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Current transients generated by the Na* /K *-ATPase after an ATP
concentration jump: dependence on sodium and ATP concentration

R. Borlinghaus and H.-J. Apell

Department of Biology, University of Constance,-Constance (F.R.G.)

(Received 8 October 1987)

Key words: ATPase, Na*/K™*-; ATP concentration jump; Current transient; caged ATP

Planar membrane fragments containing a high density of oriented Na* /K *-ATPase molecules are bound to
planar lipid bilayers. ATP is released in the aqueous solution within milliseconds from an inactive,
photolabile precursor (‘caged ATP’) by an intense light flash. By this ATP-concentration jump a large
number of pump molecules is activated almost simultaneously. Charge translocation in the pump molecule
results in a voltage transient which is recorded in the external measuring circuit. From the voltage signal, the
intrinsic pump current /. (¢) can be evaluated using information on the circuit parameters of the compound
membrane system. The pump current I (¢) is compared with the results of numerical simulations of a
reaction cycle derived from the Post-Albers reaction scheme combined with the photochemical release
reaction of caged ATP. The time course of I, can be satisfactorily fitted using kinetic parameters of the
Na*/K*-ATPase from the literature. The dependence of I, on sodium concentration cy, can be described
using a single set of kinetic parameters in which only cy, is varied. I, as a function of cy, is well fitted by a
first-order Michaelis-Menten type equation with K =~ 4 mM. This finding is consistent with the assumption
that two sodium binding sites have a high affinity and that a third site of lower affinity is rate limiting. The
ATP concentration dependence of I, is studied by varying the concentration of caged ATP in the solution
and the yield of photochemical release of ATP.

Introduction

The Na* /K *-ATPase in the plasma membrane
of animal cells promotes active transport of sodium
and potassium ions coupled to ATP hydrolysis
[1-7]. Under physiological conditions more Na* is
moved outward than K* inward, meaning that the
Na*/K*-pump operates in an electrogenic mode.
The net movement of charge during the pump
cycle generates a current whose analysis yields
mechanistic information of the Na*/K*-ATPase
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[8-11]. For the investigation of pump currents
mainly steady-state experiments have been carried
out so far [12-17). The use of ‘caged’ ATP which
allows to perform ATP concentration jumps
opened up the possibility to study nonstationary
states of the pump from which additional kinetic
information may be obtained [18-21,34].

In earlier publications [21,22] we described ex-
periments, in which mechanistic properties of the
transport cycle were studied by measuring the
current response after an ATP concentration jump.
In this paper we investigate the sodium and ATP
concentration dependence of the current response
and show that a complete description of observed
transport phenomena is possible on the basis of
the Post-Albers reaction model of the pump.
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Materials and Methods

Materials. 1-1,2-Diphytanoyl-3-phosphatidyl-
choline was obtained from Avanti Polar Lipids
Inc., Birmingham, AL; sodium dodecylsulfate
(SDS) from Pierce Chemical Company, Rockford,
IL, and sodium cholate from Merck, Darmstadt.
Phosphoenol pyruvate, pyruvate kinase, lactate de-
hydrogenase, luciferin, luciferase, NADH and ATP
(disodium salt, Sonderqualitdt) were from Boeh-
ringer, Mannheim. Apyrase VI, ouabain and di-
thiothreitol were purchased from Sigma. NaCl was
used in suprapure quality (Merck). All other re-
agents were analytical grade. P3-1-(2-nitro)phen-
ylethyladenosine 5’-triphosphate (‘caged” ATP)
was synthetized by K. Janko using a modified
version of the method of Kaplan et al. [26]. The
purity of the product was checked by HPLC. The
compound was stored as a tetramethylammonium
salt in the dark at —40°C.

Preparation of Na™ /K *-ATPase. Flat mem-
brane sheets containing Na* /K *-ATPase in high
density were prepared according to the method of
Jorgensen [23]. The enzyme activity (ATP hydroly-
sis) determined by a combined assay [24] was
about 2000 pmol inorganic phosphate per h and
mg protein at 37° C. The sheet preparations could
be stored at —70°C in 100-p1 samples for up to 2
years without significant loss of activity. Storage
of the thawed preparation at +4°C did not affect
the activity within 5 weeks.

