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Time-Resolved Charge Translocation by the Ca-ATPase from
Sarcoplasmic Reticulum after an ATP Concentration Jump
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ABSTRACT Time-resolved measurements of currents generated by Ca-ATPase from fragmented sarcoplasmic reticulum
(SR) are described. SR vesicles spontaneously adsorb to a black lipid membrane acting as a capacitive electrode. Charge
translocation by the enzyme is initiated by an ATP concentration jump performed by the light-induced conversion of an
inactive precursor (caged ATP) to ATP with a time constant of 2.0 ms at pH 6.2 and 24°C. The shape of the current signal is
triphasic, an initial current flow into the vesicle lumen is followed by an outward current and a second slow inward current.
The time course of the current signal can be described by five relaxation rate constants, A, to A5 plus a fixed delay D ~ 1-3
ms. The electrical signal shows that 1) the reaction cycle of the Ca-ATPase contains two electrogenic steps; 2) positive charge
is moved toward the luminal side in the first rapid step and toward the cytoplasmic side in the second slow step; 3) at least
one electroneutral reaction precedes the electrogenic steps. Relaxation rate constant A, reflects ATP binding, with A3 o, =~
100 s~'. This step is electroneutral. Comparison with the kinetics of the reaction cycle shows that the first electrogenic step
(inward current) occurs before the decay of E,P. Candidates are the formation of phosphoenzyme from E,ATP (A, = 200s™ ")
and the E,P — E,P transition (D =~ 1 ms or A, ~ 300 s~ "). The second electrogenic transition (outward current) follows the
formation of E,P (A, ~ 3 s™") and is tentatively assigned to H* countertransport after the dissociation of Ca2*. Quenched flow
experiments performed under the conditions of the electrical measurements 1) demonstrate competition by caged ATP for
ATP-dependent phosphoenzyme formation and 2) yield a rate constant for phosphoenzyme formation of 200 s~'. These
results indicate that ATP and caged ATP compete for the substrate binding site, as suggested by the ATP dependence of A,

and favor correlation of A, with phosphoenzyme formation.

INTRODUCTION

The Ca-ATPase of the sarcoplasmic reticulum (SR) couples
the hydrolysis of ATP to the transport of Ca** into the SR
lumen with a stoichiometry of 2 Ca**/ATP (for a review
see, e.g., De Meis, 1981; Inesi and De Meis, 1985). There is
also some evidence that the Ca®" translocation is followed
by the countertransport of protons (Chiesi and Inesi, 1980;
Levy et al., 1990; Yamaguchi and Kanazawa, 1984, 1985;
Inesi and Hill, 1983; Yu et al., 1993, 1994; da Costa and
Madeira, 1994). A stoichiometry of 2 Ca**/x H*/1 ATP
with x = 1-3 is consistent with the generation of current by
the Ca-ATPase (Hartung et al., 1987; Eisenrauch and Bam-
berg, 1990). Available data suggest that the Ca>* translo-
cation occurs in at least four steps (Inesi et al., 1990): 1)
binding of Ca®* to high affinity sites on the cytoplasmic
side of the SR membrane; 2) occlusion of Ca®>* bound to the
high-affinity sites after the addition of ATP (Sumida and
Tonomura, 1974; Dupont, 1980; Takisawa and Makinose,
1981); 3) transfer of Ca®>* from high- to low-affinity sites
into the SR lumen; and 4) release of Ca%™* from the low-
affinity sites into the lumen of the SR. The occlusion
process on the cytoplasmic surface is relatively fast and
probably occurs in parallel to the phosphorylation step
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(Inesi, 1987; Beeler and Keffer, 1984). Whereas the time
course of the slow Ca®* release on the lumenal side could
be determined (Beeler and Keffer, 1984; Champeil and
Guillain, 1986; Froehlich and Heller, 1985; Inesi, 1987;
Khananshvili and Jencks, 1988; Orlowski and Champeil,
1991; Hanel and Jencks, 1991), time-resolved measure-
ments of the occlusion process are impossible with conven-
tional techniques. It seems possible, however, to determine
such events with good time resolution if they are coupled to
the movement of electrical charge (Fendler et al., 1993).
Recently it has been shown in this laboratory that the
Ca-ATPase of the sarcolplasmic reticulum generates an
ATP-dependent electrical current (Hartung et al., 1987;
Eisenrauch and Bamberg, 1990), confirming earlier sugges-
tions that this transport enzyme is an electrogenic ion pump
(Zimniak and Racker, 1978; Beeler, 1980; Navarro and
Essig, 1984). Vesicles derived from rabbit SR adsorb spon-
taneously to a black lipid membrane (BLM) acting as a
capacitive electrode. This allows the measurement of time-
dependent electrical currents generated by the Ca-ATPase
without incorporation of the enzyme into the membrane
(Fahr et al., 1981; Borlinghaus et al., 1987). It has been
possible to make time-resolved measurements of the pre-
steady-state charge translocation by the Ca-ATPase by per-
forming a fast ATP concentration jump, which can be
achieved by the laser flash-induced photolysis of caged
ATP, a protected analog of ATP (Kaplan et al., 1978). This
approach has been used to measure the pre-steady-state
charge translocation of the Na-K ATPase (Fendler et al.,
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1987, 1993; Borlinghaus et al., 1987), the H-K ATPase
(Stengelin et al., 1993), and the Kdp-ATPase (Fendler et al.,
1996).

The data reported here provide evidence that the reaction
cycle of the Ca-ATPase contains at least two electrogenic
steps. One electrogenic step is located in the first half of the
reaction cycle (i.e., before the decomposition of E,PCa’"),
whereas the second occurs after the formation of E,PCa”*.
It is proposed that positive charge is moved in both transi-
tions. An attempt is made to identify the electrogenic step(s)
and to correlate the observed relaxation rate constants with
data obtained by other methods, including the chemical
quenched flow technique. In addition, the temperature de-
pendence of the charge translocation is described. Some of
the experiments have been published in abstract form (Har-
tung and Fendler, 1989).

