in Table IV, only the data predicted by the veloc- 
ity-type model agree with the measured data. A striking 
asymmetry of the distribution of carrier binding sites under 
the influence of membrane potential can be seen (Table 111). 

(2) The same, although not as conclusive as for the rate 
constants, holds true for the transport affinity constants K,  
(Table VI). It should be emphasized here again that also in 
the velocity-type model K, may change without a simultaneous 
change in the Kd.  In other words, the clear alteration of K,  
(5-10 times, Table V) is not necessarily supporting the affinity 
model. 

(3) It should be taken into account that the affinity-type 
model implies a conformational change of the carrier protein 
directly caused by the membrane potential. However, it seems 
to be rather improbable that this change in the binding affinity 
with respect to protein conformation is correlated to membrane 
potential with infinitely small steps. A linear relation between 
the uptake velocity ratio of ATP/ADP and A+ has been shown 
earlier (Kramer & Klingenberg, 1980a). Even more inex- 
plicable is the fact that the exchange regulation is effective 
in the reciprocal manner when the membrane potential is 
reversed to the opposite direction, i.e., negatively charged 
outside (Kramer & Klingenberg, 1980a). In the affinity-type 
model, this should be due to a reciprocal conformation change 
of the carrier protein, which, however, would never occur in 
its physiological function. On the other hand, this phenomenon 
is easily explained in the velocity-type model by simply 
modulating the rate constants, which are influenced electro- 
phoretically by the membrane potential. 
(4) The only arguments so far supporting the affinity-type 

model for the regulation of the adenine nucleotide transport 
in mitochondria are the experiments of Souverijn et al. (1973), 
Vignais et al. (1975), Villiers et al. (1979), and Lauquin et 
al. (1978). However, in our hands, in detailed kinetic ex- 
periments with mitochondria the large affinity changes have 
never been seen (Klingenberg, 1972; Weidemann et al., 1970). 
The values measured by Souverijn et al. (1973) are transport 
affinities K, which have been shown here to include the dis- 
sociation constants in a complex relation. In other words, 
changes of the measured K,  do not mean also changes of Kd 
to the same extent. Nevertheless, the reported 100-fold in- 
crease for K’, is too large to be explained by the velocity model. 
However, there are experimental reasons for the conclusion 
that the changes reported by Souverijn et al. (1973) are much 
too large. At any rate, the K, values determined in our lab- 
oratory, first by manual stopping (Pfaff et al., 1969) and later 
by automated quench sampling (Klingenberg, 1976), increase 
only slightly on energization, K;f, by 2.5-fold and Kg by 1.5- 
fold. 

There are also other reasons to assume that the results 
obtained in the reconstituted system are valid also for the 
carrier protein in its physiological surroundings. In earlier 
reports it has been shown that the reconstituted adenine nu- 
cleotide carrier has the same properties as in mitochondria in 
respect to inhibitor binding (Kramer & Klingenberg, 1977a), 
specific exchange activity (Kramer & Klingenberg, 1977b, 
1979), and regulation by membrane potential (Kramer & 
Klingenberg, 1980a). It is highly improbable therefore that 
the reconstituted carrier protein, though resembling the mi- 
tochondrial functions in all these properties, should completely 
change its mechanism of exchange regulation from the affinity 

Table VI: Prediction Table of K ,  Values (pM) with Nucleotide 
Distributions De -- Ti and T,  -. Di and A$ = 180 mV for Both 
Kinetic Models 

predicted data“ 

affinity velocity 
model model measured datab 

K g  30 95 75 f 21 ( 3 )  
K: 95 81 6 8  * 18 (3) 

(I The predicted data are calculated from exchange ex eriments 
with the distributions De - Di and Te -- Ti (see text). l T h e  
measured values are given for the distributions De -- Ti and Te - 
Di. 

to the procedure carried out with the rate constants, these 
dissociation constants, calculated for the nucleotide distribu- 
tions De - Di and T, - Ti, can be used to predict K,  values 
for the heterologous distributions T, - Di and De - Ti. This 
is shown in Table VI. 

Although the K, values do not allow a discrimination be- 
tween the two models as clear as the rate constants, it is 
nevertheless obvious that the values predicted by the veloci- 
ty-type model resemble much closer the experimental data. 
In conclusion, also on the basis of the observed substrate 
affinity of the adenine nucleotide carrier, the velocity-type 
model shows significantly better agreement with the measured 
data than the affinity-type model. It has to be pointed out 
once more that the measured K, values, especially with mixed 
nucleotide distribution (cf. line 3 in Table V), do actually 
change under the influence of membrane potential. However, 
these changes, as derived above, reflect a strong influence of 
the potential on the rate constants k,  and k ,  and not on the 
dissociation constants Kd, both of which are implicated in the 
transport affinity constants K,. 

