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ABSTRACT. The transport by the mitochondrial ADP/ATP carrier (AAC) has been shown in a preliminary
communication to produce electrical capacitive currents on photolysis of caged ATP or ADP with
reconstituted AAC liposomes attached to black lipid membranes [Brustovetsky, N., Becker, A., Klingenberg,
M., and Bamberg, E. (1996)roc. Natl. Acad. Sci. U.S.A. 9864—-668]. Here we study the relation of

the currents to ADP/ATP fluxes, the interaction of caged ADP and ATP with AAC and other basic facets
of this method. Caged ADP and ATP are not transported by the AAC, as shown in mitochondria. Flux
measurements with reconstituted AAC show that caged nucleotides are competitive inhKiter$ (

uM for caged ADP and LM for caged ATP). Caged ATP competes with photolyzed ATP as shown by
the dependence of the currents on the caged ATP concentration and on the light intensity. A competition
of added ADP with caged ATP on the currents yieKis= 50 uM for ADP. We conclude that caged
ADP and ATP bind tighter to AAC than ADP or ATP, allowing immediate initiation of translocation by

in situ photolysis. The caged compounds bind preferentially at the cytosolic side of AAC. With a
regenerative hexokinasglucose system, the currents are stabilized in repetitive flashes and can be used
for applying inhibitors etc. during a flash series. The currents are completely inhibited by the combined
addition of the AAC inhibitors bongkrekate (BKA) and carboxyatractylate (CAT). The partial inhibition
by CAT or BKA is dependent on the number of flash cycles increasing from 60% to 90%, and by replacing
chloride with gluconate from only 30% to 90%. The currents are increased bydiff€ision potential
(valinomycin+ KCI) and decreased by the permeant anion TPBhe pH dependence of the currents
and of the parallel flux measurements indicates that only the fully charged-AaiRd ADP~ are
transported. A strong temperature dependence of the currents with a brealCa(E.5— 95 and 28 kJ)
agrees with former measurements of flux rates in mitochondria. In conclusion, the capacitive currents
faithfully reflect AAC transport function and are a powerful tool for investigating the charge transfer in
transport.

The ADP/ATP transport in mitochondria is about the most the membrane potential was determined.

active transport in eukaryotic cells and the terminal step of These findings required important alterations in the H

oxidative phosphorylation. First in mitochondria it was stoichiometry of ATP production outlined in the chemi-

shown to be membrane potential dependent and thus to be .
electrically imbalancedl| 2). With cation flux measure- osmotic theory, where an electroneutral ATP/ADP exchange

3_
ments, one positive charge was found to accompany the ATP/VES postulatedy). On balance, the ATP/ADP®" exchange

ADP exchange, and that one negative charge is involved inVithdraws about one-fourth of the "Hpumped by the
the ATP versus ADP exchangg,(3. Since no M§" is resplratory chain for the ATP dellvered_ tq the cytosol [see
involved, it was concluded that ATP exchanges against "€view 6, 7). As a result, the P/O ratio is decreased but
ATP® (1). Further, with the isolated and reconstituted ADP/ the phosphorylation potential of the cytosolic ATP is elevated
ATP carrier (AAC)! the electrical imbalance of the het- by about 3-4 kcal above that of the matrix ATP. Because
eroexchange modes ATP versus ADP and the elecroneutralityof this fundamental importance of the electrical nature of
of the homoexchange modes were demonstratid ldere the ADP/ATP exchange in bioenergetics, a further investiga-
a proportionality between the ATP/ADP transport rates and tion of the details of this charge transfer is of great interest.

As reported in a previous papeB)( using AAC-
" This work was supported by a grant from the Deutsche Fors- reconstituted vesicles attached to a planar bilayer lipid
chungsgemeinschaft (KI 134/32-1). membrane, we have applied a new method to measure the
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s Max-Planck-Institute for Biophysics. Capacitive currents generated by the AAC-catalyzed nucle-
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anion; Ay, electrical transmembrane potential; DTT, dithiothreitol. hetero-ADP versus ATP exchange, these first experiments
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brought some unexpected results. Even with AAC liposomes
containing no ATP or ADP and in homoexchange systems,
small currents were detected which were proposed to reflect
partial reactions in the molecular cycle of the AAB).(

To better understand the relation of the capacitive currents
to ADP/ATP transport, we report here on the interaction of
the caged nucleotides with the AAC. Further, the influence
of basic parameters on capacitive currents is studied, such
as pH, temperature, and transmembrane electrical potential
(Ay). Also the influence of the specific inhibitors CAT and
BKA, of extra- and intravesicular ADP, and of various SH
reagents is investigated.