MATERIALS AND METHODS
Electrical measurements

Most of the experimental procedure has been described in detail previously
(Hartung et al., 1987; see also Fendler et al., 1985, 1987, 1993). Sealed
membrane vesicles derived from fragmented sarcoplasmic reticulum (Has-
selbach and Makinose, 1963) are adsorbed to a black lipid bilayer (area 1
mm?) formed in the hole of a septum separating two compartments (vol-
ume 1.5 ml) of a Teflon cell. This approach allows the measurement of
nonstationary currents generated by the Ca-ATPase by the capacitive
coupling between vesicle and supporting membrane (Fahr et al., 1981;
Fendler et al,, 1987; Borlinghaus et al,, 1987; Hartung et al., 1987).
Stationary currents can be measured if the supporting membrane is per-
meabilized with ionophores. Bilayers were made from 1.5% (w/v) di-
phytanoyl phosphatidylcholine (Avanti Biochemicals, Birmingham, AL)
and 0.05% (w/v) octadecylamine (Riedel de Haen, Hannover, Germany) in
n-decane. The standard electrolyte was (in mM): CaCl, (1), EGTA (1),
MgCl, (1), dithiothreitol (1), Tris (25). The pH was adjusted with HEPES
to 6.2. The free Ca* concentration was 0.1 mM. The composition of other
electrolytes is given in the figure legends. SR vesicles (0.1 mg protein/ml
final concentration) and caged ATP were added to the cis-compartment of
the cuvette (Fig. 1). Current flow across the lipid bilayer is measured by a
current to-voltage converter (10’ V/A, OPA 111; Burr Brown). Voltage
measurements were performed with an operational amplifier of high input
resistance (10'® 2, OPA 111; Burr Brown). In most experiments the input
of the voltage amplifier was shunted by a 10-G{} resistor. The compart-
ments of the cuvette are connected to the measuring circuit via Ag/AgCl
electrodes and agar bridges (2% agar, 100 mM KCl or LiCl). The agar
bridges were blackened with ink to avoid photoelectric effects at the
Ag/AgCl electrodes. The output of the current-to-voltage converter was
amplified (100X), filtered (dc to 300 Hz or dc to 1000 Hz), digitized
(Nicolet 2091), and stored on a computer. Light pulses of 308-nm wave-
length (10 ns) from an excimer laser (EMG 100; Lambda Physik, Gottin-
gen, Germany) were used to photolyze caged ATP. The maximum energy
density in the plane of the membrane was 1.2 J/cm?. Attenuation of the
light intensity was achieved by calibrated neutral density filters covering
the UV range (Melles and Griot, Irvine, CA). Standard light pulses (100
ml/cm?) photolyzed 17% of the caged ATP near the membrane and 0.3%
of the total caged ATP contained in the cis-compartment. The fraction of
caged ATP photolyzed near the membrane is indicated by 7. Higher flash
energies could be used at the expense of an increasing risk of destroying
the membrane. After each flash, the system was kept in the dark for 10 min
and stirred to allow dilution of ATP released by the flash and hydrolysis by
enzyme present in the solution. At pH 6.2, | mM Mg>*, and 24°C, the time
constant for the conversion of caged ATP to ATP is ~2.0 ms (Barab4s and
Keszthelyi, 1984; Walker et al., 1988). The formation of ATP was deter-
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FIGURE 1 Scheme of a SR vesicle adsorbed to a black lipid membrane
and its equivalent electrical circuit. f, contact area between vesicle and
black lipid membrane; f,, area of the black lipid membrane not covered by
vesicles; f,, area of the vesicle not in contact with the black lipid mem-
brane; I,(#), current generated by the Ca-ATPase; /(#) and U(#), current and
voltage that can be measured; c, specific capacity; g, specific conductance.
The subscripts m, v, and u refer to the lipid bilayer, the vesicle, and the
uncovered membrane, respectively.

mined by the luciferin-luciferase test as described before (Fendler et al.,
1985)

If not indicated otherwise, 1 uM A23187 (Sigma, St. Louis, MO) was
added to the cis-compartment to prevent Ca®>* accumulation inside the
vesicles (Scarpa et al., 1972). To measure stationary currents, the protono-
phore 1799 (kindly provided by Dr. P. Heytler, DuPont Co., Wilmington,
DE) was added (Hartung et al., 1987). Free Ca?* and Mg?* concentrations
were calculated by an iterative computer algorithm using the stability
constants for EGTA and ATP as published by Martell and Smith (1974).

In an attempt to create ATP pulses rather than concentration steps, high
concentrations of hexokinase (400 to 1500 units/m! type F-300, Sigma, ST.
Louis, MO) and 4 mM glucose were added to the cis-compartment. This
effectively prevents stationary activity of the enzyme, indicating that most
of the ATP released is hydrolyzed within the first turnover of the enzyme.

Quenched-flow measurements

The pre-steady-state time course of phosphoenzyme formation was mea-
sured in a multi-mixing apparatus (Froehlich and Taylor, 1975, 1976).
Incubation conditions were selected to match those of the bilayer measure-
ments. SR membrane vesicles (0.4—0.8 mg/ml) suspended in a medium
containing (in mM) CaCl, (1), EGTA (1), MgCl,(1), Tris (25), and HEPES
(25) (pH 6.2) were mixed with an equal volume of the same solution
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containing 0.02-0.4 [y->PJATP and no enzyme, and allowed to incubate
for time intervals lasting 4-300 ms. The reaction temperature was main-
tained at 24°C (Fendler et al.,, 1993). To terminate the reaction 3%
perchloric acid and 6 mM K,HPO, were added from a third syringe, and
the protein fraction containing the acid-stable phosphoenzymes was sepa-
rated from the radiolabeled ATP and inorganic phosphate by centrifugation
at 1000 X g at 4°C. The protein washing procedure and assay for
[*?P]phosphoenzyme were carried out as described (Froehlich and Heller,
1985). Recovery of the protein during the washing procedure was >95%.

