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ABSTRACT. Charge translocation by the Kdp-ATPaseEsdcherichia coliwas measured by adsorption

of proteoliposomes to a planar lipid membrane. The proteoliposomes were prepared by reconstitution
of purified Kdp-ATPase into liposomes prepared frdncoli lipids. The protein was activated by

a ATP concentration jump produced by photolysis of a protected derivative of ATP, caged ATP.
Charge translocation was measured with a time resolution-ef405ns. Stationary currents demonstrated

the continuous pumping activity of the enzyme. Control measurements with the potential-sensitive dye
DiSCs(5) showed a negative potential inside the proteoliposomes after activation with ATP. The measured
electrical signals as well as the dye measurements correspond to the transport of positive charge to the
intracellular face of the protein. The electrical signal was increased whevek inside the proteoliposomes

(Kos =~ 50 uM) and was inhibited by vanadate. These experiments demonstrate the electrogeneity of the
Kdp-ATPase in a purified reconstituted system.

The Kdp system is a bacterial P-type ATPasé&stheri- (1994)]. Therefore, the Kdp system can be characterized as
chia coli that transports K with high affinity [reviewed in an optional system to scavange.K
Altendorf et al. (1992) and Altendorf and Epstein (1993)].  Although the Kdp system has been the subject of intensive
The transport complex consists of the membrane-boundgenetic, physiological, and biochemical studies, little is
subunits KdpA (59 kDa), KdpB (72 kDa), and KdpC (20 known about the transport properties of the Kdp-ATPase.
kDa). Recently, it was shown that a hydrophobic polypeptide So far, the investigation of Ktransport catalyzed by the
with a molecular mass of 3 kDa, which is encoded by the Kdp system was restricted to intact cells (Rhoads et al.,
open reading framkdpFupstream of the first structural gene 1976). Net K uptake via the Kdp system leads to
kdpA is part of the transport complex (Menkamp and depolarization of the cell membrane, suggesting that the
Altendorf, unpublished results). Since other members of the transport process is electrogenic (Bakker & Mangerich,
P-type ATPases consist of one or two subunits, it was 1981). Recently, K transport was demonstrated in right-
suggested that the division of labor to three or four subunits side-out vesicles, using an ATP-generating system inside the
is a presupposition to transport Kvith high affinity (K, = lumen of the vesicles (Kollmann & Altendorf, 1993).
2 uM) and high selectivity (Siebers & Altendorf, 1992). However, partial reactions of the transport process could not
KdpB is the catalytic subunit and shares with other P-type be examined with this method.
ATPases 10 homologous regions identified by Serrano Prominent members of the group of P-type ATPases are
(1988). This polypeptide is the site of phosphorylation Na'K*- and H'K*-ATPases of eukaryotic cells. Overall
(Siebers & Altendorf, 1989), probably at the conserved transport in the NaK*-ATPase is electrogenic (DeWeer et
residue Asp307 (Puppe et al., 1992), thereby providing the al., 1988) while it is electroneutral in the'H*-ATPase
energy for K transport by hydrolysis of ATP. KdpA is (Sachsetal., 1976). This has been explained by electrogenic
responsible for K binding and transport. Evidence that Na“ and electroneutral Kcountertransport in the N& -
KdpA has two binding sites for Kis based on the analysis ATPase (Gadsby et al., 1989). In contrast, in thekF+
of K mutants (Buurman et al., 1995). The function of KdpC ATPase, electrogenic Hand electrogenic K countertrans-
is still subject to debate. Mutations in tkdpCgene render ~ POrt cancel out (Stengelin et al., 1993). These findings have
the complex defective in both Ktransport and ATPase |mp_ortant consequences for the transpor_t mechanism relevant
activity (Siebers & Altendorf, 1992). ThedpFABCoperon for ion transport, e.g., for the number of flx_ed countercharges
is under control of the regulatory proteins KdpD and KdpE, Ccotransported during transport of the cations.
which belong to the class of sensor kinase/response regulator 1S t+empt|ng to compare Kt+ransport b{ the Kdp-ATPase
systems (Walderhaugh et al., 1992). KdpD and Kdpg With K™ transport by the N&K*- and H'K*-ATPases. The

mediate the expression of the structural genes only in medigduestion arises Whe_th_er this reaction is electrogenic in the

of low K* concentrations [reviewed in Altendorf et al. KdP-ATPase. Also, itis not known whether a transport step
analogous to Naor H* transport in HK*- and NaK™-