Membrane experiments. Planar lipid bilayers
were formed from 1% diphytanoyl phosphati-
dylcholine in n-decane {25]. The cell (Fig. 1) which
was machined from black teflon, was mounted in
a Faraday cage in a thermostated metal block.
The potential across the bilayer was detected using
Ag/AgCl-electrodes in both electrolyte compart-
ments and a voltage amplifier with 10’2 € input
impedance and a gain of 20. The electrodes were
shielded with carbon blackened agar-agar against
stray-light artefacts. Na®/K*-ATPase and caged
ATP were added to this ‘cis’ compartment. The
‘trans’ compartment was sealed and was equipped
with a poly(vinylchloride) screw for volume ad-
justment. Ultraviolet light from a flash bulb with
known intensity profile passed a glass filter (Schott
UGI11, 1 mm) and was focussed on the membrane
through a quartz window (Fig. 1). The cis-com-
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Fig. 1. Membrane cuvette for measuring voltage signals from
optically black lipid membranes with adsorbed Na*/K™-
ATPase membrane fragments. The ‘trans’ compartment was
closed after filling with the solution. The solution volumes of
the open and the closed compartment were 0.3 and 5 ml,
respectively; the diameter of the circular membrane was ap-
prox. 1.3 mm. A magnetic stirrer (not shown) was present in
the ‘cis’-compartment. The solutions were connected to the
external measuring circuit via agar bridges and silver /silver-
chloride electrodes. In order to minimize stray-light artefacts
from the electrodes, a suspension of carbon black was added to
the agar.

partment which had a volume of approx. 300 pl
was equipped with a small magnetic stirrer. The
buffer solution contained, if not indicated other-
wise, 150 mM NaCl, 20 mM MgCl,, 20 mM
dithiothreitol and 50 mM Tris-HCl (pH 7.0), 20
mM Mg?* were chosen to obtain reproducible
current amplitudes. Below 5 mM Mg?* the cur-
rent amplitudes varied strongly between different
experiments. A possible explanation may be that
the adsorption of membrane fragments is promo-
ted by higher Mg?* concentrations. The form of
the signal or the kinetic parameters do not vary in
the investigated concentration range between 1
mM and 100 mM. After equilibration the experi-
ments were started with injection of variable
amounts of caged ATP and 40 pg/ml protein to
the cis-side, followed by 45 s of smooth stirring.
Voltage-traces were recorded after 40 ps ultra-
violet flashes. The waiting times between flashes
were chosen to be 10 min in order to guarantee
complete hydrolysis of liberated ATP [21].
Determination of liberated ATP. At pH 7.0 ATP
is liberated from caged ATP with a time constant
of 4.6 ms [27]. In the absence of dithiothreitol the



signal amplitudes slowly declined after repeated
flashes, presumably as a result of reactions of
photoproducts with the protein [21].

The concentration of flash-released ATP near
the membrane surface was estimated in the follow-
ing way. In the presence of a lipid membrane in
the cuvette but in the absence of protein a series
of flashes in intervals of 5 seconds was applied to
a solution of 1.5 mM caged ATP under continu-
ous stirring. After every 10 flashes a small sample
of the solution (1 pl) was removed and analyzed
with a luciferase assay in a LKB-luminometer [28].
Due to the high molar absorption coefficient (& =
26900 M~ - cm™') at 260 nm the light intensity is
strongly attenuated along the optical pathlength in
the cuvette. Calibration experiments were per-
formed to determine the degree of light absorption
behind the membrane in the ‘cis’-compartment at
the given spectral intensity of the flash lamp and
the given filter characteristics. The action spec-
trum of caged ATP was determined separately.
The light-flash passed through a normalized
monochromator (Jobin-Yvon, H 10 VIS) and was
focussed on a quartz-cuvette, containing 0.5 mM
caged ATP. After 50 flashes under continuous
stirring the ATP-concentration was determined
with the luciferase-assay. Folding the absorption
and action spectrum numerically and using the
Lambert-Beer law, the concentration profile of
liberated ATP along the light path in the cuvette
was calculated in wavelength intervals of 5 nm.

The concentration of ATP in the aliquots taken
from the cuvette represents an average over the
original concentration profile with the cross-sec-
tion of the membrane hole in the (black) teflon
cuvette. By integration of the Lambert-Beer law,
the yield, 8, of liberated ATP was estimated to be
about 13% at full light intensity within the first 20
pm behind the membrane. With an estimated
diffusion coefficient of ATP of 3-107¢ cm?-s™!
this means that the ATP concentration in front of
the membrane would remain constant for 1.5 s.