Kinetic modeling

The recorded signals were fitted with a model function consisting of a sum
of exponentials plus a constant term if a stationary current was present.
An improved fit in the fast rising phase was obtained by introducing a
linear time delay D and constraining the function to start at 1 = D, with [ =
0 and d//dt = 0. This corresponds to a linear, unidirectional, first-order
reaction sequence with two (D = 0) or more (D > 0) electroneutral
transitions preceding the electrogenic step. The model function is given by

4

It) = X Ajexp[—A(t — D)] + B (1a)
1

where, according to the constraints given above, two of the four amplitudes
A, and the stationary current B are not independent fit parameters, but are
given by

C A — A + Al — M) + B
Ay — A

| =
(1b)
_As()\l - )\3) + A4()\1 - /\4) + B)\l

4> = /\1"‘/\2

This approach reduces the number of fit parameters by 1 and allows one to
extract more information out of the fast rising phase of the signal. In the
following sections time constants obtained from fit procedures are denoted
as relaxation time constants, 7, and the inverse is denoted as a relaxation
rate constant, A, to distinguish it from rate constants describing individual
forward and backward reaction steps.

Rate constants for ATP-dependent phosphoenzyme formation in the
absence of K* were evaluated from the quenched-flow data by fitting to a
simple rising exponential function:

EP(r) = A[1 — exp(—k1)]

where A is the steady-state level of phosphorylation and k is the apparent
rate constant for this reaction. MLAB software (Civilized Software, Be-
thesda, MD) was used to evaluate these parameters.

RESULTS

Basic properties of the ATP-induced
charge translocation

Fig. 2 shows the current signal produced by an ATP con-
centration jump in the absence of K* on three different time
scales to demonstrate the different phases of the ATP-
induced current. The sign of the current was chosen such
that a negative current indicates an inflow of positive charge
(Ca®") into the lumen of the SR vesicle. Immediately after
the laser flash a positive current component is observed,
which—after a delay—is followed by a negative and a
second positive component (Fig. 2 A). A second negative
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FIGURE 2 Current signal generated by the SR Ca-ATPase after the
photolysis of caged ATP by a laser flash. To identify the five components
(A, to A,) of the signal, it is plotted with different scalings. A and B are
from the same experiment, but in B the intensity of the laser was lower.
This allows a better separation between the initial artefact and A,. C is from
a different experiment, in which A; was clearly visible. Experimental
conditions: caged ATP 600 uM (A, B) and 102 uM (C); after the laser flash
the concentration of ATP was 29 uM (A), 4.8 uM (B), or 16 uM (C).

component with a very slow time course and small ampli-
tude is visible in signals of large amplitude, as shown in Fig.
2 C, which is from a different experiment. The initial
positive current after the laser flash is an artefact due to the
dissipation of light energy and perhaps photochemical re-
actions at the surface of the membrane. The very slow
negative component is slower than a single turnover of the
enzyme. For reasons discussed below, it is assumed to
reflect the electrical properties of the combined membrane
system (Fig. 1).

The time course of the current signal after the initial
artefact can be fitted by a sum of up to five exponential
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functions (A, to A5 with relaxation time constants 7, to 7s;
see Fig. 2) and a fixed delay D. In the following the terms,
relaxation time constant 7 and its inverse the relaxation rate
constant A = 1/7 are used as deemed appropriate. The initial
positive component is not fully time resolved at a bandwidth
of 1 kHz. Inspection at a larger bandwidth indicates that it
lasts for less than 1 ms. Several arguments suggest that it is
related to the dissipation of the energy of the laser flash and
the release of ATP itself rather than to reactions of the
Ca-ATPase: 1) it is observed if caged ATP is photolyzed in
the absence of SR vesicles; 2) it is also seen at very low
concentrations of Ca’" at which no ATPase activity is
expected; 3) saturation with normal ATP (5 mM ATP)
prevents the following current signal but not the first posi-
tive component. Thus this first current component is an
artefact that is not generated by the Ca-ATPase (see also
Borlinghaus et al., 1987; Fendler et al., 1987). The follow-
ing parts of the current signal (4, to A,) behave as expected
for a current generated by the Ca-ATPase (see below and
Hartung et al., 1987).

ATP dependence of the initial
charge translocation

According to the reaction cycle of the Ca-ATPase, the first
step after the ATP concentration jump should be binding of
ATP to the enzyme. Thus investigation of the ATP depen-
dence of initial charge translocation might help to identify
the current components correlated with ATP binding. In
principle, there are two possibilities of changing the amount
of ATP released per light flash: 1) the concentration of
caged ATP may be changed at a constant flash energy and
2) the energy of the laser flash may be varied at a constant
concentration of caged ATP. If binding of caged ATP to the
ATP binding site is negligible, the two methods should
yield identical results. As shown below, this is not the case;
caged ATP acts as a competitive inhibitor. Fig. 3 shows the
time course of the current signal obtained after a small (2.7
M) and medium (27 uM) ATP concentration jump. The
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FIGURE 3 Comparison of the ATP-induced current signal after the
release of 2.7 (trace a) and 27 (trace b) uM ATP. Traces are superimposed
and scaled to the peak amplitude. Trace a has been multiplied by 2.92. The
vertical calibration bar refers to trace b. The concentration of caged ATP
was 20 and 200 uM.
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current signals are superimposed and scaled to the maxi-
mum of the negative amplitude to allow comparison of the
time course (for details see the figure legend). It is obvious
that the initial rising phase is not affected by the 10-fold
increase of ATP, whereas the decay is markedly accelerated
at the higher ATP concentration. For a detailed analysis,
current signals obtained at different concentrations of ATP
were fitted with a sum of four exponential functions (A, to
Ay; see Fig. 2). The ATP dependence of the relaxation rate
constants A; to A4 is shown in Fig. 4. The relaxation rate
constants A, ~ 300s™', A, ~200s™", and A, =~ 3 s~ are
independent of the concentration of ATP. Only A, shows a
distinct ATP dependence. It can be described by a Michae-
lis-Menten formalism with K = 4.6 uM. At saturation it is
A max = 35 s~! under the conditions of this experiment
(m = 0.14).