Release of [ '* CJADP from the

preloaded mitochondria, nmol/mg prot
N
w

0,0t
+C-ADP +ADP +c-ATP +ATP
MATERIALS AND METHODS Ficure 1: Caged ADP and caged ATP do not exchange with

endogenous adenine nucleotides in rat liver mitochondria. The

. - . . release of J*Cladenine nucleotides from rat liver mitochondria was
Isolation and Reconstitution of AACThe isolation and 1 1o5qred at 15C as describedi@). Additions: all nucleotides in

reconstitution of the AAC have been described previously 1004M concentration.

(8). Briefly, mitochondria were solubilized with 3% Triton )

X-100. The AAC was enriched by hydroxyapatite chroma- Nitrophenylethyl ester of ATP] was added under gentle
tography in a batch procedure. The AAC-containing super- Stirring 10 min before the flash. A high buffer concentration
natant was added to solubilized egg yolk phospholipid and Was used to avoid fast protonation of the bilayer by the
thoroughly dispersed. For loading of the vesicles with Photolysis reaction of caged ATP which can also yield a
nucleotides, the desirable amounts of ADP or ATP were transient current. The amplitudes of the currents within the
added to the mixture. The AAC-containing vesicles were Same preparation of the vesicles varied no more than 20%.
generated by gradual removal of detergent with Amberlite Control experiments with 100M c-ATP or c-ADP without
XAD-2. For the removal of the external solutes, the AAC Vesicles or with phospholipid only gave a negligible signal

vesicle suspension was passed through a Sephadex G-76<0/.2nA/cnf). The currents were measured with a Stanford
column (30x 1 cm). Research System SR 570 amplifier and monitored on a

Rat liver mitochondria were isolated by a conventional Nicolet 310 storage oscilloscope.

method of differential centrifugation from the livers of adult REsyULTS
Wistar strain rats. Submitochondrial particles were prepared

from bovine heart mitochondria as described b§)( Bovine In the previous work on the electrical currents generated
heart mitochondria were prepared as described by Bla)r ( Py AAC-linked transport, we have studied six different
and frozen in liquid nitrogen. transport modes of the AAC: two heteroexchange modes

(ATP/ADP and ADP/ATP), two homoexchange modes
(ADP/ADP and ATP/ATP), and two unidirectional transport
modes with unloaded AAC vesicles (ATP/and ADPF)

(8). The main purpose of the present work is to investigate
the influence of various factors on the AAC-generated
currents in more detail and to understand the interaction of
the caged nucleotides with the AAC. Therefore, we confined
the experiments to only one transport mode, i.e., to the
heteroexchange mode (ATP/ADP), by using external caged
_ ) ATP with ADP-loaded vesicles.

Electrical MeasurementsThe electrical measurements Caged Nucleotides Are Not Transported by the AABe
were performed as described previous). ( Black lipid inability of the caged compounds to participate in enzymatic
membranes with an area of Faxn¥ were formedinaTeflon  ang transport reactions is the basic prerequisite to use these
cell filled with appropriate electrolyte solut|.on (1.5 mL for compounds in biochemical and biophysical studies. Since
each compartment). The membrane-forming solution con- it \vas demonstrated in earlier papers that caged ATP can be
tained 1.5% (w/v) diphytanoyllecithin and 0.025% (W/V) pound to the transport ATPasek5), it was important to
octadecylamine im-decane to obtain a positively charged now whether the caged nucleotides can be bound to AAC
membrane surfac®). Membrane formation was controlled  without being transported. For these studies, we used rat
by eye, and the capacitance of the membrane was determinedjyer mitochondria preloaded with{C]JADP. Addition of
To photolyze the caged nucleotides, UV light pulses with App or ATP to the mitochondria induced efflux of'C)-
an intensity of 2 W/crhand 125 ms duration from a mercury  App in exchange with external nucleotides (Figure 1).
high-pressgre lamp (Zeiss, Oberkochen, Germany) were UsedHowever, caged ADP and caged ATP failed to induce a
Quartz optics were employed throughout. significant release of{CJADP from the mitochondria. The