Results

Voltage signals after an ATP-concentration jump
After the UV-flash, the voltage starts to in-

crease, reaching a maximum at approx. 200 ms,

and thereafter decreases to a quasi-stationary value
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Fig. 2. (A) Transmembrane voltage V(1) after a light flash at
time ¢ = 0. The aqueous solutions contained 150 mM NaCl, 50
mM Tris-HC1 (pH 7.0) 20 mM dithiothreitol and 20 mM
MgCl,. T=20°C. 0.5 mM caged ATP and 12 pg Na*/K™-
ATPase fragments were added to the ‘cis’ compartment 20 min
prior to the flash experiment. The positive sign of the voltage
corresponds to a translocation of positive charge from the
membrane fragments towards the black lipid membrane. The
decay of the voltage after the maximum shows a single ex-
ponential behaviour with the time constant 7. (B) Time deriva-
tive dV(¢)/d¢ of the voltage signal obtained numerically from
the voltage signal given in part A of the figure. According to
Ref. 20, dV/d¢ is proportional to the short circuit current I(r).
The capacity C* is approximately equal to the capacity of the
black lipid bilayer [21]. (C) Intrinsic pump current (1)
calculated from I(r) by transformation with the operator
L(1(1), 7) according to the method described in Ref. 21.

(Fig. 2a). In the preceding paper [21] it was shown
that the derivative of the voltage signal U(¢) is
proportional to the current transient across the
bilayer sheet system; the proportionality factor
being given by the capacitance of the black film
(Fig. 2b). As shown previously, the current signal
I(¢) determined by numerical derivation of the
voltage signal U(¢) can be transformed into the
pump current /() by numerical treatment taking
the circuit properties of the compound membrane
system into account (Fig. 2c). The transformation
operator .Z(I(t), 7) is derived in Ref. 21:

LU, 1) =4.3.{1(z)+(1/7)f0'1(z) dt}

I, shows a maximum at a time ¢, and decreases
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with a time constant 7, to a stationary value I°
(Fig. 2).

As shown previously [22], transient currents
can be calculated by a numerical simulation of a
pump cycle for the Na*-ATPase derived from the
Post-Albers reaction model using rate constants
and equilibrium constants which are in good
agreement with published data obtained by vari-
ous methods and from different tissues. The anal-
ysis performed in Apell et al. [22] reduced the
complex time-course of ATP release from caged
ATP to a single time constant. This simplified
treatment was valid under the condition of a fixed
concentration of caged ATP and a fixed light
intensity. Since in the present analysis both
parameters have been varied in order to get differ-
ent concentrations of liberated ATP, it is neces-
sary to combine the pump cycle (in the absence of
potassium) and the release kinetics of ATP after
photoactivation (see Appendix A). The corre-
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Fig. 3. Reaction scheme of the system containing caged ATP
and Na*/K*-ATPase in the absence of potassium, based on
the Post-Albers model of the pumping cycle. £, and E, are
conformations of the enzyme with ion binding sites exposed to
the cytoplasmic and to the extracellular side, respectively. In
the ‘occluded’ state (Na,)E,-P, the bound ions are unable to
exchange with the aqueous solutions. cgATP refers to caged
ATP, and cgATP* 1o its photochemical intermediate. ¢,
CegTs> Cegr=s €p and ¢, are the cytoplasmic concentrations of
ATP, caged ATP, the photochemical intermediate, ADP and
inorganic phosphate. a;cr, z¢Cogr, VeCegre, Prs Iy, 1 and ay,
Zps ¥b» PuCps {bs TpCp are rate constants for transitions in
forward and backward direction, respectively. P, inorganic
phosphate.

sponding reaction scheme is shown in Fig. 3. The
lower part represents the pump cycle in the ab-
sence of potassium and the upper part the reaction
kinetics of caged ATP. X stands for caged ATP
and Y for the activated state of caged ATP.
Activation of caged ATP can occur in the
enzyme-bound state of the molecule (E; X — EY),
as well as in solution (X — Y). Both reactions may
be assumed to be fast (up to 5 ps) compared to
other reaction steps [27]. Binding and unbinding
of caged ATP to the enzyme is described by rate
constants z;, z,, y; and y, (Fig. 3). We assume
the association-dissociation process not to be af-
fected by photoexcitation of caged ATP (z;=y;,
zy =yy)- A and Ag are the rate constants of the
monomolecular decay of caged ATP to ATP in the
free and in the enzyme-bound state, respectively.
We assume Ag and A to be approximately equal,
with A =220 s~! at pH 7.0. The kinetic parame-
ters of the further reactions, binding and occlusion
of Na, phosphorylation of the enzyme, E, - E,
transition and release of Na and inorganic phos-
phate have been used as described by Apell et al.
[22].