In the experiment shown in Figs. 3 and 4, the ATP
concentration was modified by the variation of the concen-
tration of caged ATP at constant flash energy. In the same
experiment, the concentration of ATP was modified by
changing the light intensity (7,,,x = 0.69) after reaching the
final concentration of caged ATP (300 uM). Fig. 5 shows
for both conditions the ATP-dependent relaxation rate A;
versus the concentration of ATP. It is obvious that satura-
tion of the relaxation rate occurs at much higher ATP
concentrations if the ratio of ATP to caged ATP is modified.
Half-saturation occurs at 71 uM compared with 4.6 uM,

400 . . . '
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ANEs)

ATP [uM]

FIGURE 4 ATP dependence of the relaxation rate constants. The
amount of ATP released was modified by increasing the concentration of
caged ATP while keeping the intensity of the laser flash constant (n =
0.14). Same experiment as in Fig. 3. The ATP dependence of the relaxation
rate constant A, was fitted with a Michaelis-Menten-like function with
K, =46 uMand A, = 35s7".
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FIGURE 5 The relaxation rate constant Ay depends on ATP and caged
ATP. In the same experiment the amount of ATP released per flash was
first increased by adding increasing amounts of caged ATP at constant
energy (n = 0.14) of the laser flash (O). Then at a concentration of 300 uM
caged ATP the amount of ATP released was modified by changing the
energy of the laser flash (@], n,,., = 0.69). The lower part of the figure
shows the data on an expanded scale. Same experiment as in Fig. 3. A
Michaelis-Menten equation with X,,, = 4.6 and 71 uM and A, ,,,, = 35 and
94 s~! was fitted to both data sets.

and A3 ., increases from 35 s™! to 94 s”'. The other
relaxation rates are unaffected, as shown before in Fig. 4.
From this type of experiment it seems clear that caged ATP
binds to the Ca-ATPase and affects the kinetics. Qualita-
tively caged ATP behaves like a competitive inhibitor that is
displaced by ATP from the substrate-binding site. To obtain
additional quantitative information about the binding of
caged ATP to the Ca-ATPase, the ATP dependence of the
relaxation rate constant A; was measured at a variety of
ratios of ATP to caged ATP. A plot of the ATP-dependent
relaxation rate constant at different ATP concentrations
versus the caged ATP concentration (Dixon plot) allows one
to estimate the binding constant of caged ATP (e.g., Nagel
et al., 1987). As shown in Fig. 6, regression lines connecting
data points at identical ATP concentrations intersect at
about —0.1 mM to —0.15 mM, indicating competitive bind-
ing of caged ATP with a binding constant K; of this mag-
nitude.

Thus it is clear that the relaxation rate constant A; is
determined not only by the amount of ATP released, but
also by the ratio of caged ATP to ATP. There are, however,
two limiting cases that allow one to neglect the exchange
reaction. The first is given if the concentration of caged
ATP is lower than its binding constant, i.e., [CATP] << K.
In the other case, the ATP-binding site must be saturated
([cATP] >> K)), and the energy of the laser flash should be
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FIGURE 6 Dixon plot of the relaxation time constant T,, which was
determined at different concentrations of caged ATP and different flash
energies. The concentration of caged ATP is that after the laser flash. Data
obtained with the same concentration of ATP are denoted by identical
symbols and connected by regression lines intersecting at about —100 uM
caged ATP, indicating a binding constant of this magnitude. ATP: 1.3 uM
(@), 24 uM (V), 5.1 uM (V).

so high that all caged ATP is photolyzed. We consider the
second case first. If caged ATP bound to the ATP-binding
site is photolyzed almost completely and no further rear-
rangement of enzyme and substrate is necessary, then the
ATP-dependent component should become very fast. In the
limit it should be as fast as the reaction step after ATP
binding, i.e., phosphorylation (~200 s~'; see below, Froeh-
lich and Heller, 1985; Petithory and Jencks, 1986), assum-
ing that the photolysis reaction is as fast as in solution (500
s~!) and is not rate limiting. The maximum relaxation rate
)5 observed experimentally is about 100 s ™! if the concen-
tration of caged ATP is 600 uM and about 80% of it is
photolyzed in solution. As this is close to 200 s, it seems
possible that the ATP-dependent reaction is started imme-
diately by the photolysis of caged ATP already bound to the
ATP-binding site. The first case ([cATP] = 20 uM K< K,
=~ 100 uM) is included in Fig. 7, showing the ATP depen-
dence of relaxation rate constant A, at different concentra-
tions of caged ATP and light intensities (same experiment
as in Fig. 6). It is obvious that the ATP dependence becomes
steeper at decreasing caged ATP concentrations. In the limit
[cATP] << K, the ATP binding rate constant may be
deduced from the initial slope of the ATP dependence of A,.
Assuming that this condition holds for 20 uM caged ATP,
a binding rate constant of 9 X 10° M~! s™! is obtained from
the slope of the relation A; versus ATP at 20 uM cATP.
This agrees with binding rate constants obtained by others
(Froehlich and Heller, 1985; Froehlich and Taylor, 1975; Fer-
nandez-Belda and Inesi, 1986; Pefithory and Jencks, 1988).