ATPases exists in the Kdp-ATPase. In order to address these
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TKAL000 (Siebers & Altendorf, 1988) was transformed with of the cuvette and stirred for 30 min. Caged ATP and, if
the plasmid pSR4 (Puppe et al., 1992) using the gaCl necessary, ionophores were added under stirring to the
method described in Maniatis et al. (1982). The resulting cuvette.
transformants carry thiedp genes on the chromosome and  To photolyze the caged ATP, light pulses of an excimer
on the plasmid under control of tlkelppromoter. The cells  laser (duration 10 ns, wavelength 308 nm) or of a high-
were grown in KO minimal medium and were induced twice pressure mercury arc lamp (duration 125 ms) were focused
with 50 uM KCI (Siebers & Altendorf, 1988). onto the lipid bilayer membrane. The intensity at the
Starting with 25 g of the cells, the Kdp-ATPase was membrane surface was adjusted to a level that3®6 of
purified as described by Siebers et al. (1992), following the the caged ATP was photolyzed. After each flash, the system
two-column procedure. All solubilization and purification was kept in the dark and stirred for 10 min to allow dilution
steps were performed at 4C. As an extension of the of the ATP released during the flash and its hydrolysis by
protocol, the detergent Aminoxid WS35 was replaced by the enzyme present in solution. The fraction of caged ATP
decyl maltoside, following a protocol of Dr. J. Naprstek and converted to ATP at the membrane surface was determined
Dr. W. Epstein (University of Chicago, personal com- in the cuvette in the absence of Kdp-ATPase with a
munication). The Kdp fraction pool of the Fractogel TSK |uciferin—luciferase assay as described previously (Nagel et
AF-Red column (about 20 mL) was dialyzed against 1000 al., 1987).
mL of 15 mM HEPES-Tris, pH 7.5, 0.035% Aminoxid The conductivity of the membrane was varied by addition
WS35 for 12 h with two changes of the dialysis buffer. The of the protonophore 1799, the electroneutral proton/cation
dialyzed preparation was diluted with twice the volume of exchanger monensin, or the"Konophore valinomycin in
the same buffer containing 1% decyl maltoside and was thenan ethanolic solution to both compartments. The conductiv-
applied to a DEAE-Sepharose CL-6B column (k.3.5¢m), ity was measured by applying a voltage of 10 mV to the
equilibrated with 15 mM HEPESTTis, pH 7.5, 0.2% decyl  membrane and measuring the induced current.
maltoside (basal buffer). The column was washed with 5 Caged ATPP3[1-(2-nitrophenyl)ethylJadenosiné-Giph-
column volumes of basal buffer. Elution was performed with osphate, was prepared as described elsewhere (Fendler et
30 mL of a linear gradient of 6200 mM NaCl in basal 5, 1985) and kindly provided by Dr. E. Grell, MPItfu

buffer wit a flow rate of 40 mL/h. Fractions of 2.5 mL were Biophysik, Frankfurt, FRG. Concanamycin A was a gener-
collected and analyzed by SB®AGE. The main fractions ;5 gift of, Prof. Dr. A Zeeck, Universitaettingen, FRG
with a specific, K-stimulated ATPase activity of 5 ,.4 the CIBA AG. Basel CH. ' '

umol-g~t-min~! were pooled and stored in liquid nitrogen.
For the preparation of proteoliposomes, 2400f purified
Kdp-ATPase (0.78 mg/mL protein in 15 mM HEPESris,
pH 7.5, 100 mM NacCl, and 0.2% decyl maltoside) and 250
uL of E. coli lipid (10 mg/mL, 10 mg/mL GEs, 85 mM
Tris-HCI, pH 7.5, and 4 mM MgSg) were mixed and
incubated on ice for 15 min. Then 50Q of Bio-Beads
SM-2 (Bio-Rad) was added and the solution stirred for 20 h
at 6°C. The Bio-Beads were replaced by fresh Bio-Beads,
and the squFion was stirred for 1 h at room temperature. RESULTS
The suspension was centrifuged at 7@ 2 min, and the
pellet containing the Bio-Beads was discarded. The pro- Characterization of the Proteoliposomesor a charac-
teoliposomes were sonnicated for 10 s before use. Toterization of the proteoliposomes, the size distribution was
determine the enzymatic activity of the Kdp-ATPase, pro- determined by inelastic light scattering. A broad distribution
teoliposomes were centrifuged for 45 min at 225§0énd of diameters ranging from 50 to 200 nm was found. The
the pellet was resuspended in half of the starting volume in enzymatic activity of the proteoliposomes was determined
15 mM HEPES-Tris, pH 7.5. The protein concentration as described under Materials and Methods. The protein
was determined with the amido black method (Schaffner & determination revealed that 30% of the supplied Kdp-ATPase
Weissmann, 1973). The ATPase activity was analyzed by was incorporated into the proteoliposomes. The- K
the method described in Siebers and Altendorf (1988).  stimulated ATPase activity was found to be around 15
Bilayer MeasurementsOptically black lipid membranes  umol-mg*min~%.  Surprisingly, an identical enzymatic
(BLM) with an area of 0.0£0.02 cn? were formed in a  activity was determined in the presence and absence of the
thermostated Teflon cell as described elsewhere (Fendler eK™ ionophore valinomycin. These results are difficult to
al., 1985; Borlinghaus et al., 1987). Each of the two reconcile in light of a strict coupling of hydrolysis and
compartments of the cell was filled with 1.5 mL of electrolyte transport in these types of ion pumps. A possible explanation
containing 50 mM Tris-HCI, pH 7.5, 2 mM MgSO1 mM could be that different populations of the enzyme contribute
DTT, and various amounts of caged ATP and KCI. The to the measurement of hydrolysis and electrical activity,
temperature was kept at 2£. The membrane-forming respectively. The same conclusions were drawn from the
solution contained 1.5% (w/v) diphytanoylphosphatidylcho- analysis of the effect of inhibitors and are discussed in more
line and 0.025% (w/v) octadecylamine dissolveddecane.  detail under Discussion.
The membrane was connected to an external measuring From the amount of incorporated protein, we estimated
circuit via polyacrylamide gel salt bridges and Ag/AgCl the number of pumps per liposome using the following
electrodes. The signal was amplified, filtered (cutoff fre- values: liposome diameter, 5200 nm; membrane thick-
guency= 500 Hz), and recorded with a digital oscilloscope, ness, 4 nm; lipid density, 1-gm~3; protein/lipid weight ratio,
50uL of the proteoliposomes was added to one compartment2.4 x 1072 molecular mass of Kdp-ATPase, 154 kDa