A typical experiment (500 pM caged ATP, 150
mM NaCl) is shown in Fig. 4. It is found that the
calculated curve can be well fitted to the experi-
mental 7 () by slight variation of the parameters
a;, l;. The rate constants z; and z, have been
held fixed in all experiments at 3-10% s~ ! -M™!
and 1500 s, resulting in appropriate fits of the
rise of the transient current. These constants lead
to Ky=1z,/2z;,=5-10"* M, a value which is about
10-times larger than the value of K given in Ref.
18. The time to reach the current maximum, f,,
and the time constant, 7,, of the almost exponen-
tial decay turned out to be well-defined empirical
parameters, which may be used to characterize an
experiment and to compare the observed time
course of I, with the result of the numerical
simulation. ¢#; and 7, are complicated functions of
all rate constants which cannot be given analyti-
cally. In opposite to the signal amplitude I, the
time constants ¢, and 7, are not functions of the
number of active pump molecules in the experi-
ment.

Dependence on sodium concentration
To vary the sodium concentration, buffers with
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Fig. 4. Pump current /() compared with numerical simula-
tions based on the reaction scheme of Fig. 3. Experimental
conditions are the same as in Fig. 2. The simulation was
carried out with ¢ v = 0.5 mM, §=0.13, cp=cp=0, [Na*]
=150 mM, Ky, =4 mM, z; =y, =310 M~ 1571 z, =y,
=1500s"L A=X,=220s"1, 4;,=23-10* M~ 1.57 !, g, =23
s7Lope=200s"1 [, =275, [, =21s"1, =027s" .

different contents of Na were used. After one or
two experiments with this ‘starting’ buffer, the
sodium concentration was increased by adding a
small volume of a 3 M NaCl solution. Increasing
the Tris-concentration from 50 mM to 250 mM at
[Na] =5 mM did not influence the signal, indicat-
ing that effects of ionic strength are negligible. In

T T
Lo + -

oy
S"

20

[Nal/mM

Fig. 5. Sodium-concentration dependence of the empirical

parameter 1/¢,. The data points are the average of at least

three experiments. Error bars indicate the scatter of data.

T = 20°C. The solid line is the result of a simulation with the

parameters given in the legend of Fig. 4. Only the sodium

concentration [Na* ] is varied. The dashed line corresponds to
a first-order Michaelis-Menten kinetics with X, = 4 mM.
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Fig. 6. Values of the kinetic parameters a;, /; and r; at

different sodium concetrations for which an optimum fit is

obtained. The corresponding equilibrium constants a;/a,,

I;/1,, and r;/r, have been kept constant. The same data as
given in Fig. 5 have been used.

most experiments the Tris concentration was kept
at 50 mM.

Fig. 5 shows the effect of the sodium con-
centration on the empirical parameter 1/¢; (filled
circles). For the numerical simulation of the reac-
tion scheme (Fig. 3) all kinetic parameters except
the sodium concentration were kept constant. The
7, values show the same agreement between ex-
periment and simulation. 7, varied between 670 +
50 ms ([Na*]=1mM)and 35 + 5ms ([Na*]= 500
mM). When, in addition, the rate constants be-
longing to the partial reactions of the pump cycle
were varied in order to obtain optimum fits, only
slight variations were necessary in the forward
rate constants a;, /; and r;, at constant values of
the ratios a;/a,, {;/!,, and r;/r, (Fig. 6).