Effect of K* on the pre-steady-state current

Fig. 8 shows the current signal obtained after the release of
ATP in the absence of K™ (i.e., no K* added) and after the
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FIGURE 7 Plot of the relaxation rate constant A; versus the ATP con-
centration at four different concentrations of caged ATP. Concentrations of
caged ATP before the flash were 20, 50, 150, and 280 uM. The amount of
ATP released at a given concentration of caged ATP was changed by
modification of the energy of the laser flash. Same experiment as in Fig. 6.

addition of 50 mM K™ normalized to the same peak ampli-
tude. In the presence of K* the amplitude of the signal is
reduced by ~50% (see figure legend), but the time course is
nearly unchanged. Note that the amplitude of the current
obtained in the absence of K* has been scaled.

Temperature dependence

The temperature dependence of the ATP-dependent charge
translocation has been determined between 9.6°C and 33.2°C.
Fig. 9 shows a plot of the relaxation rate constants A,, A, Ay,
and A versus the inverse temperature. The activation energy of
the relaxation rate constants A, to A, is between 41 and 55
kJ/mol, which is very similar to that of the peak current, 46

FIGURE 8 Effect of K* on pre-steady-state charge translocation. Trace
a shows the current in the absence of added K™, and trace b the current
after the addition of 50 mM K™ . Trace b has been scaled by a factor of 1.4.
The vertical calibration bar refers to trace a. Caged ATP: 600 uM. The
ATP concentration after the flash was 55 uM.
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FIGURE 9 Temperature dependence of the relaxation rate constants
between 9.6°C and 33.2°C. Current signals were fitted with four exponen-
tial functions (i.e., A, was neglected). The activation energies were deter-
mined from the slopes of the regression lines.

kJ/mol (not shown). The activation energy of the relaxation
constant A5 is only 15 kJ/mol, suggesting that it is not directly
related to the activity of the Ca-ATPase.

The system time constant

The voltage generated by the Ca-ATPase was measured in
the presence of K* before and after the addition of hexoki-
nase to determine the system time constant from the decay
of the voltage after cessation of the activity of the Ca-
ATPase. Very high concentrations of hexokinase were used
to hydrolyze rapidly the released ATP. This is verified by
the disappearance of stationary Ca-ATPase observed with
conductive bilayer membranes (Hartung et al., 1987). Fig.
10 shows that before the addition of hexokinase the peak
current is followed by a stationary current. After the addi-
tion of hexokinase a peak current is still observed, but
stationary currents are completely abolished, indicating that
most of the ATP released by the laser flash is hydrolyzed
during the peak current within ~100 ms.

Fig. 11 shows the voltage generated across the bilayer
before and after the addition of hexokinase. In the absence
of hexokinase the voltage rises to a stationary level that is
maintained for several seconds while a transient behavior is
observed in the presence of hexokinase. The decay of the
voltage signal in the presence of hexokinase can be de-
scribed by an exponential function with a time constant of
3 5. Because ATP released by the flash is hydrolyzed much
faster (see Fig. 10), it is assumed that the decay of the
voltage is determined by the system time constant of the
vesicle bilayer combination.

Conductance of vesicles adsorbed to the BLM

It is generally assumed that the SR membrane has a very
high conductance between 0.01 and 0.1 S/cm? (Hasselbach
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FIGURE 10 Effects of hexokinase and glucose on stationary pump cur-
rents. A stationary pump current (trace a), which is observed if the
supporting bilayer is made permeable with an ionophore (1 uM 1799),
disappears if the ATP released is hydrolyzed rapidly by 800 units/ml
hexokinase and 2 mM glucose. The membrane conductance was 2.5 nS; the
ATP concentration after the flash was 5 uM.

and Oetliker, 1983; Miller et al., 1984). This, however, is in
contradiction to a system time constant 7, of ~1-3 s as it is
derived from the voltage and current measurements de-
scribed here. In addition, it seems unlikely that such leaky
vesicles might create a measurable electrical signal (see
Discussion). Therefore, an attempt has been made to deter-
mine the electrical conductance of SR vesicles. For this
reason the steady-state current has been measured as a
function of the overall conductance of the membrane system

a)ann%
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FIGURE 11 Time course of the voltage generated across the bilayer
after the release of ATP. Trace a shows the signal in the presence of 40 mM
K™ before and after the addition of hexokinase (600 units/ml) and glucose
(2 mM). The continuous line fitted to the decay phase represents an
exponential function with a time constant of 3.1 s (trace b). In these
experiments the photolysis of caged ATP was achieved by a flash of 33 ms
from a mercury lamp.
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induced by the protonophore 1799. As shown in the Ap-
pendix, the original conductance of the vesicle membrane or
at least an upper limit can be deduced from this relation if
a number of reasonable assumptions are made.

Fig. 12 shows the relation between the overall conduc-
tance and the stationary pump current. The current saturates
at ~10 uS/cm?. Half-saturation occurs at ~1 uS/cm?. From
these data an upper limit of 2 uS/cm? for the original
conductance of SR vesicles is derived from relations A5 to
A7 given in the Appendix. This corresponds to a system
time constant 7, = 0.5 s and agrees with the assumption that
75 corresponds to 7. It should be noted that the conductance
estimated in this way may be too low if the ionophore
increases the vesicle conductance much more than that of
the BLM. This seems improbable, because practically no
measurable stationary current is expected if the vesicle
conductance increases much faster than that of the lipid
bilayer.