Fluorometric MeasurementsThe fluorometric measure-
ments were carried out in 1 mL of solution containing 50
mM Tris-HCI, pH 7.5, 2 mM MgS@ and 50 mM KCI
together with 1uM of the potential-sensitive fluorophore
DiSC5(5) and 20uL of the proteoliposomes. The settings
of the fluorometer were as follows: excitation wavelength,
650 nm; emission wavelength, 675 nm; band-pass, in both
cases 5 nm; integration time, 1 s.



Charge Translocation by the Kdp-ATPase

caged ATP

(1)

Ficure 1: Compound membrane: proteoliposome adsorbed to the
planar lipid membrane. The current generated by the integrated
Kdp-ATPase is coupled to the measuring systd(f)][via the
conductivitiesGy, G, and capacitances,, C, of the proteocliposome
and the planar lipid membrane.

(assuming a monomeric functional unit); fraction of inside-
out oriented pumps, 0.1. This yields 0.3 (50 nm) to 5 (200
nm) pumps per liposome. The value given in parentheses
is the corresponding diameter of the liposome. Based on
an activity of 15umol-mg-1-min~i, the turnover of the
pumps at maximal ATP activation is 40's Assuming one

ion transported per cycle, we obtain an initial pumping rate
of 0.08 (200 nm) to 0.4 mM* (50 nm) and an initial
voltage increase of 20 mV/s. These values have to be
compared with the passive permeability of liposomes for
protons, which is approximately 1Ocm-s™ (Levy et al.,
1990). A gradient of 1 pH unit (outside, pH 7.5; inside, pH
6.5) yields a proton flux of 0.01 (200 nm) to 0.04 reéi*

(50 nm). This is smaller than the pump currents. However,
in the presence of C| a much higher proton permeability
is to be expected (Levy et al., 1990), which may be in the
range of the pump currents.

Finally, the activity of the incorporated enzyme can be

u
ATP, 1 uM valinomycin, 10uM monensin, 1uM 1799, 1 mM
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Ficure 2: DiSGy(5) fluorescence measurement of proteoliposomes.
Relative fluorescence changes are plotted in the figure. Addition
of ATP and the ionophores is indicated. Buffer: 50 mM Tris-
HCI, pH 7.5, 2 MM MgSQ, 50 mM KCI, 1uM DiSCs(5), and 20

L of the proteoliposome-containing suspension. Additions: 3 mM

orthovanadate.

relaxes after inhibition of the ion pump with a time constant
of about 20 s. The negative potential inside the proteoli-
posomes is not affected by the electroneutralHK™-carrier
monensin and decays only after the addition of the electro-
genic carrier 1799 (Figure 2c). Addition of the protonophore
1799 alone leads to a partial and slow decay of the potential
(Figure 2d), because inflowing protons can compensate for

compared to the measured currents. Under the conditionsthe charge of the extruded*tons. The influx of protons,

of the experiment, i.e., in the presence of caged ATP, the
enzyme is only half-activated (turnover, 20’ Assuming
complete coverage of the lipid membrane (diameter 1 mm)
with liposomes of 100 nm diameter, we calculate a current
of 300 pA. This is in reasonable agreement with values of
100-200 pA measured in the electrical experiments and
supports the estimations made above.