Influence of liberated ATP

The amount of liberated ATP is determined by
two parameters: the total concentration of initially
present caged ATP, and the fraction 8 of caged
ATP which is transformed into ATP in a single
flash. @ is a function of light intensity. The maxi-
mum value of # which was achieved with our
experimental set-up was 13% at the location of the
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Fig. 7. Variation of pump current / (¢) with incident light

intensity. The yield 8 of liberated ATP at the membrane

surface in the ‘cis’ compartment is controlled by varying the

light intensity between 100% (8 = 0.13), 31% (8 = 0.04), 5.4%

(6 =0.007), 1.5% (6 = 0.002). The concentration of caged ATP
is 1.5 mM.

membrane. Using wire nets of different mesh size,
the light intensity could be reduced to 1.5%. Fig. 7
shows experiments at a caged ATP concentration
of 1.5 mM for different values of 8. It is seen from
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Fig. 8. Influence of the concentrations of caged ATP and
liberated ATP on the empirical parameter 1/¢;. At three
different concentrations of caged ATP (O, 1.5 mM; 0O, 240
pM; A, 30 pM) the light intensity was varied to generate yields
of liberated ATP between 0.001 and 0.13. T = 20 ° C. The lines
were obtained by numerical simulation with the parameters
given in legend of Fig. 4. Only ¢,y and 8 are varied. The inset
shows the dependence of 1/1; on the concentration of caged
ATP at a 8 of 0.13. The solid line is calculated using the
parameter values given in the legend of Fig. 4. The dashed line
represents a fit of the Michaelis-Menten equation (K, =0.1
mM).

Fig. 7 that below a certain concentration of
liberated ATP the maximum in 7,(¢) disappeared.
In Fig. 8 experimental values of 1/¢, are com-
pared with the results of simulations for three
different concentrations of caged ATP. In the
calculated curves only the concentration of caged
ATP and @ are varied according to experimental
conditions; all other parameters are kept constant.
The 7, values show the same agreement between
experiment and simulation.

Discussion

The comparison of experimental results and
numerical simulations confirm, as suggested in the
previous paper [22], that a pump cycle derived
from the Post-Albers reaction scheme is able to
describe the electrical signals generated by the
electrogenic pumping activity of the Na*/K*-
ATPase in the absence of K*. The kinetic parame-
ters used in the reaction scheme (Fig. 3) do not
differ significantly from published data [11]. Al-
though the set of parameters used is not unique,
variation of parameters is clearly restricted, as can
be seen from Fig. 6. A significant change in one
parameter cannot be compensated by variation of
the other parameters, since the influence of a
given parameter is different during the time-course
of the signal.

The well-studied photochemistry of caged ATP
[27] allows a correct description of the observed
ATP and the caged ATP concentration depen-
dence by coupling the enzyme kinetics with the
kinetics of the ATP release as shown in Fig. 3.

Sodium concentration dependence

The variation of sodium ion concentration over
almost three orders of magnitude led to a signifi-
cant change in the shape of the voltage signal. The
time to reach the peak current decreases from 170
ms ((Na*]=1 mM) to 30 ms ((Na*]= 3500 mM).
Numerical simulations according to the pump
cycle were found to describe the behaviour of both
empirical parameters f; and 7, satisfactorily. In
Fig. 5 the experimental data and the results from
the simulation are compared with the predictions
from Michaelis-Menten type kinetics. The imple-
mentation of the sodium binding into the
mathematical formalism [11,22] is based on the



assumption that sodium ions bind independently
to the three cytoplasmic sites so that the equi-
librium dissociation constants Ky, Ky, Knas
are related to the dissociation constant K, by:

KN31=%KN3; KN32=KN3; KNa3=3KNa

K, was chosen to be 4 mM [11,22]. As shown in
Fig. 5, the comparison between simulation and
first-order Michaelis-Menten kinetics reveals a
strong similarity in shape when K  =Ky,=4
mM. Second- and third-order kinetics do not fit
the experimental results.

In Fig. 3 an ordered binding of ATP and Na*
is assumed although random binding of both sub-
strates is reported in the literature [35]. Since the
electrogenic step(s) do not occur before the sodium
occluded state E;P(Na,) [21,22], and ATP and
caged ATP have similar binding constants [18],
and since the binding of ATP is not influenced
significantly by the Na™ concentration [36], the
restriction on an ordered binding does not change
the time-course of the simulated current signal.