Discussion 
The transport of adenine nucleotides across the inner mi- 

tochondrial membrane is modulated by the membrane po- 
tential (LaNoue et al., 1978; Klingenberg & Rottenberg, 1977; 
Kramer & Klingenberg, 1980a). The mechanism of this 
regulation, however, is still controversially explained. A de- 
tailed examination of this problem is possible with the re- 
constituted carrier protein, based on several advantages of this 
system: (i) widely varying and well-defined nucleotide dis- 
tributions between the internal and external spaces can be 
established: (ii) the ATP/ADP ratios are not disturbed by 
ATPase or adenylate kinase (Kramer & Klingenberg, 1980a); 
(iii) these ratios do not have to be corrected for the com- 
plexation effects of Mg2+, the free concentration of which in 
the matrix space of mitochondria is not exactly known 
(Kramer, 1980). 

With these favorable experimental conditions it seemed 
promising to describe the adenine nucleotide exchange by a 
general equation, which allows differentiation between a 
regulatory influence of the “energization” on the Kd or on the 
rate constants k,. This equation, however, turned out to be 
too complex for an experimental verification, and thus reduced 
models restricting the influence of membrane potential either 
on the binding affinity (affinity-type model) or on the dis- 
tribution of the binding site (velocity-type model) were in- 
troduced. In the reconstituted system the conditions (con- 
centration and ADP-ATP distribution) could be chosen such 
that the equation is further simplified and thus became 
amenable to the experimental test. 

On the basis of the data presented here and furthermore 
supported by experiments in earlier reports, a decision between 



1088 B I O C H E M I S T R Y  K R A M E R  A N D  K L I N G E N B E R G  

type to the velocity type when brought from the inner mito- 
chondrial membrane to an artificial phospholipid vesicle. 

In another respect, however, the incorporated carrier protein 
does seem to be different from the physiological situation. The 
measured transport affinity K ,  is about 5-10 times higher 
when the carrier is incorporated into liposomes. This dis- 
crepancy can be largely reduced if other phospholipid com- 
positions, more similar to the inner mitochondrial membrane, 
are used for the reconstituted vesicles. With freshly prepared 
phosphatidylcholine and phosphatidylethanolamine from egg 
yolk in a 1:l ratio, for example, values for K, of about 9-12 
r M  can be measured (experiments not shown) which are very 
close to the physiological values of 3-10 MM (Weidemann et 
al., 1970; Pfaff et al., 1969). 

The conclusion, that the velocity-type model is valid for the 
regulation of the ADP-ATP carrier, has important conse- 
quences for an interpretation of the energy transduction 
mechanism. No conformation change, directly induced by the 
membrane potential, is involved. The basic principle proves 
to be an electrophoretic process exerting influence primarily 
on the carrier-ATP complex in which the binding center with 
bound ATP is visualized to carry one extra negative charge. 
Thus, it leads to an extremely asymmetric distribution of the 
ATP binding site on both sides of the membrane (cf. Table 
111). 

It has to be taken into account, however, that the carrier 
protein exists in two conformations, Le., c conformation when 
the binding site is exposed to the cytosol and m conformation 
when it faces the matrix (Klingenberg, 1976; Klingenberg & 
Appel, 1980). In the transport reaction, the carrier alternates 
between these two conformations, according to the well-de- 
scribed mechanism. Since the membrane potential shifts the 
distribution of binding sites between inside and outside, it also 
influences the distribution of carrier molecules between the 
m and the c state, respectively. Thus, the membrane potential 
indirectly influences the c and m conformational transition, 
although this is not comparable with a direct potential-induced 
electrostriction effect on the protein as it would be required 
in the affinity-type model. 
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Appendix 
Derivation of Initial Uptake Velocity. The symbols are the 

same as used above; *N means radioactive label belonging to 
nucleotides (dpm) and *v, or *u, means uptake or efflux 
velocity of radioactive label (dpm) into or out of the vesicles, 
which can be expressed as 

*v, = u,*N/N (‘41) 

*v, = v,*N’/N’ (‘42) 
Together with the basic exchange equation ( 5 )  the increase 
of radioactive label internally, which is the actual value to be 
measured in the experiments, can be obtained 

*N *N’ - -  d*N’ - *u, - *u, = v( 
- y.) = dt  

where *No = sum of externally added label at the beginning 
of the experiment and u = uptake velocity. Setting k = [ ( N  
+ N’)/(NN’)]u we obtain 

(A4) 
*NO - = -k*N’+ -u d*N’ 

dt N 
Equation A4 is integrated and leads to 

which can be rewritten as 

If t = 0 (start conditions) and *N’ = 0, which is inserted into 
eq A5 

*No” 
C = - -  

N + N’ 
Together with eq A5 we obtain 

which can now be inserted into eq A3: 

or 

N +  N’ *NO ut + In -u (A6) In (*u4 - *u+) = - - 
N NN’ 

In (*u- - *v,), which represents the measured increase in 
internal radioactive label, is plotted against exchange time t. 
The extrapolated segment on the velocity axis equals In 
(*No/N)u. Thus, u, the initial uptake velocity, can be calcu- 
lated. 
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