Fluorometric MeasurementsThe fluorescence experi-
ments were performed at hightKkoncentrations to minimize
the effect of K gradients created by the ion pump. ATP-
driven K" depletion in the proteoliposomes results in a
negative potential inside, which can be monitored with the
dye DiSG(5) (Hoffman & Laris, 1974). Before activation
of the Kdp-ATPase, the kconcentration in and outside the
proteoliposomes was 50 mM. After addition of 3 mM ATP,

however, is hampered by the creation of a pH gradient across
the proteoliposome membrane. Only after addition of
monensin can the pH gradient be dissipated together with
the Kt gradient generated by the ion pump.
Characterization of the Electrical Signal Electrical

currents generated by the Kdp-ATPase were measured with
a technique which has been previously applied to a number
of other electrogenic ion pumps (Bamberg et al., 1991).
Proteoliposomes were adsorbed to the BLM as described
under Materials and Methods. The configurations of ion
pumps, the proteoliposomes, and the supporting planar lipid
membrane are illustrated in Figure 1. Using an inactive
photolabile ATP derivative (caged ATP; Kaplan et al., 1978),
an ATP concentration jump can be generated by illumination
of the compound membrane with UV light. In the experi-

the fluorescence intensity decreases (Figure 2a), indicatingments described below, 330% of caged ATP is converted

the buildup of a negative potential inside the proteolipo-
somes. This demonstrates the expulsion ofighs out of
the proteoliposomes. Addition of thetHonophore valino-
mycin allows the backflow of the expelled*kand, conse-

to ATP.

For the data shown in Figure 3, an UV lamp was used as
light source. In all other experiments, caged ATP was
photolyzed using an excimer laser flash. Using the UV lamp,

quently, abolishes the potential as shown in Figure 2a. ATP was released within the shutter opening time of 125
Inhibition by vanadate is demonstrated by the increase of ms. Faster release of ATP can be obtained with an UV laser
fluorescence (Figure 2b). This shows that the liposomes areflash. There the release is limited by the time constant of
relatively permeant to ions, since the negative potential the photolytic dark reaction which is about 44 ms at pH 7.5,
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FiGURE 3: Electrical current measured after release of ATP by a Figure 4: Stationary current after addition of ionophores. Light

UV light flash. Light source: Hg high-pressure lamp, flash duration sgurce: UV laser.

125 ms. Buffer: 50 mM Tris-HCI, pH 7.5, 2 mM MgSO1 mM
DTT. Caged ATP concentration before the UV flash: 300.
Additions of 10uM monensin, 1 mM orthovanadate, opM 1799
to the buffer are indicated at the corresponding traces.

2 mM Mg?", and 24°C (Walker et al., 1988; Baraba&
Keszthelyi, 1984).

Figure 3 shows the currents generated in the absence and
presence of K and the inhibitor vanadate. Also in the
absence of K a small electrical signal was obtained. Part
of this signal is probably due to residuat kh the nominally
K*-free solution. After addition of 1 mM K the signal
did not increase until 1&M monensin was added. The
electroneutral K/Ht exchanger monensin enabled Ko
enter the proteoliposomes and to activate the ion pump,
which resulted in a 4-fold increase of the peak current. This
indicates that K activates the pumim vivo at the extracel-
lular side of the protein.

Addition of 1 mM orthovanadate inhibited the electrical
signal. The origin of the small remaining peak is not clear.
In an experiment with protein-free liposomes, such a signal
was not observed, confirming that the residual signal is not
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Buffer: 50 mM Tris-HCI, pH 7.5, 2 mM
MgSQOy, 1 mM KCI, 1 mM DTT. Caged ATP concentration before
the UV flash: 300uM. (a) 1 uM 1799 and 10uM monensin,
conductivityG = 130 nS/c. (b) 1uM valinomycin, conductivity
G = 240 nS/crA.
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a light artifact. Furthermore, under the same conditions, FIGURE 5 Time dependence of the electrical signal. Light

vanadate inhibits ATP hydrolysis completely. At subsequen

t source: UV laser. Buffer: 50 mM Tris-HCI, pH 7.5, 2 mM
MgSQOy, 1 mM KCI, 1 mM DTT. Caged ATP concentration before

flashes, the reduced signal remained con_stant while additiony, " v/ flash: 60Q:M. The solid line is a fit to the data using eq
of vanadate up to 3 mM reduced the signal even further. 1. This s a high time-resolution plot of the data set shown in Figure
Apparently, turnover of the enzyme is inhibited by vanadate 6 before addition of ionophores (33 nSAm The parameters of
with higher affinity than the electrical signal. Concanamycin the fit are shown in Table 1.

A is an inhibitor of the Kdp-ATPase (Dse et al., 1993).
However, using up to 100M concanamycin, the electrical

current of comparable magnitude was observed. Note that

signal was not affected, whereas ATP hydrolysis is inhibited the conductivity in both cases was approximately the same.
by 80%. For this unexpected behavior, a tentative explana- These two experiments demonstrate that the transport activity
tion which envolves two different enzyme populations is Of the Kdp-ATPase is the same whether the membranes are
given under Discussion. conductive for K and H" or for K* alone.