Reconstituted AAC liposomes were added to the rear small efflux of F“C]JADP could be due to traces of free
compartment with respect to the light source in a medium nucleotides in the caged nucleotide preparations. Thus, one
containing 100 mM NacCl, 20 mM Hepeqdris, pH 6.8, can conclude that caged ADP and caged ATP are not
under gentle stirring. The experiment was started when thetransported by the AAC.
adsorption of the vesicles reached steady statts{-50 min Electrical Currents Induced by the Rapid Jump of ATP
after addition of the AAC vesicles). Caged ATP3{1-(2- Concentration. The flash-photolysis of caged ATP causes

[*“C]ADP Flux MeasurementsTo check whether caged
nucleotides can be transported by the AAC, we have
measured thel{C]ADP release from mitochondria which
were preloaded with!“C-labeled nucleotide as it was
described in12). To estimate the rate of{C]JADP release,
we used the inhibitor-stop methodl3). To study an
interaction of the caged nucleotides with reconstituted AAC,
the [“CJADP<—ADP;, exchange in the presence of caged
nucleotides was measured in ADP-loaded AAC vesidds (
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Ficure 3: Dependence of the current amplitude and amount of
charge transfer on the concentration of ADP in liposomes. Unloaded

and AAC vesicles loaded with different concentrations of ADP were
used. The concentration of caged ATP was L00 in all cases.

C flash: caged ATP —> ATP_, |

ATP, The experiments were performed as described in the the legend to
Figure 2. The second flash was 10 min after the first. Between the
ADP,, ADP,, flashes, the solution in the chamber was under gentle stirring. The
______________________ charge transferred was calculated (after base line subtraction) by
interval: ATP,, ATP, numerically integrating from the start of the current to the point
hexokinase : where the base line was reached again.
{(+glucose) ,l. . . .
ADP,, ADP,, enables us to generate repetitive signals (up te1B) with

FiGURE 2: Recordings of the capacitive currents generated by the r\early constant amplitude and identical shape. Interestingly,

reconstituted AAC under UV flash photolysis of caged ATP in the in the presence of hexokl_na*sglucose, a distinct negatlvg'
absence (A) and in the presence (B) of hexokinase (HK) and overshoot appears, following the decay phase of the positive
glucose. The conditions of the experiments are described undercurrent. We propose that this overshoot reflects the reflux
Materials and Methods. The AAC vesicles were loaded with 10 of pet negative charge from the vesicles due to back-
mM ADP. For adsorption to the black membrane, AAC vesicles exchange, ADB—ATP,. As an additional benefit, hexo-
were incubated 50 min in the rear compartment of the chamber L L
under gentle stirring before the first flash. All additions are on the Kinasetglucose eliminates trace contamination of free ATP
same side of the black membrane under gentle stirring. Hexokinasein the caged ATP preparation and thus protects against a
(5 units) and glucose (1 mM) have been addeeéB2min before partial discharge of the ADP gradient before the first flash.
caged ATP. The flashes were applied 10 min after the addition of Thys in the presence of hexokinagpucose already the first

caged ATP (10Q«M). Flash duration was 0.125 s. Temperature . . . .
23°C. (C) Mechanism of the regeneration of the ADP gradient on flash induces a higher current than in their absence.

the liposomal membrane. For explanation, see the text. Interaction of Caged ATP with the Reconstituted AAC.
According to the single-binding center-gated pore mechanism
a rapid concentration jump of free ATRG). In the AAC- (equivalent to alternating-site or ping-pong mechanism)

