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ABSTRACT Adsorption of Na1/K1-ATPase containing membrane fragments from pig kidney to lipid membranes allows the
detection of electrogenic events during the Na1/K1-ATPase reaction cycle with high sensitivity and time resolution. High
stability preparations can be obtained using solid supported membranes (SSM) as carrier electrodes for the membrane
fragments. The SSMs are prepared using an alkanethiol monolayer covalently linked to a gold surface on a glass substrate.
The hydrophobic surface is covered with a lipid monolayer (SAM, self-assembled monolayer) to obtain a double layer system
having electrical properties similar to those of unsupported bilayer membranes (BLM). As we have previously shown (Seifert
et al., 1993, Biophys. J. 64:384–391), the Na1/K1-ATPase on a SSM can be activated by photolytic release of ATP from
caged ATP. In this publication we show the first results of a new technique which allows rapid solution exchange at the
membrane surface making use of the high mechanical stability of SSM preparations. Especially for substrates, which are not
available as a caged substance—such as Na1 and K1—this technique is shown to be capable of yielding new results. The
Na1/K1-ATPase was activated by rapid concentration jumps of ATP and Na1 (in the presence of ATP). A time resolution of
up to 10 ms was obtained in these experiments. The aim of this paper is to present the new technique together with the first
results obtained from the investigation of the Na1/K1-ATPase. A comparison with data taken from the literature shows
considerable agreement with our experiments.

INTRODUCTION

Electrical measurements of ion translocating membrane
protein experiments can be divided into two classes: steady-
state and pre-steady-state experiments. Steady-state experi-
ments are carried out to establish whether the transport as a
whole is electrogenic, electrogenicity of transport being of
physiological importance. The steady-state electrical activ-
ity at different applied voltages can be used to gain infor-
mation about the transport cycle of the enzyme (Schwarz
and Vasilets, 1991; Gadsby and Nakao, 1989). However,
the relationship of overall electrogenicity with the transport
mechanism of the membrane protein is not straightforward.
In pre-steady-state electrical measurements, the additional
dimension introduced by the time dependence of the charge
movement can yield more detailed information. Under fa-
vorable circumstances the charge translocation can be as-
signed to a specific step in the reaction cycle (Borlinghaus
et al., 1987; Fendler et al., 1987, 1993).

In a pre-steady-state experiment, the steady state is per-
turbed by a rapid change of one of the parameters influenc-
ing the enzyme activity, so that its relaxation into the new
steady state can be monitored. Conventionally, the pertur-
bation consists of a rapid change of substrate concentration,
of temperature, or of the applied voltage. However, the
methods of perturbation are not always compatible with the
experimental requirements. Direct electrical measurements

require two electrically separated compartments, which are
accessible to the electrodes. The barrier between the com-
partments usually is a fragile lipid membrane (BLM, black
lipid membrane) representing a considerable problem if
combined, e.g., with rapid mixing methods.

One approach to overcome this problem was the appli-
cation of the patch-clamp technique using small-tipped pi-
pettes. The membranes of the cells, having a diameter of;1
mm, are sufficiently stable to sustain a rapid solution ex-
change (Franke et al., 1987). In order to obtain detectable
signal currents, the application of patches with such small
surface areas is restricted to ion channels, which usually
have transport rates 1,000–10,000 times higher than mem-
brane proteins carrying out active transport, such as ion
translocating ATPases.

The problem of combining large area membranes for the
investigation of ion translocating ATPases with concentra-
tion jump techniques was partly solved by the introduction
of photolytically releasable substrates (Kaplan et al., 1978;
McCray and Trentham, 1980), the so-called caged sub-
strates. A number of membrane proteins were investigated
either on artificial lipid bilayers (for a review see Bamberg
et al., 1993) or on giant patches of cell membranes
(Friedrich et al., 1996). However, only a few substrates are
available as a caged substance. Also, a caged substrate can
act as a competitive inhibitor (Fendler et al., 1993) or the
cage itself may present a problem (McCray et al., 1980;
Seifert et al., 1993).