These findings may be compared with other
studies of the effects of Na* concentration re-
ported in the literature. Fendler et al. [19] esti-
mated by a similar method the binding constant
K, to be 7 mM in the Na-only-mode of the
Na*/K*-ATPase. Garay and Garrahan [29] and
Blostein [30] used red cells and found S-shaped
concentration dependences for Na—Na-exchange
in the absence of potassium, indicating cooperativ-
ity of the binding sites. The corresponding binding
constants Ky, were 3.2 mM [29] and 0.31 mM
[30]. Forgac and Chin [31] and Karlish et al. [32]
investigated Na* /K *-ATPase from kidney recon-
stituted in lipid vesicles. In the absence of potas-
sium both groups found hyperbolic dependence of
the transport rate on Na™ concentration with K,
values of 1 mM [31] and 2 mM [32]. These results
closely agree with our findings. A possible ex-
planation for the observed first-order kinetics is
the assumption that two of the three binding sites
are negatively charged and the third site is neutral
[32,33]. For electrostatic reasons the affinity of
sodium at the neutral side should be reduced so
that binding to this site becomes rate limiting.
This would lead to first-order Michaelis-Menten
kinetics. The difference between red cells and
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reconstituted kidney enzyme may result from dif-
ferences in protein structure.

ATP concentration dependence

Caged ATP binds to the Na*/K*-ATPase
without being hydrolyzed. The fact that ATP and
caged ATP compete for the same binding site [18],
complicates the study of ATP-concentration ef-
fects on charge translocation. Three different
processes contribute to the current transient which
mainly consists of the one turnover of the pump:
(1) caged ATP bound to the enzyme is converted
in situ and reacts immediately; (2) ATP which is
converted in solution binds to unoccupied en-
zyme; and (3) ATP competes with caged ATP
bound to the enzyme. Only the latter mechanism
can be described by stationary inhibition kinetics.
The rate constants for binding and dissociation of
caged ATP, which were determined from simula-
tions fitting our experiments, give an equilibrium
dissociation rate constant in the range of 5-107*
M. At a caged ATP concentration of 1.5 mM 75%
of the ATP binding sites should be occupied by
caged ATP under the conditions of our experi-
ments prior to the flash. The maximum yield 8 of
liberated ATP was 13%. Therefore, the same con-
centration of ATP caused different pumping cur-
rents when produced by different yields ¢ and
starting concentrations of caged ATP. 30 pM caged
ATP and 8= 0.13 produced 3.9 pM ATP, which
in turn leads to a value of #;, =75 ms. The same
ATP concentration produced by 1.5 mM caged
ATP and 8 = 0.003 generated a value of 1, =122
ms. Since the above-mentioned nonstationary
components contribute significantly to the current
transient the data as well as the simulations can-
not be described by equilibrium kinetics as shown
in the inset of Fig. 8.

The fit by numerical calculation (Fig. 8) shows
that the reaction scheme of Fig. 3 which includes
competition between ATP and caged ATP satis-
factorily describes the experimental observations.
Therefore it is possible to compare the binding
constants used for the fit with values published in
the literature. The binding constants for caged
ATP and ATP are 500 pM and 10 pM, respec-
tively, which leads to a ratio of both constants of
50. Forbush published affinities for the binding of
caged ATP and ATP in the absence of Mg?* of 43
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pM and 0.5 pM respectively, which gives a ratio of
86 [18]. Nagel and co-workers [34] performed ex-
periments with a technique similar to ours and
analysed the results assuming competition be-
tween ATP and caged ATP under equilibrium
conditions. Neglecting the contribution of the
conversion of caged ATP bound to the enzyme
(up to 30% of first turnover) they determined a
binding constant for caged ATP to be 30 pM [34]
and a ratio of the binding constants of 15, which
allowed to calculate a binding constant for ATP in
the range of 2 pM [34). The most striking dif-
ference can be seen in the binding constant for
caged ATP. It should be emphasized that the
values of our binding constants are tentative, since
they have not been determined directly, as it was
done by Forbush [18], but they have been ob-
tained by fitting a system of interdependent kinetic
parameters. The information of these experiments,
nevertheless, is that interaction of ATP, caged
ATP and enzyme can be described in the whole
range of experiments by the kinetic scheme shown
in Fig. 3, which is part of the Post-Albers cycle.

Appendix A

Analysis of nonstationary pump-currents: numerical
simulation based on the reaction cycle of Fig. 3

After sudden release of ATP a sequence of
transitions is initiated between discrete states P,
P,,..., Py of the pump molecule with rate con-
stants k} and ki of the ith elementary reaction
step in forward and backward direction of the
transition P,— P,,,. When Xx; is the fraction of
pump molecules in the state P, the net rate @, of
this transition is given by

D, = x,kt — x;,  ki! (A-1)

The contribution of this net rate @; to the charge
translocation in the external measuring circuit de-
pends on the dielectric coefficient «;, a micro-
scopic parameter which describes the charge
movement belonging to transition P, —» P, ;:

a=va,/d (A-2)

where v,e, (e, is the elementary charge) is the
equivalent charge that moves over a distance a; in

a homogenous dielectric layer of thickness d. The
a; fulfil the boundary condition

Za, =y (A-3)

in which » is the number of elementary charges
translocated from one aqueous phase to the other
during one pump cycle [22].