catalyzed reaction, the liberated ATHs exchanged with initially elucidated for the AAC, the binding site has a
intravesicular ADP~ and thus induces an electrical current. different conformation in the ¢- and m-states [see review
Figure 2 shows typical current recordings obtained with the (7)]. Therefore, the affinities of caged ADP and ATP for
ADP-loaded AAC-reconstituted liposomes attached to the the sites in the two states should be different. To assess
black membrane. The second flash induces a significantly this case, the inhibition by caged ATP of the transport in
reduced current, probably due to exhaustion of the ADP mitochondria and in submitochondrial particles was assayed
gradient (Figure 2A). To determine the influence of the in which the AAC exposes either the “c” (cytosolic) or the
internal ADP content on the currents, vesicles with various “m” (matrix) side; 20uM caged ATP inhibis the exchange
internal ADP concentrations were prepared (Figure 3). The (measured as{C]JADP efflux) in mitochondria to 61% and
current amplitudes increased strongly up to 10 mM ADP in submitochondrial particles (measured YEJATP uptake)
which must be taken to mean that the amount of internal only to 21%, after correction for the CAT- and BKA-
ADP even at up to 10 mM was largely replaced by the insensitive efflux or uptake. The stronger effect of caged
exchange against the external photolyzed ATP. In agree-ATP from the c-side than from the m-side indicates that
ment, the second flash produced a much lower current whichcaged ATP has a preference to binding to the c-state of the
was independent of the internal ADP loading. Obviously, AAC.
the flash generates an excess of ATP to completely exhaust To understand the mechanism of current generation, it is
the internal ADP pool. important to know how tight caged ATP is bound to the AAC
To study the influence of various factors on the electrical before the flash. Two different approaches were used to
currents, an experimental system is required which is capabledemonstrate an interaction of the caged nucleotides with the
of generating constant repetitive signals. For this purpose, AAC. The first is based on following the effect of the
the internal ADP pool was regenerated after each flash by competition between ATP and caged ATP on the current
adding hexokinaseglucose. Thus, the excess of external amplitude by varying the photolyzed ATP/caged ATP ratio
ATP, liberated by the flash, is converted into ADP (see or by varying the concentration of caged ATP at a constant
scheme in Figure 2C). During the 5 min intervals between rate of photolysis. This was achieved either by changing
the flashes, this external ADP largely replaces the intra- the caged ATP concentration or by increasing the flash
vesicular ATP taken up following the previous flash. As intensity. This approach was formerly applied to demon-
shown in Figure 2B, the addition of hexokinasgucose strate an interaction of caged ATP with M&*-ATPase 17)
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Ficure 4. Dependence of the currents on the concentration of [c-ADP], iM [c-ATP, M

liberated ATP. Trace, the conversion rate was always 35%, and FicUrRe 5: Caged nucleotides are competitive inhibitors €]-

the ATP concentration was increased varied by sequential additionSADPex—ADPm exchange.Vi is the rate of J*CJADP—ADP

of caged ATP into ATP. Trach, the initial concentration of caged gy change. Insets show the Dixon plots of the inhibition by caged
ATP was kept constant at 100, and the ATP concentrationwas  App and caged ATP, respectively. The exchange reaction was

increased by stepwise increasing the flash intensity. The current;isiated at 15°C by addition of [4CJADP at concentrations of 50
measurements were performed in the presence of hexckighsese or 100 uM to the AAC vesicles loaded with 20 mM ADP and

as described in the legend to Figure 2. stopped after 5, 10, 20, 40, and 300 s by addition ofit MDCAT

) ) _ ) ] ) and 10uM BKA. Each sample contained 150 of the vesicles.
(Figure 4). In experiment a, with constant light intensity, External nucleotides were removed from the vesicles by small
increasing concentrations of caged ATP produce a constantPowex 1-X8 anion exchange columnsX20.4 cm), preequilibrated

ratio (=0.35) of released ATP/caged ATP. In experiment with 100 mM acetate, 0.5% BSA, and 1% phosphatidylcholine in
: ' order to minimize nonspecific adsorption. The samples were eluted

b, at a given concentration of caged ATP, the increase of ity 100 mM acetate. The amount oFCJADP taken up was
the flash intensity gives increasing ratios of released ATP/ measured in the eluted fractions. The increasing concentrations of
caged ATP from 0 to a maximum of 0.35. The current caged ADP or caged ATP were added to the AAC vesicles 10 min

amplitudes plotted versus the calculated concentrations of°efore F“CJADP addition.
the liberated ATP are clearly higher the greater the released

(1/1)x1000

ATP/caged ATP ratio as in experiment a. This indicates 25 4 +100uM g, FT
that caged ATP competes with free ATP for the AAC binding c-ATP ‘0 :
site. The slight flattening of the current versus high intensity 20k 30

+100 pM |

might indicate an increased competition of ATP with caged CATP

ATP. Since this contrasts to the about 10-fold higher affinity

of the caged ATP to the free nucleotides seen by transport
measurements, another yet unexplained case may be in- +10 uM
volved. 10 c-aTP