For the reasons detailed above, we have made an attempt
to exploit the high mechanical stability of solid supported
membranes (SSM, Seifert et al., 1993) in combination with
a rapid mixing technique. Concentration jumps of ATP and
Na1 could be generated to activate the Na1/K1-ATPase. A
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time resolution up to 10 ms was obtained. The data gener-
ated by the rapid injection of ATP (in the presence of Na1)
and Na1 (in the presence of ATP) at the solid supported
membrane are compared to the results of previous concen-
tration jump experiments performed with caged ATP
(Borlinghaus et al., 1987; Fendler et al., 1985; 1987, 1993;
Nagel et al., 1987). The two approaches are shown to yield
consistent results. The possibility of electrical signal cur-
rents being a result of artefacts caused by the rapid stirring
conditions of the experimental method is ruled out.

MATERIALS AND METHODS

Chemicals

Standard solutions contained 25 mM imidazole, 3 mM MgCl2, 0.2 mM
dithiothreitol (DTT), and in ATP-jump experiments, 130 mM NaCl. The
experiments were carried out at room temperature (23°C).

To maintain ionic strength in the Na1 jump experiments, choline
chloride was used. The concentration of choline chloride was chosen so
that [NaCl] 1 [ChoCl] was kept constant at a total value given in the
corresponding figure captions (100–300 mM).

All chemicals were purchased in analytical grade or higher. In some
experiments TRIS buffer was used to exclude an influence of imidazole on
the Na1/K1-ATPase, but a difference was not detectable.

Solutions containing ATP were made from adenosine-59-triphosphate
disodium salt (Fluka, Neu-Ulm, Germany) in the case of the ATP-jump
experiments. In order to avoid Na1 impurities, for the Na1 jump experi-
ments adenosine-59-triphosphate magnesium salt ('95%, Sigma Aldrich
Chem., Deisenhofen, Germany) was used.

For inhibition experiments vanadate (orthovanadate trisodium salt,
Na3VO4; 99%, Aldrich Chemicals) was prepared as a 30-mM stock solu-
tion. Immediately before use an appropriate amount of the stock solution
was heated (to dissolve vanadate aggregates), allowed to cool, and added
to the buffer solution with a final concentration of typically 1 mM. To
avoid Na1 impurities, vanadate was never added to the nominally Na1-free
solution. The SSM with the protein adsorbed to its surface was incubated
in the vanadate-containing solution for at least 10 min. Ouabain-octahy-
drate with a purity of 95% was purchased from Sigma and added from a
15-mM stock solution.

For the lipid layer diphytanoyl phosphatidylcholine (PC; synthetic;
Avanti Polar Lipids Inc., Pelham, AL) and octadecylamine (60:1, wt/wt,
98%, Riedel-DeHaen AG, Seelze-Hannover, Germany) were prepared
1.5% in n-decane according to Bamberg et al., 1979.

Purified membrane fragments (MF) containing Na1/K1-ATPase with a
protein concentration 2–3 mgz ml21 from the outer medulla of pig kidney
were prepared according to Fendler et al., 1985 (modified procedure of
Jørgensen, 1974).

Gold electrodes

Glass plates (73 25 mm2) were cleaned with alcohol and dried. They were
brought into the recipient of an evaporation device, which was evacuated
to a vacuum pressure of,1 z 1025 mbar. To produce mechanically stable
gold layers, the glass surface was covered with chromium (5 nm, Fig. 1)
before the gold was deposited (150 nm). The thickness of the material
evaporated was measured using a quartz crystal thickness monitor. The
desired strip line shape of the gold electrodes was obtained by a 1-mm-
thick aluminum mask positioned on the glass substrate before evaporation.

The gold electrodes were incubated in an ethanolic solution of 1 mM
octadecyl mercaptan (C18-mercaptan; Aldrich, Steinheim, Germany) for
6 h at room temperature. After mercaptan incubation, the electrodes were
rinsed with ethanol, dried, and could be stored dust-free for several days
without significant loss of quality. The part of the electrode not designed
to act as a membrane electrode, but only as a connecting line, was

electrically insulated by covering it with nail polish. Thus the effective
membrane areas typically had a width of 1.5 mm and a length of 1–2 mm.