Rapid mixing, quenched-flow experiments

With [y-*?P]ATP as the substrate, rapid mixing, quenched-
flow experiments were performed to correlate charge trans-
location measured with the bilayer technique to the kinetics
of phosphoenzyme [EP] formation. The reaction conditions
(pH, temperature, ionic composition) were adjusted to co-
incide with those of the electrical measurements so that a
direct comparison could be made between the kinetic results
obtained from these experiments.

The ATP dependence of A; (Fig. 4) implies that caged
ATP and ATP compete for the same substrate-binding site.
This was confirmed in quenched-flow experiments by mea-
suring phosphorylation in the presence and absence of
caged ATP (Fig. 13). In these experiments, the total con-

CURRENT [pA]

o i} 1

0 10 20 2
CONDUCTANCE [uS/cm’]

FIGURE 12 Relation between the protonophore induced conductance
and the stationary current. The conductance of the vesicle bilayer system
was increased by the addition of 8 uM 1799 to both compartments. The
conductance and stationary current were determined at different times after
the addition of the protonophore. The continuous line is a fit of a Michae-
lis-Menten equation with an apparent K, of 1.16 pS/cm? to the data points.
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EP (normalized)

0.0 0.1 0.2 0.3
TIME (s)

FIGURE 13 Time course of the formation of phosphoenzyme (EP) in the
absence of K*. With 100 uM ATP EP is formed at a rate of 200 s~ (@);
with 3.5 uM the rate is 44 s~' ((]); and with 3.5 uM ATP and 46.5 uM
caged ATP, the rate is 18 s~' (¥). The experimental conditions were the
same as for the electrical measurements. See text for details.

centration of nucleotide (ATP + caged ATP) was main-
tained at 50 uM while the ratio of the ligands was varied. In
the absence of K*, acid-stable phosphoenzyme formation
produced by mixing SR membrane vesicles with 3.5 uM
ATP obeyed simple exponential kinetics, rising to a stable
plateau at a rate of 44 s~' (Fig. 13). To reproduce the
conditions of the electrical measurements, enzyme was pre-
incubated with 50 uM caged ATP and then mixed with
sufficient ATP and caged ATP to yield final concentrations
of 3.5 uM and 46.5 uM, respectively. This corresponds to
7.5% photolytic release of ATP from caged ATP. The
addition of caged ATP slowed the apparent rate of phos-
phorylation to 18 s™!, which is 41% of the control value.
When the concentration of ATP was increased to 10 uM
(final), representing 25% photolytic release of ATP, caged
ATP (40 uM) inhibited the apparent rate of phosphorylation
by only 22% (84 versus 107 s '; data not shown). At both
ATP concentrations, the maximum level of phosphorylation
was unaffected by the presence of caged ATP.

Between 3.5 and 10 uM ATP the rate of phosphorylation
increases, reflecting the fact that the measured rate is an
apparent rate constant (k,,p), which is determined by the
second rate constant for ATP binding in the step preceding
phosphorylation. To measure the true rate constant for phos-
phoenzyme formation (E,ATP — E,P), the ATP concen-
tration was increased to 100 uM as shown in Fig. 13. Under
these conditions, which are saturating for k,;,, (data not
shown), the rate of phosphorylation proceeds at a rate of 208
s~'. This value is similar to the rate of phosphoenzyme
formation measured in the presence of K* at pH 6.8 (150—
200 s~ '; Froehlich and Taylor, 1975; Froehlich and Heller,
1985; Petithory and Jencks, 1986), implying that moderate
variations in [K*] and pH do not have strong effects on this
reaction. These properties of phosphorylation are consistent
with previous results obtained at 2°C (Mahaney et al.,
1995).

A bilayer experiment carried out in the presence of 50
1M caged ATP at a laser intensity sufficient to release 2
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M ATP (n = 0.04) yielded a value for A; of 15 s~ !, which
is similar to the apparent rate of phosphorylation (k,,, = 18
s™') determined by acid quenching under comparable con-
ditions ([caged ATP] = 46.5 uM, [ATP] = 3.5 uM). The
approximate agreement between these separately deter-
mined kinetic constants implies that the binding competition
between ATP and caged ATP at the catalytic site controls

the rate of phosphorylation under these conditions.

DISCUSSION
Experimental conditions

Most of the experiments described were performed at pH
6.2 in the absence of potassium at a relatively high concen-
tration of free Ca®* (0.1 mM). This differs from the condi-
tions used by most other investigators and deserves some
comment because it complicates comparison with previous
work. The low pH was selected to ensure rapid release of
ATP from caged ATP (r = 2.0 ms at pH 6.2, 24°C, but 12
ms at pH 7.0). A high Ca®" concentration was used because
it has been shown that the pH dependence of the formation
of EP disappears if the concentration of Ca* is high (0.1
mM; Inesi and Hill, 1983). This pH dependence of phos-
phorylation reflects competition between Ca®>* and H* for
the Ca®*-binding site, which is suppressed by high [Ca®*].
Nominally potassium-free solutions were used because the
amplitude of the signal is larger in the absence of K*. The
effect of K* on the time course of the signal is negligible
(Fig. 8), although it is known that K* accelerates the de-
phosphorylation step (Shigekawa and Dougherty, 1978;
Yamada and Ikemoto, 1980). Thus we assume that the
pre-steady-state current is determined mostly by intermedi-
ates preceding that transition.

At pH 6.2 in the absence of K*, the rate of phosphory-
lation was 208 s~ ! at saturating ATP, comparable to the
rates (180—220 s~ ') observed in the presence of K* at pH
6.8-7.0 (Froehlich and Heller, 1985; Petithory and Jencks,
1986). It is therefore assumed that the data obtained under
these conditions are comparable to those obtained under
standard conditions, at least with respect to the early steps of
the reaction cycle, to which most of the current signal is
related.