By the addition of ionophores, the lipid membranes can  Time Dependence of the Transient Currerithe light

be made conductive. This allows the measurement of apPulses of the UV laser have a duration of only 10 ns. The
stationary current. Applying the protonophore 1799 together release of ATP is limited by the reactions in the caged
with the K*/H* exchanger monensin, which together act as compound following absorption of the photon. Therefore,
a |—|+ and K+ transport System’ a Stationary current over many Under the ConditionS -Of the experiments, ATP iS released
seconds was observed (Figure 4) This demonstrates @.ﬁ:er a laser flash with a time Constan.t of about 44 ms
continuous pumping activity of the Kdp-ATPase after (Walker et al., 1988; Barélsa& Keszthelyi, 1984).
activation with ATP. In a second experiment, the membrane A time-resolved current trace after the release of ATP is
was made conductive by addition of the" Konophore shown in Figure 5. The current was analyzed by fitting a
valinomycin. Also under these conditions a stationary three-exponential function to the signal:
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ionophores (e.g., Figure 5), the current rises with a time 2 ol
constant of ca. 20 ms and decays with two time constants of = 100
ca. 0.5 s and 3 s. As will be shown in the following, the 20¢ 62
rise of the signal is dominated by the rate of release of ATP 0 33
from caged ATP. The decay is attributed to the charging of r I,
the proteoliposomes and the buildup of ionic gradients 4012345678 9101112

time [s]

following the pumping activity of the enzyme. . 6 Electrical sianal i ductivi ‘th
- p IGURE 6: Electrical signal at different conductivities of the
Variation of the Condudity of the Compound Membrane compound membrane. Light source: UV laser. Buffer: 50 mM

The ion pump is coupled to the measuring system via the 1yjs.Hc|, pH 7.5, 2 mM MgS@ 1 mM DTT, 1 mM KCI. Caged
conductivities and the capacitances of the proteoliposomesATP concentration before the UV flash: 60®1. The conductivity
and the supporting planar lipid membrane (see Figure 1). Inwas varied by addition of $10 uM valinomycin.

the following, proteoliposomes and supporting planar lipid

membrane will be refered to as compound membrane. Itis 250
characterized by the system time constant (C,, + C,)/

caged ATP Variation:
Ky 5=50uM

(Gm + G)) (Fendler et al., 1993).G,, and G, are the g

conductivities of the planar bilayer and the proteoliposomes 8 150

and C,, and C, are their capacitances. This time constant —

describes the charging of the proteoliposomes after activation 100 o
of the ion pump. 50 eta-Variation:

. ] Kq.5=220uM
In Figure 6, the measured currents are shown at different

conduct!v!nes of the_membrane_s_. In this experiment, the 000 005 040 015 020 025 030
conductivity was varied by addition of the*Kionophore ATP [mM]

valinomycin. The conductivity of the poroteoliposomes/

planar lipid membrane compound system was measured byFIGURE 7: ATP dependence of the peak current. Light source:
applying a voltage of 10 mV to the membrane. The UV laser. @) Variation of the ATP concentration by addition of

L . caged ATP; fraction of released ATR= 0.15. ) Variation of
measured conductivity was used as an estimate for they,e ATP concentration by using different light intensities; caged
conductivity of proteoliposomes and the planar lipid mem- ATP concentration before the UV flash, 600/1.
brane. At low conductivities, the measured current decays

to zero while at high cnductivities it rises to its maximum Table 1: Time Constants from Fits to the Data Sets Shown in

T T T 1

value without an overshoot (see Figure 6). Figure 6

The signals shown in Figure 6 were analyzed with the fit G (nS/cm) 71 (MS) 72(S) 73(S)
function given in eq 1. The results of the fit are given in 33 17 0.37 20
Table 1. The signal rises with a time constantrof 20 62 20 0.56 2.2
ms. At low conductivities, the signal decays with two time ‘1128 g% g-gg 1?-9

constants. The first time constamt & 0.37 s) of the decay
is comparable to the sytem time constant found for K&
ATPase containing membrane fragments€ 100—200 ms; . ) .
Fendler et al., 1993) and proteoliposomes & 200 ms; constant in th_e absencg of ionophores is fqund to be about
unpublished results) adsorbed to a planar lipid membrane.500 ms. This value is in agreement with comparable
This signal may be understood by assuming that the currentMéasurements on membrane fragmerys<100-200 ms;
generated by the Kdp-ATPase is approximately a step Fendler et al., 1993) and proteoliposomes & 200 ms;
function and that represents the system time constant ~ Unpublished resuits) containing N&"-ATPase. The origin
At t — 0, the current is dominated by capacitive coupling ©f the third time constant;; ~ 2 s, is unclear and may be
and proportional t&,/(C, + Cy) [see Figure 1 and Fendler relgtv_ed to the buildup of concentration gradients during the
et al. (1993)]. This is obvious from Figure 6 where the activity of the pump.
currents rise rapidly to a value which is independent of the ATP Dependence of the Transient Currefithe amount
conductivity of the compound membrane. Starting from this of ATP released after a UV flash depends on the intensity
value, the current rises or decays with the time constant  of the light and the concentration of caged ATP present.
72 is relatively independent of the conductivity but, at high Different light intensities yield different fractions;, of
conductivities, decreases (Table 1) as expected for the systemeleased ATP. The ATP dependence can therefore be studied
time constanty = (C, + C)/(Gm + G,). Att — oo, the by variation of the amount of caged ATP present in solution
current is proportional to the conductivities of the mem- or by variation of the intensity of the UV light. In Figure 7,
branesG/(G, + Gn), and rises with increasing conductivity  the peak current is plotted at different concentrations of
as seen in the figure. released ATP. The ATP concentration was increased by
The arguments given above show that on a time scaleaddition of increasing amounts of caged ATP (black squares).
relevant for the electrical properties of the compound Subsequently, the UV light intensity was reduced, yielding
membranet(> 100 ms) the current generated by the pump decreasing ATP concentrations (open circles). The two
can be approximated by a step function. The system timetraces do not superimpose, showing that the pumping activity