Cuvettes

To perform rapid concentration jumps, plexiglass cuvettes with an inner
volume of 17ml have been constructed. Between the upper and the lower
part of the cuvette, the SSM and an o-ring, which contained the actual
reaction volume, were sandwiched. The electrical connection to the mem-
brane electrode was made by a metal plate fixed to the upper part of the
cuvette, which was pressed on the SSM, and which was connected to the
amplifier. The counterelectrode was an Ag/AgCl electrode divided from
the streaming solution by a salt-bridge (polyacrylamide gel). The counter-
electrode was mounted on the downstream opening of the cuvette and
connected to the electrical circuit.

Setup

A schematic overview of the setup is shown in Fig. 2A. By a perfusor
pump (Harvard Pump 22, Harvard Apparatus, South Natick, MA) two
50-ml syringes were driven, which contained the nonactivating and the
activating solution, respectively. As both syringes moved simultaneously,
each time one solution flowed through the cuvette, the other stream was led
into a waste container, and vice versa. This was managed by the special
configuration of the electrical 33 3 valve (Teflon Valve 360T05, NRe-
search Inc., Maplewood, NJ; Fig. 2B). To minimize the dead volume
between valve and cuvette, the cuvette was positioned close to the front of
the valve and connected by a Teflon tubing with an inner diameter of 1
mm. Adding the volumes of cuvette and valve, the dead volume between
the point of switching and the membrane sums up to 476 10 ml.

An external connection for cleaning, refilling, and removing bubbles
was provided by two 3-way valves between the pump and the electrical
valve. All parts of the setup conducting the electrolyte solutions were
enclosed in a Faraday cage.

The signal was amplified by an operational amplifier (107 V/A,
OPA111, Burr-Brown, Tucson, Arizona) located within the Faraday cage
and a low noise voltage amplifier (gain: 102–103). The output signals were
filtered (low-pass, 1–10 ms) and recorded. External voltages could be
applied to the membrane for determination of membrane conductance and
capacitance (see below).

Lipid coating and start of the SSM experiment

The mercaptan-treated gold surface was covered with 4ml of the lipid
solution. During the incubation time of;1 min the electrode was exposed

FIGURE 1 Structure of the solid supported membrane (SSM). The SSM
consists of a glass support (Gl, 1 mm), a chromium layer (Cr, 5 nm), a gold
layer (Au, 150 nm), an octadecyl mercaptan monolayer (ODT), a di-
phytanoyl phosphatidylcholine monolayer (PC), and the membrane frag-
ments containing the protein (MF).

Pintschovius and Fendler Na1/K1-ATPase on SSM 815



to air and horizontally oriented. The glass plate was then sandwiched
between the upper and lower parts of the cuvette. The effective membrane
area was placed under the inlet opening by which the fluid stream was to
flow into the cuvette. The cuvette was assembled as shown in Fig. 3 and
rapidly filled with the electrolyte solution. The fluid flow was driven by the

perfusor pump at maximum pump rate (28 ml/min). Before filling the SSM
cuvette, bubbles within the tubings, valves, and syringes of the device had
to be carefully removed in order to avoid damage of the SSM surface and
perturbations during the experiment.

Measuring procedure, data recording,
and analysis

After filling the cuvette with the electrolyte solution, conductance and
capacitance of the SSM were monitored by evaluating the current response
to a voltage jump (100 mV) and the rectangular response to a triangular
voltage (10 mV peak/peak, 0.5 Hz). Because of the polarizability of the
gold electrode, the relaxation currents following a voltage jump showed a
complicated time dependence. However, the current 1 s after the voltage
jump can serve as an arbitrary measure for the conductance (Seifert et al.,
1993). After a waiting time of'120 min after formation of the SSM, the
conductance and capacitance values remained constant atC 5 300–400
nF/cm2 andG1s 5 50–100 nS/cm2.

At this stage of the procedure we usually performed control experiments
with the still protein-free SSM in order to check the signals generated by
the solution exchange for artefacts. Especially when large concentration
differences were applied (e.g.,D[Na1] $ 20 mM), mixing artefacts were
observed. These artefacts could be minimized by replacing the missing
electrolyte by a salt, which was assumed not to affect the enzyme (e.g.,
choline chloride for NaCl). Similarly, activation by smaller amounts of
divalent or trivalent ions tended to produce considerable artefacts. For a
more detailed discussion on these artefactual currents, see Pintschovius et
al., 1999.