Another line of more direct evidence for the competition
between the caged nucleotides with the free nucleotides
comes from measurements of the rate'$€[ADP.c—ADP;,
exchange in AAC liposomes (Figure 5). These experiments 0 100 200 300
were performed at 50 and 1@0/ [*“C]ADP in the presence [ADP],,, uM
of 'nc_reas'_ng concentrations of caged ADP or caged ATP. Ficure 6: Dependence of the amplitude of the currents on the
The linearized plots 1 versus [caged ADP] and [caged concentration of ADR. The experiments were performed with two
ATP] show a competitive type of inhibition by the caged concentrations of caged ATP (c-ATP): 10 and 100. The inset
nucleotides withK; = 1.5 uM for caged ADP an&; = 5 shows the inverse plot for the inhibition witkj = 50 uM for
uM for caged ATP. Thus, the caged nucleotides bind to ADPe

Deciason. Caget GTF Ao S HAEADR AR, lbenceofiors o A ur previotspepec)
) . we demonstrated that the specific inhibitors of the AAC,
exchange although with lower efficiencifi(= 20 4M) (not CAT and BKA added together, completely inhibit the
shown). currents. Thus, we can definitely attribute the currents to
The competition between ADP and caged ATP for the transport through the AAC. In addition, the AAC inhibitors
AAC can also be visualized with the photolysis-induced allow us to determine the orientation of the carrier molecules
currents (Figure 6) by adding external ADP. Using 10 and responsible for the currents. CAT is impermeant and binds
100 uM caged ATP and increasing the concentration of only to the cytosolic side of the AAC, whereas BKA can
ADPe, from 2 to 200uM, a clear competition between ARP penetrate the membrane and bind to the matrix side of the
and caged ATP is seen. The apparent inhibition constant ofcarrier. The extent of CAT inhibition reflects the right-side-
the currents by ADR is Ki = 50 uM. Thus, ADR out orientation of the AAC and should be constant for the
competes for the binding with caged ATP to the AAC only given preparation of the AAC liposomes.
weakly with aK; which is 10 times higher than that of caged CAT or BKA, added to the medium separately, decreased
ATP. These results also indicate that the concentrations ofthe amplitude of the current by up to 70% (Figure 7A).
ADP, which are generated in the presence of hexo- Further addition of the complementary inhibitor (BKA to
kinaset-glucose under repetitive flashes, are too low to CAT or CAT to BKA) completely blocked the currents.
significantly inhibit the currents. Surprisingly, we found that the efficiency of the inhibition

20
15}
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50" 0 50 100150
[ADP]_, uM




Electrical Currents by ADP/ATP Transport

A

10 nA/cm? }
5 +CAT after 1st flash

0.2 sec | \
/ +CAT after 9th flash

flash ;“:/ > +CAT,BKA
\ {
i

!
10 nA/cm2L It \ +CAT after 1st flash
0.2 sec ‘}f Y\, +CAT after oth flash
) ,

ﬂaﬂ/‘ . . +CAT,BKA
N
Ficure 7: Effects of carboxyatractylate (CAT) and bongkrekic acid (BKA) on the currents and the influence of the number of flashes and
of the anion species in the medium. Part A, the experiments were performed in 100 mM NacCl, 20 mMHépgsH 6.8 (NaCl medium);

part B, the experiments were performed in 100 mM sodium gluconate, 20 mM H&pespH 6.8 (sodium gluconate medium). The
inhibitors were added into the medium immediately after the first flash or after the ninth flash as indicated. The repetitive flashes were

applied with a 10 min interval. Between flashes, the medium was stirred. Hexokinase (HK), 5 units, and glucose, 1 mM, were added in the
medium 2-3 min before caged ATP.
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depends on the number of the flashes performed before the
inhibitors were added. If the inhibitors were added separately
after 9-10 repetitive flashes, almost complete inhibition of
the currents (up to 9895%) was observed (Figure 7). To
exclude accumulated ADP as the efficiency enhancer, in
experiments not shown, the addition of ADP—®0 uM)
prior to UV irradiation of the AAC liposomes with caged
ATP failed to simulate this effect. On the same line,
repetitive flashes with caged ATP in the cuvette before
addition of the AAC liposomes did not increase the inhibi-
tion. To exclude an UV-induced oxidation, DTT was added
but could not prevent the repetitive flash increase of
inhibition. Noteworthy, the efficiency of CAT and BKA
depended also on the ionic composition of the medium. In
a NaCl medium, the inhibition by CAT or BKA was
significantly stronger than in sodium gluconate medium
(Figure 7). 0.5 sec