990 17 0.23 17
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Table 2: Time Constants at Different Concentrations of Caged
ATP

co (uM) 71 (ms) 72 (S) 73 (s)
30 44 2.7
50 43 2.5
120 37 1.4
200 33 1.1 20
300 31 0.56 11
500 26 0.67 7.1
700 23 0.63 5.9
900 22 0.59 5.6
1200 19 0.53 4.8

of the enzyme depends on both the ATP and the caged ATP

concentrations.

In our experiments, substrate and inhibitor are simulta-
neously present at concentrations iaf) and (1 — #)c,
respectively. Herecg is the concentration of caged ATP
before the light flash. For competitive inhibition of the Kdp-
ATPase by caged ATP, the enzyme activity is given by

0
U

=
"0l + K1+ [(1 — /K

)
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Ficure 8: Dependence of the normalized peak current on the
concentration of various cations and anions. Light source: UV
laser. Caged ATP concentration before the UV flash: 800
Buffer as in Figure 3. (a) K dependence in the presence B (
0.1 uM valinomycin; () 1 uM valinomycin 1.1uM 1799; (®)

0.1 uM valinomycin, 0.1uM 1799; (») 0.1 uM valinomycin, 0.1

uM 1799; (a) 0.1 uM valinomycin; (¢) 10 uM monensin; @) 10
uM monensin, 1uM 1799. (b) Dependence on various salts in

the presence of 1 mM KCI. () Cholinechloride dependencek)
NaCl dependenced) NaClO, dependence. For comparison, a KClI

Ka and K. are the dissociation constants for substrate and gependence of part a is included (dotted line). Note that some of

inhibitor binding, respectively. Equation 2 can be trans-
formed to yield a hyperbolic dependence on ATP for the
two cases of the experimen = constant andc?
constant, the apparent binding constants being

KK,

K'(n = constant ——————
° nKe+ (1=K,

3)
te

K’ (c = constanty= K 7

6.|<

C a

From a fit with a hyperbolic ATP concentration dependence

the dependencies were recorded in duplicate.

At low caged ATP concentration, the signal rises with a
time constant of approximately 40 ms, which agrees with
the time constant of release of ATP from caged ATP (44
ms; Walker et al., 1988; Barab& Keszthelyi, 1984). The
fact that values forr; < 40 ms are obtained at large
concentrations can be explained by the high ATP concentra-
tion released. Under these conditions, the ATP binding site
is saturated before all of the ATP is released, and a shorter
risetime of the signal is measured. The conductivity
dependence suggests that the decay of the signalwith
0.5 s is due to the system time constanof the compound

to the data of Figure 7, apparent binding constants were Meémbrane. lIts increase at low caged ATP concentrations
determined in both cases, and the ATP and caged ATP(UP 10 2.7 s) is possibly due to a slow process which under
binding constants were calculated using eq 3. For ATP, a these conditions dominates the decay of the signal.

binding constant oK, = 70 uM and for caged ATP an
inhibition constant oK. = 630 uM were found.

The ATP binding constant found in the electrical experi-
ments is comparable to that found for ATP hydrolys{s, (
= 80 uM; Siebers & Altendorf, 1988). The electrical
experiments clearly indicate an inhibitory effect of caged
ATP, probably a competitive inhibition. A 10 times weaker
binding of caged ATP compared to ATP was found which
is comparable to the situation in N&*-ATPase (Nagel et
al., 1987). However, it is worth mentioning that the
enzymatic activity of the solubilized Kdp-ATPase is not
affected by caged ATP. This is in clear contradiction to the

Dependence of the Transient Current on Different Cations
and Anions The K" dependence of the transient currents is
shown in Figure 8a, where six different experiments are
summarized. For comparison of the different experiments,
the peak currentgeacshown in the figure are normalized to
their maximal valuelpeakmax As shown with different
ionophores (see figure legend), the accessibility of the
internal volume of the proteoliposomes or the buildup of an
electrochemical potential does not influence the measure-
ments. Already at nominally zero *Kconcentration, a
current could be measured. This may be attributed to the
high K* affinity of the enzyme o5 = 2—10 uM; Rhoads
et al., 1976; Siebers & Altendorf, 1988) and the residual

electrical experiments. At present, we have no explanation g ount of K- in a nominally K'-free buffer. From the

for this surprising finding.