The protein was added by injecting 40ml of a suspension containing
0.2–0.5 mg/ml protein into the cuvette through the outlet channel. The
suspension was vigorously mixed using a pipette. The use of 5- to 10-fold
lower protein concentrations yielded signal currents, which were not sig-
nificantly smaller, so the method seems to be useful in cases where only
small amounts of purified enzyme are available. The membrane fragments
were adsorbed to the SSM during 10 min of waiting time. After control of
capacitance and conductance of the compound membrane the experiment
was started.

The protocol for a solution exchange (see Fig. 4) typically consisted of
four steps: 1) slow cleaning (6 s, 7 ml/min); 2) fast cleaning (2 s, 28
ml/min); 3) activation (concentration jump, 2 s, 28 ml/min); and 4) deac-

FIGURE 2 (A) Experimental setup. The perfusor pump (P), the 33
3-way valve (V3), the SSM cuvette (SSM) with the counterelectrode (Ce),
and the preamplifier are in a Faraday cage (F). The tubings have an external
connection (E). After use the solutions flow into the waste container (W).
After filtering and amplification (Am), the time signals are recorded by the
digital oscilloscope (DO) and/or the AD converter (AD). Data recording,
pump, and electrical valve are controlled by the PC. Capacitance and
conductance of the membrane are measured using the voltage source U. (B)
The configuration of the 33 3-way valve in the normal state (left) and the
activated state (right). The black lines represent the pathway of the flowing
solutions. The valve is connected to the two syringes (S1, S2), a waste
container (W), and the SSM cuvette (SSM).

FIGURE 3 Cuvette for rapid solution exchange (not to scale). The letters
in the figure denote the SSM glass plate (Gl), the SSM membrane area (M),
the electrical insulation (I), the o-ring (O, inner diam. 4.6 mm, height 0.9
mm), and the cuvette (C). The diameter of the solution inlet and outlet (In,
Out) is 1 mm.

FIGURE 4 Typical time protocol for the electrical measurements. The
figure shows the times and flow rates normally used for one concentration
jump experiment (here: ATP concentration jump) and the corresponding
current signal. In the time trace the switching of the valve shows up as an
artefactual current att 5 8.0 s andt 5 10.0 s, respectively. The actual
protein current starts;100 ms after the state of the electrical valve has
been changed by a TTL signal. To avoid impurities, the cuvette is cleaned
with the nonactivating solution at different flow rates before and after each
concentration jump. The flow rate of the perfusor pump is changed via the
RS232 interface.
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tivation and cleaning (reverse concentration jump, 2 s, 28 ml/min). For
reproducible and simple use of the apparatus, the pump, the electrical
valve, and data recording were controlled from the PC via our own C/C11
software. The whole procedure was recorded using a 12-bit AD converter
at a sampling rate of 1 kHz. Alternatively, and for higher sampling rates,
data could be read from a 12-bit digital storage oscilloscope. Data output
and input timing were managed by the timer of the AD/DA PC-card
(Meilhaus Electronics, Puchheim, Germany). Fitting of the data was per-
formed using the Levenberg-Marquardt least-squares algorithm of the
Microcal ORIGIN 3.5 software package (Microcal Inc., Northampton,
MA).

RESULTS

Electrical currents generated by the Na1/K1-ATPase were
measured by adsorbing Na1/K1-ATPase-containing mem-
brane fragments from pig kidney to an SSM. The ion pumps
were activated using a rapid flow technique, which allowed
us to generate ATP and Na1 concentration jumps. All
experiments presented in this publication were performed in
the absence of K1. Under these conditions, dephosphoryla-
tion of the enzyme is extremely slow and only the Na1-
dependent half of the reaction cycle is investigated.

ATP concentration jump

The Na1/K1-ATPase can be activated either by an ATP
concentration jump at constant Na1 concentration or by an
Na1 concentration jump at constant ATP concentration.
Both procedures have been used, and an ATP and Na1

concentration dependence was determined in each case.
Fig. 5 shows an electrical signal after an ATP concentra-

tion jump at a constant Na1 concentration of [Na1] 5 130
mM. At t 5 0 the valve driver is triggered. Switching to the
solution containing ATP takes place up to 30 ms later
because of electrical and mechanical delay times. Att '
130 ms ATP reaches the surface of the SSM corresponding

to a transit time of the solution from the valve to the SSM
of ;100 ms.