Effects ofAy, pH, and TemperatureThe acceleration by  pigyre8: Influence of K- diffusion potential and of TPBon the
the membrane potential of the ATP/ADP exchange in currents. Currents from two separate experiments are shown. The
mitochondria and in the reconstituted system suggested itsexperiments were performed as described in the legend to Figure
electrophoretic naturd (4, 1§. Also the currents generated f2| Bhefore addmorfw of va(ajhnorr]nycm ""l.“d dKC' o TII: Btwo fcohntrol I
in the caged ATR—ADP;, system are increased by a K ashes were performed. The amplitude and shape of the contro

Control
flash

+Val,KClI

flash

flash MPB_
\
10 nA/cm? L

e . : : . signals were identical. In the experiment with valinomycin and KClI,
diffusion potential generated by KCI plus valinomycin, which  the former (1«M) was added 30 min before the flash under gentle

stirring. KCI was added in 30 mM concentration into both
compartments of the chamber 1 min before the flash under more
intensive stirring. In another experiment, TPAL M) was added
after control flashes 30 min before the next flash.

ADPH?~ in transport, which have akp~ 6.7 and thus can

is positive inside of liposomes (Figure 8). Interestingly, in
the presence ahy, the negative overshoot vanished which
was normally observed in the presence of hexokihghecose.
The effect of the valinomycia-induced membrane potential
is primarily to accelerate the ATP versus ADP~ ex-

changes. This charge movement is not compensated by gorm a major share of the total ATP or ADP. An admixture

parallel K" movement because of the uphill potential
gradient. In the reversed exchange, during the dark period,
K* flux compensates the charges following thg gradient.
In agreement with this interpretation, addition of the lipo-
philic anion TPB decreases the currents. Here the counter
movement of the largely membrane-bound TBfan com-
pensate partially the charge translocation in the &FP
ADP;, exchange.

pH and Temperature Dependenc&he pH dependence
of the currents is of great interest in view of the possible
involvements also of the protonated forms ATPHand

of the ATPH~/ADP3~ exchange mode to the ATRADP3~
mode would give less than one charge per total ATP
transported. We therefore compared the pH dependence of
the currents with that of the exchange rates as measured in
the vesicles.

As shown in Figure 9, the pH dependence of the capacitive
currents has a similar pattern as the exchange rates. Since
the rate of ATP liberation due to photolysis of caged
nucleotide increases at lower pHgj, the pH optimum for
the amplitude of the capacitive currents is slightly shifted to
the lower pH values. Allowing for this influence, the pH
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| nAVem? Vi The addition 'of t.h'e SH reductant DTT cqmpletely restored
or. umol/min g-prot the currents inhibited by mersalyl but failed to restore the
700 currents inhibited by NEM.
15| 600 DISCUSSION
o 500 . . .
200 In the present work, an advanced technique is applied to
10} the direct determination of electrical currents caused by the
300 transport of ADP and ATP through AAC. With ADP-loaded
sl 200 AAC containing proteoliposomes attached to a black mem-
/ 100 brane, capacitive electrical currents were generated by
J initiating ATP/ADP exchange with a rapid photolytic ATP
o— 0 concentration jump. These results not only complement the
> & 7 8 former studies on the electrical nature of the ADP/ATP
PHex exchange (see the introduction), but also provide higher time
Ficure 9: pH dependences of current amplitude and 8CT resolution and eventually a more detailed insight into the

ADPex;ADPin exchange \(/jvith thotle feCQt:lséitl_JtetdhAAlC Thé? faF::é}Citive 2substrate carrier interaction and the mechanism of nucleotide
currents were measured as described In the 1egend 1o FgUré Zyrgngsigcation. As shown in a preliminary publicatiod), (
1 _ 3 i i . 1
[MCIADP, ADPy exchange was measured as described in the due to the high sensitivity and time resolution of this method,
legend to Figure 6. . ; .

even partial steps in the reaction cycle of the AAC may be

60 - 35°C ; resolved. For example, with unloaded AAC liposomes, the
A . Ep=27.7 ki/mole method enabled us to detect currents which are supposed to
so%c thod bled us to detect ts which dt
50 |- 25°C 6 \\ occur in a half-turnover of the AAC.

I 20°C £ \ After these first results, the following questions to
ye 40 i 15C £ o characterize this system were asked. How do caged ADP
2 s0f 4 E,=95.0 kJ/mo.e\ and caged ATP interact with the AAC,; i.e., do they bind to
St 10°C 3 : the AAC and are they transported? Is there a competition

20 b 38 84 85 $6 87 between the free and caged nucleotides? How do the

inhibitors CAT and BKA affect the AAC-generated currents?
What is the influence of pH, temperature, ang on the
currents?