The intrinsic time constant of the vesicle bilayer
system and the conductance of the
SR membrane

The black lipid membrane to which the SR vesicles are
absorbed acts like a capacitive electrode. The condition of
capacitive coupling holds only for times shorter than the
electrical time constant of the system adsorbed vesicles-
supporting membrane. This and the intention to distinguish
it from relaxation processes of the Ca-ATPase make char-
acterization of the electrical time constant a necessity. The
following arguments support the idea that the electrical time
constant of the supporting membrane plus adsorbed vesicles
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is in the range of 1-3 s. In current measurements a compo-
nent with negative amplitude (A5, Fig. 2 C) has been iden-
tified that decays with a time constant 75 =~ 0.5-1 s. The
activation energy of this component is much lower than that
of the other relaxation processes and is of a magnitude
expected for a diffusion process. It is assumed that the sign
of this component indicates charging of the membrane
system due to continous pumping activity. In support of this
idea, the sign of this component changes if stationary ac-
tivity is prevented by the addition of hexokinase. Under
these conditions the decay of this component is thought to
indicate discharge of the membrane after a single turnover
of the enzyme. Voltage measurements that yield a better
resolution of slow signal components show that the mem-
brane system discharges with a time constant of ~3 s if the
membrane is charged by one cycle of the Ca-ATPase.

Furthermore, the analysis of the relationship between the
total conductance of the membrane system and the station-
ary current indicates a relatively low specific conductance
of ~1 uS/cm? of the SR membrane. This agrees with the
system time constant derived from the current and voltage
measurements, but seems to contradict other reports on the
conductance of the SR membrane. Estimates of the potas-
sium conductance range from 40 uS/cm? to 0.05 S/cm?, and
the chloride conductance may be up to 0.3 S/cm? (data
collected by Hasselbach and Oetliker, 1983). If this is
correct, the time constant 7, would be less than a millisec-
ond, far below the time resolution of our recording system.

It can be shown, however, that the discrepancy between
previous measurements of the SR conductance and those
reported here is apparent. For statistical reasons one may
expect that at low channel densities (K* channels: 50-100
p,m_2, McKinley and Meissner, 1978; Miller et al., 1984;
Cl™ channels: <1 um™2, Hals et al., 1989) and small
vesicle size (surface area ~ 0.02 um 2), a considerable
fraction of vesicles are free of channels. Indeed, it has been
reported that ~30% of the vesicles do not contain channels
(McKinley and Meissner, 1978; Garcia and Miller, 1984).
Furthermore, a vesicle with one open channel will have such
a high conductance that it is electrically short-circuited and
does not contribute to the current signal. In conclusion, we
assume that only those vesicles without or with closed ion
channels contribute to the current signal. Therefore we do
not see a discrepancy between the high overall conductance
of the SR membrane reported or postulated and that de-
duced from our measurements.

Charge translocation in the Ca-ATPase occurs in
at least two electrogenic steps

Fig. 2 shows that the current generated by SR vesicles after
an ATP concentration jump is first inward, then outward,
and then inward again. As discussed before, the late inward
current indicates stationary pump activity, whereas the early
inward and outward currents discussed now are assigned to
the pre-steady-state behavior of the Ca pump. The observa-
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tion that the current signal begins with zero slope indicates
that there is at least one nonelectrogenic step preceding the
first charge-translocating transition. The reversal of the di-
rection of current flow during the first cycle after an ATP
concentration jump can be explained only if the reaction
cycle of the Ca-ATPase contains at least two electrogenic
steps. The direction of current flow is compatible with the
translocation of positive charge in both steps. In a first rapid
step, positive charge is moved toward the lumen of the SR
vesicle, and in a second slow step, positive charge is moved
toward the cytoplasmic side of the SR vesicle. Because all
transitions of the Ca*>*-loaded enzyme up to the formation
of the E,P intermediate are fairly rapid, whereas the follow-
ing reactions are much slower (e.g. Froehlich and Heller,
1985), it seems appropriate to assign the inward current to
the Ca®*-loaded form of the enzyme and the outward cur-
rent to the Ca®*-dissociated form (see the following section
for a detailed discussion of this point). Thus one must
assume that the Ca-ATPase translocates positive charge
throughout the reaction cycle. However, less positive charge
must be bound to the Ca>*-dissociated enzyme than to the
Ca®*-loaded form (e.g., 1-3 H" versus 2 Ca®*); otherwise
the constraint of net inward current under stationary condi-
tions would be violated.

It should be noted that similar experiments conducted
with Na,K-ATPase (Borlinghaus et al., 1987; Fendler et al.,
1987, 1993) and H,K-ATPase (Stengelin et al., 1993) did
not provide evidence for more than one electrogenic step,
although other experiments suggest that the reaction cycle
of both enzymes contains two electrogenic steps (Rakowski
et al., 1991; Lorentzon et al., 1988).

The proposal that the Ca®*-loaded ATPase moves posi-
tive charge in the same direction in which Ca®* is trans-
ported is in contrast to previous reports on another Ca®*
transport system, the Na-Ca exchanger, which is negatively
charged when loaded with Ca®* (Niggli and Lederer, 1991;
Kappl and Hartung, 1996).

Correlation between the relaxation rate constants
A, to A, and the reaction cycle

In this section an attempt is made to establish a correlation
between the relaxation rate constants A, to A, of the current
signal and known reaction steps of the Ca-ATPase reaction
cycle. The magnitude of the relaxation rate constants and
their assignment to different processes are compiled in
Table 1.