The signal after the ATP jump rises with a time constant
of 10 ms and decays with a time constant of;19 ms. Also,
a negative component with a time constant of;113 ms is
observed. As expected, the time dependence of the current
is similar to signals obtained on planar membranes using
activation with caged ATP (Fendler et al., 1993).

The signals could be completely inhibited by 1 mM
orthovanadate. After the measurement of an ATP-induced
signal the SSM was incubated with an ATP-free but vana-
date-containing solution for;15 min. Following this pro-
cedure, ATP concentration jumps (in the presence of van-
adate in both solutions) did not yield any electrical signals.
In contrast, inactivation of the ATP-induced signals by
ouabain was not possible. This observation is explained by
the ouabain being unable to reach its extracellular binding
site, which is attached to the SSM surface, and thus not
freely accessible from the solution. A similar conclusion
was drawn from BLM measurements of Fendler et al., 1985.

Activation of the enzyme with different ATP concentra-
tion jumps at constant Na1 concentration of 130 mM is
shown in Fig. 6. The peak currents are plotted versus the
ATP concentration. As discussed later, the concentration at
the surface of the SSM at the time of the peak is less than
the nominal concentration in the ATP-containing solution.
Therefore, the concentrations have been corrected accord-
ing to Eq. 4. These values are also included in Fig. 6. A fit
to the corrected data with a hyperbolic ATP dependence is
shown in the figure and yields a binding constant of 3.0mM.

The time-dependent current signals at different ATP con-
centrations were analyzed using a fit with a multiexponen-
tial model function. The time constants obtained by the fit
are given in Fig. 7. The reciprocal time constantt1

21 in-
creases, as the substrate concentration is increased without

FIGURE 5 Electrical current after an ATP concentration jump. The
concentration of ATP in the activating solution was 100mM. The electro-
lyte solution contained 130 mM NaCl, 25 mM imidazole, 3 mM MgCl2,
and 0.2 mM DTT at pH 7.0 (HCl). The temperature during the experiments
was 22°C. The parameters of the fitted curve (sum of three exponentials,
solid line) are: A1 5 24530 pA,t1 5 10 ms, A2 5 5030 pA,t2 5 19 ms,
A3 5 2260 pA, t3 5 113 ms.

FIGURE 6 ATP dependence of the peak currents after an ATP concen-
tration jump experiment. The electrolyte solution contained 130 mM NaCl,
25 mM imidazole, 3 mM MgCl2, and 0.2 mM DTT at pH 7.0 (HCl). The
experiments were performed at 22°C. The peak currents are plotted versus
the corrected (circle) and the uncorrected (cross) concentrations, respec-
tively. Data fitting of the corrected values with a Michaelis-Menten func-
tion andIpeak,max5 2500 pA gaveKM 5 3.0 mM.
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showing saturating behavior. The reciprocal time constant
of the decay (t2

21) also increases with [ATP]. In contrast to
t1

21 it saturates at high ATP concentrations with half-satu-
rating [ATP] of KM 5 3.4 mM and a maximum rate of
t2,max

21 5 60 s21.
This KM value is in good agreement with the value

obtained for the saturation of the peak current of the signal
(3.0mM, Fig. 6). The agreement is not unexpected, since in
the absence of K1 the ion pump performs only a single
turnover. As the charge transported during the turnover is
constant, the integration of the electrical current yields a
constant, which implies that the ratio of amplitude and
reciprocal time constant is a constant.

In a third phase of the time course the current signal
changes its sign. The corresponding rate constantt3

21 is ;8
s21. This phase of the signal corresponds to the discharge of
the capacitances of the membrane system (see Discussion).

Peak currents after activation of the enzyme with a
100-mM ATP concentration jump at different Na1 concen-
trations are shown in Fig. 8. Concentration correction was
not necessary in this case, since the Na1 concentration was
constant during a single experiment. The model function
used for fitting the [Na1] dependence of the peak currents
Ipeak
max was a Hill function with a Hill coefficientn and a

half-saturation concentrationK0.5
Na. Ipeak

max, K0.5
Na, and n were

adjustable parameters during the fitting procedure:

Ipeak5
I peak

max

1 1 ~K0.5
Na/c0!

n (1)

Fits using (fixed)n 5 1 (Michaelis-Menten kinetics) did not
yield acceptable results. Good fits were obtained with a Hill
coefficientn 5 2.4 and a binding constant ofK0.5

Na 5 2.6 mM.