The macroscopic pump current may be pre-
sented as

I,(1) = eoN- Y ;@ (1) (A-4)

N is the number of pump molecules in the
membrane. A more detailed discussion of the
meaning of the «; can be found in Apell et al. [22].
Analysis of the reaction scheme of Fig. 3 leads to
the following description. For calculation of time
dependent net rates P,(7), D,(¢),..., D(1) we
denote the fraction of pump molecules in state A
by x[A] and introduce the following variables

2= x[E,] (A-5)
%, = x[E,-ATP] + x[NaE,-ATP] + x[Na,E,-ATP]

+ x[Na,E,-ATP]| (A-6)
x3=x[(Na;)E,P] (A-T)

x4=x[P—E;]+ x[P—E,;Na] + x[P-E,Na,]

+ x[P—E,Naj;] (A-8)
xs=x[E;X] (A-9)
x¢ = x[E{Y] (A-10)

6
Y x =1 (A-11)

According to Apell et al. [22], the time derivatives
of the variables x, are given by:

X =- [cf{(l— 8)z; +0e My +0(l—e_)")af}
1
+ Cprb+yb] x4 (2= yp) x5+ T = Yo ) Xe

a
+(P_‘:_Yb)x2+ybx3+yb (A-12)



Xy = {afc,?0(l —e M)— AE}xl

1 ninsn}

—(ab?+pf P +}\E)x2

+(Poep —Ap) X3 = Ap(xs+ x5)+Ag (A-13)
. ninyny ni'nyn?y
x3=pflTx2+(prD—lf)x3+le (A-14)
. n 1
x4=rbcpx1+[fx3—(lb1P7%,3+er)x4 (A-15)
Xs=a;cd(1—8)x;— zyxs (A-16)

X 1s obtained from Eqn. A-11. @ is the fraction of
caged ATP which is converted into the photo-
chemical intermediate Y by the light flash (Fig. 1).
P’ and n; are given by

P’ =1+n]{+ niny+ ninsng (A-17)

ni=[Na] /K, (A-18)

P” and n] are defined in an analogous way. '
stands for the cytoplasmic side and " for the
extracellular side. K/(Na,) are the equilibrium
constants for sodium binding.

Eqns. A-12-A-16 are numerically integrated
with the appropriate initial conditions.

The time dependence of the concentration of
caged ATP, cy = c,r, of the photochemical inter-
mediate, ¢y, and of ATP, ¢, is given by

ex=cx(1<0)-(1-8)=c%(1-9) (A-19)
ey =0c% e (A-20)
cr=0c%(1—e™M) (A-21)

The (normalized) initial conditions are (im-
mediately after the flash)

x(1=0)=1/(1+ Kxc%) (A-22)
x5(t=0) = (Kxc%(1-8))/(1+ Kxc%) (A-23)
x6(1=0) = (Kxc%0)/(1+ Kxc%) (A-24)
Xy=x3=x,=0 (A-25)

Ky = z;/z, is the equilibrium association constant
of E,X. From the solution of this system of dif-
ferential equations the pump current 7 is calcu-
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lated to be
I,/Neg=0,0, + o/ (9] + &, + B3} + a, B, + P,
+a” (D] + &) + D7)+ a, D, (A-26)

The dielectric factors, a,, o', «,, a;, a” and a,,
are exactly as used in Eqn. 13 in Ref. 22.

1
@, = (ascr + zi0x +)’ch)x1‘(ab7x2+sz5 +)’bxs)

(A-27)
ninyn}
D, = ps IPZ: sz—PbCDX3 (A-28)
D) =lxy— lbinl ;%In:; X4 (A-29)
1
¢ = ’r?xat — ryCpX) (A-30)
Dy =Apxg (A-31)
1 ’ ’ ’ ’
&+ D) +d>3'=F{(¢a+¢y)n1(l+2n2+3n2n3)
+¢P(n’2n{+2n{+3)} (A-32)
’” 144 7 1 ” ’” 71
D+ + P = 77 {@n (1+2n3 +3n3ny)
+®,(nYn +2n +3)) (A-33)
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