Because A; is the only ATP-dependent relaxation rate
constant, we must assume that A; describes the binding
reaction of ATP to Ca-ATPase. The experiments show,
however, that caged ATP competes with ATP such that A,
depends on both the ATP and caged ATP concentrations.

The rising phase of the current signal has a sigmoidal
shape that can be described by a fixed delay, D ~ 1 ms, and
two exponential functions, A; and A,, with relaxation rate
constants A, =~ 320 s~ ' and A, ~ 170 s~!, respectively. The
delay and A, probably contain contributions from various
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TABLE 1 Assignment of kinetic parameters to partial
reactions of the Ca®*-ATPase reaction cycle

Kinetic parameters Reaction Remark

D 1 ms Caged ATP — ATP

A 320s7! E,P — E,P 1st electrogenic step

A, 17057 E,ATP — E,P 1st electrogenic step

A3 10-90 s~' E, — E,ATP ATP-dependent

Ay 457! E,P - E, 2nd electrogenic
step

As 0357 To System time
constant

The assignment of the parameters D and A, to the indicated reaction steps
is not ambiguous and may be interchanged. It is also not clear which of the
reactions indicated performs the first electrogenic transition. It is possible
that both transitions are electrogenic.

sources: the filtering time constant (1 ms), release of ATP
from caged ATP (400 s~ '), and the conformational transi-
tion E,P — E,P (1000 s, Froehlich and Heller, 1985). The
magnitude of A, correlates very well with the rate of the
E,ATP — E,P + ADP transition (200 s~ ', Froehlich and
Heller, 1985; Petithory and Jencks, 1986), which itself is
closely related to the occlusion of Ca®*. ), is therefore
assigned to the E,ATPCa’* — E,PCa’* + ADP transition.

The relaxation rate constant A,, which is independent of
ATP, is ~3-5 s~ ! at pH 6.2 and “0” K. Because there is
no intermediate with a comparable lifetime in the first part
of the reaction cycle, it is assumed that this relaxation rate
is related to a transition after the formation of ADP-insen-
sitive phosphoenzyme (E,P). Reasonable candidates would
be dephosphorylation and the release of Ca>* on the lumi-
nal side of the vesicle. The latter proceeds at a rate of ~3
s~ ! under comparable conditions (Champeil and Guillain,
1986; Orlowski and Champeil, 1991). The sign of the am-
plitude of A, indicates, however, current flow in the direc-
tion opposite that of Ca®* transport; i.e., although this
relaxation may be related to the release of Ca®* it cannot be
Ca?" release itself. One possibility is the transport of other
cations like protons toward the cytoplasmic side of the
vesicles after the release of Ca>* on the luminal side. This
idea is supported by reports from several laboratories sug-
gesting that inward transport of Ca®* is followed by an
outward movement of protons (Yamaguchi and Kanazawa,
1984, 1985; Inesi and Hill, 1983; Levy et al., 1990; Ma-
deira, 1978; Chiesi and Inesi, 1980; Yu et al., 1993, 1994).
A countertransport of protons is, of course, not in contra-
diction to the observed electrogenicity if fewer than four H*
are transported per cycle. The slope of the current-voltage
relation of SR Ca-ATPase molecules incorporated into
black lipid membranes supports the idea that fewer than
four electrical charges are moved per cycle (Eisenrauch and
Bamberg, 1990).

CONCLUSION

The first part of the reaction cycle contains at least one
electrogenic and one preceding nonelectrogenic transition.
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Reasonable candidates for electrogenic transitions are the
formation of E,P from E,ATP and the E,P — E,P transition
or both. At present we cannot distinguish between these
possibilities. The second electrogenic step occurs after the
formation of E,P and the dissociation of Ca** and is ten-
tatively assigned to the countertransport of H*.

APPENDIX

The specific conductances of the vesicle, the lipid bilayer, and the contact
area of the vesicle are given by
g=g+g (A1)
the respective areas being f; (see Fig. 1). Here i stands for v, u, and m,
which are the vesicle, the uncovered lipid bilayer, and the contact area of
the vesicle, respectively. The specific conductance in the absence of
ionophore is g?; the specific conductance induced by the ionophores is g.
It is is assumed that the ionophores induce the same additional conductivity
in all three membranes. Furthermore, the specific conductances in the
uncovered lipid bilayer and the contact area are assumed to have the same
value (g, = gm)-
The measured conductivity of the total compound membrane G is
approximated by
G=gF (A2)
F is the total membrane area. This approximation is based on the obser-
vation that the total conductivity of the compound membrane is much
smaller than the conductivity in the presence of ionophore (g2, << g,
£n =~ &) and that the conductivity does not change upon addition of the
vesicles.
The measured stationary current /; can be calculated from the current I,
generated by the ion pump using

S8
L=, ——7— A3
Prg) +8) + /g (A3)
With Eq. A2 one obtains
IS m + v G
hinth_ (A4)
I, fa G + Gos
with
0
&S F
= AS
0.5 fm +f;/ ( )

G, s is the half-saturating conductivity of the stationary current. From Eq.
AS the vesicle conductivity in the absence of ionophores can be calculated
in the following limiting cases:

1. fn << f., i.e., half of the vesicle surface is in contact with the lipid
bilayer:

8v = F

(A6)

2. fon ¥ f., i€., only a small part of the vesicle is in contact with the lipid
bilayer: '
0_ Gos

8 ="F (A7)

Relations A6 and A7 are derived under the assumption that the ionophore
affects the conductivity of the vesicle membrane in the same way as it does
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that of the lipid bilayer. If, however, the ionophore is ineffective in the
vesicle membrane, then Eq. A7 holds for case 1, and for case 2 the
following relationship is obtained:

Q< — (A8)

F

No measurable current I, would be obtained if both the initial conductance
of the vesicle membrane and its increment g were much larger than these
values for the lipid bilayer.
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