Na1 concentration jump

Fig. 9 shows an electrical signal after a Na1 concentration
jump of 100 mM at a constant ATP concentration of 100
mM. A transit time of the solution from the valve to the
SSM of ;100 ms is obtained which is similar to the value
in the case of the ATP concentration jump. The phase of
decay and subsequent phase with negative current are de-
scribed by the rate constants 63 and 30 s21. A multiexpo-
nential fit also including the rising phase did not give
reasonable results. As in the case of the ATP concentration
jumps, the signal could be inhibited by preincubating the
membranes with 1 mM orthovanadate.

Fig. 10 shows the peak currents obtained using different
Na1 concentration jumps at a constant ATP concentration

FIGURE 8 Na1 dependence of ATP concentration jump experiments
(D[ATP] 5 100 mM). No correction of the concentration values was
necessary in this mode of concentration-dependent measurement. The
solution containedx mM NaCl, 2002 x mM choline chloride, 25 mM
imidazole (pH 7.0, HCl), 3 mM MgCl2, and 0.2 mM DTT at 22°C. The best
fit was obtained with a Hill equation using a Hill exponentn 5 2.4 and a
half-maximal concentrationK0.5

Na 5 2.6 mM.

FIGURE 7 ATP concentration jumps (data sets identical to Fig. 6). The
concentration dependence of the signal rise and decay ratest1

21 (circles)
andt2

21 (rectangles) is shown. The half-saturating concentration value of
t2

21 is KM 5 3.4 mM, the maximum rate 60 s21 (solid line: Michaelis-
Menten fit).

FIGURE 9 Electrical signal after a 100 mM Na1 concentration jump.
Conditions: 300 mM choline chloride or 200 mM plus 100 mM NaCl, 25
mM imidazole, 0.2 mM DTT, 3 mM MgCl2, pH 7.0 (HCl), 25°C. The data
set could not be fitted by a multiexponential fit including the rising phase
of the signal. A biexponential fit of the signal phases following the peak
yields time constants of 16 and 33 ms, respectively (62 s21 and 30 s21).
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of 100 mM. The concentration values had to be corrected
(cf. Fig. 6) according to Eq. 4. In the figure the uncorrected
and the corrected data points are shown together with a fit
for the corrected points. Also in this case a Hill coefficient
n . 1 was required. A good fit withn as an adjustable
parameter could be obtained yielding a Hill coefficient of
n 5 2.0 and a half-saturation of 3.7 mM. No acceptable fit
was obtained using fixedn 5 1. This agrees well with the
value of KM

Na 5 2.6 mM obtained from the data shown in
Fig. 8.

An Na1 jump experiment with variable ATP concentra-
tion is shown in Fig. 11, where the peak amplitudes of the
current signals were evaluated. The concentration amplitude
chosen for Na1 activation was 10 mM. The most striking
feature of the plot is the finite signal amplitude at vanishing
ATP concentration, suggesting electrogenic binding of Na1

to the enzyme in the absence of ATP. Note that a contam-
ination of the preparation with ATP can be ruled out be-
cause the buffers used for the Na1 jumps were all ATP-free.
At the flow rate used in the experiments (28 ml/min) the
cuvette volume is exchanged;13 times during each exper-
iment, washing out all possible contaminants.

An increase in [ATP] leads to larger peak currents (bind-
ing constant ofKATP ; 1 mM). This demonstrates that Na1

activation in the absence of ATP can yield information
about the electrogenicity of Na1 binding steps in the trans-
port cycle of the Na1/K1-ATPase. We will discuss that sep-
arately in a subsequent publication (Pintschovius et al., 1999).

Correction of concentration values

As will be discussed in more detail below, two effects
dominate the time for the activating solution to reach the

electrode and the steepness of the concentration step: a
boundary layer effect on the electrode surface and the fluid
dispersion in the tubings (i.e., stream velocity is not constant
within the tubings). For the correction of the concentration
values we use for simplicity the functional dependence
derived for laminar Hagen-Poiseuille flow in a cylindrical
tubing. However, to account for all effects contributing to
the rise of the concentration step at the electrode surface, an
empirical parametertapp is included as shown below.