As shown here with mitochondria, the caged nucleotides

10

-10 . M L . are not transported by the AAC. This is a prerequisite for
600 800 1000 2000 their application to rapidly initiate transport on flash pho-
Time, msec tolysis. There is a competition between the caged and the

Ficure 10: Temperature dependence of current amplitude. Thesefree forms for the AAC, as shown directly with the exchange
currents were recorded with the same black membrane and attache¢h reconstituted vesicles.

AAC liposomes as described in the legend to Figure 2 at different . _
temperature. The inset shows the Arrenius plot for the amplitudes | "€ competitive inhibition constant&(= 1 and 5uM

of the capacitive currents. for caged ATP and ADP) indicate that the caged forms bind
considerably tighter to the AAC than the free forms. Former
dependencies of the capacitive currents and of tHe]{ binding studies on mitochondria gae = 7 uM for ADP

ADP.,—ADP;, exchange are in good agreement, indicating and 12uM for ATP (20), and after isolation and reconstitu-
that the decrease of currents at low pH is due to the inability tion, the affinity decreases further (unpublished results). In
of the AAC to transport ADPFH . agreement, conversely ADP inhibits the caged ATP-induced

The nucleotide exchange has been found to exhibit a strongcurrents withK; = 50 uM. The comparatively tight binding
temperature dependenc#9]. Correspondingly, the tem- of caged ADP and caged ATP can be very useful. Thus,
perature should also influence the currents. Figure 10 showsthe binding site is easily saturated with the caged compounds,
the currents generated with caged ATP- and ADP-loaded and the bound caged nucleotides could release free nucleo-
AAC liposomes at different temperatures. There is a tides directly at the carrier binding site. Several substituted
pronounced increase of the current amplitude with increasing ADP or ATP derivatives are known to bind to the AAC with
temperature. The Arrhenius plot of the current amplitudes a considerable affinity. So far, most of these substitutions
gives a break at about 18C. Below 15°C, activation have been targeted to théBosition at the ribose2(l—23)
energies oEx = 92 kJ and above 28 kJ are calculated. These or to the 8- and 2-positions of the purir&y 25. Although
data are in a good agreement with the temperature de-the selectivity for the translocation by the AAC is extremely
pendence of the flux measurements in mitochondti). ( high and confined to ADP and ATP2§), there is more

Effects of SH Reagentd he currents generated by flash- tolerance for the mere binding to the AAC. The tighter
photolysis of caged ATP were also affected by SH reagents.binding of a nontransportable ADP or ATP analogue, such
Mersalyl (40uM), added to the medium after several control as the caged ATP or ADP, is in line with the “induced
flashes, significantly inhibited the currents (Figure 11A). transition fit” theory of carrier catalysi®{). According to
Another hydrophilic SH reagent, 4-hydroxymercuribenzoate, this concept, the binding energy of a nontransportable ligand
had a similar effect (not shown). On the other hand, the can be higher since its intrinsic binding energy is not partially
more hydrophobic SH reagent NEM revealed pronounced compensated by the energy required for the induced transition
inhibitory action only at the millimolar range (Figure 11B). fit of a transportable ligand.
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Ficure 11: Effects of the SH reagents mersalyl (A) adebthylmaleimide (NEM) (B) on the currents. The experiments were performed

as described in the legend to Figure 2. The SH reagents were added into the chamber under gentle stirring after two control flashes, 5 min
before the next flash. The concentrations are indicated. DTT was added into the chamber after the flash with the SH reagents, 5 min before
the subsequent flash. DTT added before the SH reagents did not influence the currents.
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The about 2.5-fold decrease of the current amplitude on mere sensibilization by ADP accumulation is improbable
shifting the pH from 7.2 to 6.0 can have two reasons: (i) since addition of ADP does not increase the sensitivity of
translocation of ATPE and ADPH-, which at pH 6.0  the AAC toward the inhibitors in a subsequent flash. Since
amounts to about 60% of the total concentration, is impededthe total concentration of caged ATP falls only about 10%
and/or (ii) protonation of a critical amino acid of the AAC after 10 flashes, a lower competition between caged ATP
inhibits the exchange. The coincidence of the decrease ofand inhibitors can also be ruled out. An influence of
both the currents and the exchange rates argues for the firshitrophenol liberated from caged ATP is excluded by an
cause, the exclusion of ATPHand ADPH~. In fact, these experiment where the same amount of caged ATP was
results support the notion that the AAC exclusively uses the photolyzed (10 flashes) in the presence of hexokitgieose
fully charged forms ATP~ and ADP~ for transport. before the addition of the AAC liposomes. Since DTT failed