In addition to the peak current, also the time constants of
the electrical signal change at different concentrations of
caged ATP. This is shown in Table 2. At low caged ATP
concentrations, only two exponential functions were required

to describe the signal. With increasing caged ATP concen-

tration, the signal rises more rapidly and decays faster.

figure, a half-saturation concentration for the activation of
the enzyme with K of about 50uM can be estimated.

At high K* concentrations (about 65 mM), the current
generated by the Kdp-ATPase is reduced. This was analyzed
in more detail by addition of different cations and anions to
a solution which already contained 1 mM KCI. As shown
in Figure 8b, the addition of NaCl, cholinechloride, or
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NaClO, reduces the signal. However, the effect of the in our experiments in the following way: The majority of
different cations and anions is significantly different: NaCl ion pumps are “unoriented”. This means an association with
performs like KCI; cholinechloride is less and NaGl@® the liposome which leaves the ATP binding sites accessible
much more effective than KCI. This demonstrates that the from the outside but transport across the membrane does not
reduction of the signal at high salt concentration is not an occur. “Unoriented” ATPases are not unusual for liposome
inhibitory effect of K" at its release site nor is it a simple preparation. Up to 70% of unoriented N&™-ATPase have

ionic strength effect. been reported for N&-ATPase proteoliposome preparations
(Cornelius, 1988; Hilden & Hokin, 1975). This population
DISCUSSION is sensitive to inhibitors but cannot be activated by valino-

| h ; ) fmycin. By its large number, these enzymes dominate
P-Type Ar\]TPase Cfta yze tde atJrransport of a variety of yqrolysis. In contrast, the electrical signal is generated by
cations such as § Na', K*, and C&". In many cases, tWO 4 soriented” population which is not sensitive to inhibitors.

different ion types are transported sequentially in 0pposite e numps determine the results obtained by the electrical
dlrectlons. Countertransport can be energetically favorable'experiments while the “unoriented” population is electrically
because it reduces the transported net charge. If the pumpjant.

has to work against extreme ion concentrations, electroneutral |+ Countertransport? The Kdp-ATPase is a P-type

operation is the preferred principle of design. This is realized ATPase like the mammalian KK -ATPase which has been
in the H'K*-ATPase from parietal cells of the stomach, ihtensively investigated in the past. Comparison of the

where two H ions are exchang_ed against two' Kons' transport mechanism of the Nl&*t-ATPase with the Kdp-
(Rabon et al., 1982). Electrogenic transport can contribute Atpase may provide valuable insight into the transport
or act against the membrane potential. In turn, the pump .« hanism of the Kdp-ATPase. The Ma-ATPase trans-

act|V|ty.ma.y bp} rr]egullated by '.{he fmembrang pr(])tenftlal. ports three Naions to the extracellular medium and imports
Determination of the electrogeneity of transport is therefore ,, k+ jons into the cell. Na transport is associated with

important for the energetics of the pump, for its regulation, the formation of the phosphointermediatePEwhile K+

and for cell function. transport takes place after dephosphorylation of the enzyme,
Kdp-ATPase Is ElectrogenicElectrogeneity of the Kdp-  probably during the E— E; transition [for a review, see
ATPase has been investigated on whole cells (Bakker & Lauger (1991)]. Since the Kdp-ATPase transportsifto
Mangerich, 1981). Net K uptake leads to depolarization the cell, it seems reasonable to assign therknsport events
of the cell membrane. However, in native membranes, jn Kdp- and NaK*-ATPase to the same reaction steps,
electrogeneity of a single component is difficult to determine, namely, the E— E; transition. The question now arises
since other membrane proteins may contribute to chargewhether there is a transport event in Kdp-ATPase which is
translocation. Therefore, in this paper we used purified Kdp- analogous to Natransport and formation of 2. Since H
ATPase reconstituted into liposomes. In the fluorescence countertransport is a possible candidate for this reaction, the
measurements (Figure 2), it was shown that the purified Kdp- following, tentative reaction mechanism for the Kdp-ATPase
ATPase reconstituted into liposomes generates a negativecould be envisaged: extrusion of one fdut of the cell
potential inside when activated by ATP. These measure- followed by the import of two K into the cell. The transport
ments demonstrate that during the Kdp reaction cycle a of two K* ions was chosen in analogy to the i¥a-ATPase.
positive charge is transported to the cytoplasmic side of the Since we found positive charge transported to the intracellular
protein. Direct evidence for that stems from electrical side of the protein, the transport of zero and orfeaire both
measurements. According to our experimental configuration, consistent with the experimental data obtained.
a positive current represents a translocation of positive charge under the conditions used in the fluorescence experiments,
toward the lipid bilayer. Only enzyme molecules reconsti- the pump is most probably controlled by the generated
tuted in the |iposomes with their intracellular side faCing potentia| rather than by ion gradients (See Resu|ts)_ This
outward can be activated by ATP generated in the buffer. makes assessment of ittansport difficult. In addition, the
Consequently, the electrical measurements show that upomigh passive permeability for protons of the liposomes
activation with ATP positive charge is transported to the complicates the interpretation of the experiments. Therefore,
cytoplasmic side of the protein. Therefore, both the fluo- the fluorescence measurements, while showing no indication
rescence as well as the electrical measurements demonstra®r H+ transport, do not rule out Hcountertransport.
the electrogenic nature of ion transport by the Kdp-ATPase.  A|so, the electrical experiments are consistent with the
Both inhibitors, vanadate and concanamycin, seem to benotion that the Kdp-ATPase transports exclusivelyigns
more effective under turnover conditions than in the electrical because a stationary current is obtained when the membrane
experiments. A similar effect is found for valinomycin, is permeable only for Kions. An additional conductivity
which stimulates the electrical signal in the same way as for H* does not significantly change the stationary current
monensin does (Figure 3) while being inefficient in activating (see Figure 4). Under the conditions used in the experiment,
hydrolysis of ATP by the proteoliposomes (see Results). Two the buffer has a relatively low buffer capacity of ca. 6 mM.
alternative explanations can account for this behavior: (1) In the time range of the experiment (100 s), the pump
The reaction steps contributing to the electrical signal are transports approximately-810 mM ions. This seems to
different from those that determine hydrolysis, namely, the exceed the buffer capacity leading to a strong acidification
rate-limiting step. (2) Different populations of the recon- of the liposome interior. However, in view of the consider-
stituted enzyme are responsible for the different measure-able proton permeability of the liposomes, a definite conclu-
ments. Hypothesis 1 has to be rejected because the electricadion about H countertransport is difficult.
signal represents the stationary state of the Kdp-ATPase (see In summary, we have found no indication that in the Kdp-
below). Hypothesis 2 can account for the behavior observedATPase H countertransport takes place. However, based
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on our experiments, we cannot rigorously exclude this K* acting, e.g., at the Krelease sites. Other cations which

possibility. If we adopt a model analogous to thetKa- are not transported reduce the signal as well. In addition,
ATPase, the formation of the phosphoenzyme in the Kdp- the type of anion or cation present matters. This may be
ATPase corresponds either to the transport of orieid indicative of a Hoffmeister effect of chaotropic ions as
out of the cell or to the return of the unloaded Kinding demonstrated for the N +-ATPase (Post & Suzuki, 1991).
sites to the extracellular surface. Conclusions and a Plausible Transport ModéNe have

The Electrical Signal The measured time-resolved current measured the electrogenic transport of the purified Kdp-
potentially contains information about partial reactions during ATPase reconstituted into liposomes. With a direct current
the enzymatic activity of the enzyme. However, in addition measurement, it was shown that during the Kdp reaction
to the properties of the enzyme, also the principle of the cycle positive charge is transported to the cytoplasmic side
measurement itself influences the signal. As has been showrof the protein.
previously, the system time constarg and the time of The Kdp-ATPase transports*kwith high affinity. If a
photolytic release of the substrate are contained in the signaltransport model analogous to that of the'Kd-ATPase is
(Fendler et al., 1993). These processes have to be identifiedadopted, the following tentative assignments can be made:
in the electrical signal if kinetic information about the ion The first step after ATP binding is the formation of the
pump is to be extracted. phosphointermediates&ATP — E;P — E,P. This reaction

The electrical signal rises with a time constantref~ is correlated with either the return of the unloadedidihding
15-50 ms. 7; is independent of the conductivity of the sites to the extracellular surface or possibly the transport of
membrane (Table 1) and has to be assigned to the timeone H" out of the cell or both (if distinct binding sites for
constant of the release of ATP from caged ATP (44 ms under K* and H" are assumed). This reaction is analogous t6 Na
the conditions of the experiment). transport in the N&K™-ATPase. Transport of two Kinto

The system time constant describes the discharge of the cell corresponds to the, E> E; transition (as it does in
the compound membrane after charging by the electrogenicthe Na'K*t-ATPase). Both reactions,Ktransport and the
activity of the ion pump. As mentioned under Results, the return of the unloaded Kbinding sites and/or Htransport,
time constant, ~ 0.5 s (at saturating caged ATP concentra- can in principle be electrogenic. On the basis of the electrical
tions) was assigned to the system time constant experiments presented here, we cannot decide which of these

The third time constant;; = 2—17 s, is much too large  partial reactions are electrogenic. Electrical measurements
to be part of the reaction cycle of the Kdp-ATPase. It with a higher time resolution are under way to resolve the
disappears at low activation of the ion pump (Table 2). two transport reactions.

Presumablyrs represents the effect of concentration gradi-

ents across the proteoliposome membrane. ACKNOWLEDGMENT
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