The temperature dependence of currents with the dramaticto prevent the effect of repetitive flashes, one can also
switch from the high activation energy of 92 kJ to only 28 €Xclude that the oxidation of the SH groups of the AAC is
kJ at 15°C strongly resembles that of the exchange measuredinvolved in the sensibilization of the carrier to the inhibitors.
on bovine heart mitochondria. This again illustrated the  The strong influence of different anions, i.e.,”Glersus
faithful reflection in the currents of the transport but in  gluconate anion, on the sensitivity of the AAC toward BKA
another dimension. In the bovine heart mitochondEg, and CAT is noteworthy (Figure 7). In the presence of
changed from 143 kJ to 63 kJ at 1€ (19). In a detailed  sodium gluconate instead of NaCl as an osmolyte, the
discussion of the pertinent evidence from related literature, inhibition of the currents by CAT and BKA is much weaker,
we argued that a lipid phase transition was probably not only 20-30% after the first flash, but can reach-780%
responsible for the temperature break. Instead, the effectafter the ninth flash. It was noted earlier that various anions
was seen to reside within AAC. It can be reasoned that in can inhibit nucleotide exchange by competition with ADP
the temperature range up to 1€ a large conformational  and ATP for the binding site2g). Thus, anions should also
change within AAC is rate limiting the overall rate, as compete with caged ATP for binding to the AAC. Since
reflected in the high activation energy. The 3.5 times lower CI- because of its smaller size is probably more effective
activation energy above I points to rate limitation by a  than gluconate anion in penetrating and occupying the AAC
diffusional step of the substrate close to or within the AAC binding site, binding of caged ATP to the AAC should be
with low activation energy. stronger in the presence of gluconate. Although CAT and

The inhibition by CAT and BKA indicates that the currents
are entirely due to the AAC-catalyzed ADP/ATP exchange.
However, added separately, CAT and BKA inhibit the
currents only partially (Figure 7). The sidedness of interac-
tion of the inhibitors with the AAC might be partially
responsible for this incomplete inhibition. CAT interacts
with the AAC only from the cytosolic side whereas BKA
binds to the AAC from the matrix side. Since CAT cannot
cross the membrane, the extent of the CAT inhibition can
be used to estimate the orientation of the carrier in the
membrane.

Surprisingly, increasing numbers of reaction cycles with
each photolytic flash make the AAC more susceptible toward
the inhibitors. The mechanism of the AAC sensibilization
cannot be due to decreased affinity for the inhibitors since
CAT and BKA are present at saturating concentrations. A

also BKA are much stronger ligands for the AAC than
nucleotides Z6) they have to compete with the bound caged
nucleotides. As aresult, in the absence of,@e inhibitors
may less efficiently compete with the caged ATP for the
binding site. With this reasoning, the effect of the repetitive
flashes on the efficiency of the inhibitors is due to an as yet
unexplained decrease of the affinity of caged ATP after
repetitive flashes.

SH reagents, such as mecurials and NEM, strongly inhibit
the currents (Figure 11), in accordance with the well-
characterized inhibition of ADP/ATP exchange in the flux
measurement20—31). Out of the four cysteines in bovine
heart AAC B2), the preferred binding of NEM to C5@8)
and of the more polar eosin-5-maleimide to C134,(39
was determined. The surrounding positive charges were
suggested to facilitate the interaction of the negatively
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charged eosin-5-maleimide with C159. Also mersalyl,

10.

negatively charged as well, was proposed to interact with 11.
C159 like eosin-5-maleimideld). The inhibition of the
capacitive currents with SH reagents does not necessarily 13

mean that the SH groups are important for the nucleotide
transport. The mutation C73S in yeast AAC, at the homo-
logue to the bovine heart C56, retains near-wild-type
nucleotide transport activity36).
although cysteines are not essential for transport, the bound

It was concluded that

12.

14.

15.

SH reagents block the translocating pathway near these 16.
cysteines.

In conclusion, the results presented in this paper demon-
strate that the AAC is highly suitable for applying capacitive
current measurements combined with caged ATP and ADP
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