Assuming laminar Hagen-Poiseuille flow in a cylindrical
tubing, the average concentrationc(t) at the position of the
membrane rises according to (see Appendix):

c~t! 5 H c0@1 2 ~t0/t!# for t $ t0
0 for t , t0

(2)

wheret0 is a function of the distance between the membrane
and the valve (see Appendix). Calculations with typical
parameters of our setup yieldt0 5 51 6 11 ms (taking into
account the dispersion effect only). It represents at the same
time the time constant describing the steepness of the con-
centration step as well as the transfer time of a molecule
moving on the fastest (central) streamline from the valve to
the electrode. This means that the first activating molecules
reach the protein at timet0, and the concentration starts
rising. After the timet0 1 tpeak the maximum current is
observed. As the concentration is rising slowly (usuallytpeak

is less than the steepnesst0), at this time the concentration
c on the membrane surface has not reached its full valueco.
This implies the need for correcting concentration values of
the activating substance.

FIGURE 10 Na1 dependence of the Na1 concentration jump experi-
ments. The electrolyte solution contained 25 mM imidazole, 3 mM MgCl2,
0.2 mM DTT, and 100mM ATP at pH 7.0 (HCl). The nonactivating
solution contained 300 mM choline chloride, whereas the activating solu-
tion contained varying Na1 concentrations plus the amount of choline
chloride required to yield total salt concentration of 300 mM. The exper-
iments were performed at 22°C. The peak currents are plotted versus the
corrected (square) and the uncorrected (cross) concentrations, respectively.
Fitting of the corrected data with a Hill function gave acceptable results
only for n 5 2. With Ipeak,max5 750 pA KM 5 3.7 mM was obtained.

FIGURE 11 ATP dependence of the Na1 concentration jump experi-
ments. The electrolyte solution contained 110 mM choline chloride, 25
mM imidazole, 3 mM MgCl2, 0.2 mM DTT, and varying amounts of ATP
at pH 7.0 (HCl). The activating solution contained 100 mM choline
chloride plus 10 mM NaCl instead of 110 mM choline chloride. The
experiments were performed at 22°C. The peak currents are evaluated
versus the ATP concentration. At [ATP]5 0 a finite signal amplitude is
obtained due to electrogenic Na1 binding. The half-maximal increase of
the peak amplitudes takes place at [ATP]' 1 mM.
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Now the risetimet0 is replaced by an empirical parameter
tapp that will be determined using experimental data:

c~t! 5 H c0@1 2 ~tapp/t!# for t $ tapp

0 for t , tapp
(3)

Heret 5 0 represents the time when the valve is switched.
Especially at the time of the current peaktpeak, the concen-
tration is

cpeak5 c0S1 2
tapp

tpeak
D. (4)

In order to obtain phenomenological values fortapp, the
ATP-jumps at varying ATP valuesc0 from Fig. 6 were
evaluated. From this dataset peak currentsIpeak and times
tpeak, at which the peak was reached, were determined for
ATP concentration valuesc0 between 0.1 and 1000mM. For
each [ATP] value six concentration jumps were evaluated
yielding averages forI#peak and t#peak with their standard
deviations. It was assumed that the dependence is ideally
represented by a Michaelis-Menten curve with half-saturat-
ing concentrationKM:

Ipeak5
Ipeak
max

1 1 KM/cpeak
5

Ipeak
max

1 1 KMYFc0S1 2
tapp

tpeak
DG (5)

whereI peak
max denotes the peak current at saturating substrate

concentrations.
The dataI#peak(c0, t#peak) were fitted (Fig. 12) using this

equation at a fixedIpeak
max 5 2500 pA. DifferentKM between

2 and 8mM were chosen and fixed during each fit proce-
dure. Thus, the only adjustable parameter of each individual
fit was tapp, which is plotted together with the correspond-
ing reduced sum of squaresx2 in Fig. 12 (Fendler et al.,
1993; Bevington, 1969). Minimumxmin

2 was encountered at
KM 5 3.0mM. The confidence interval (68%) is determined
by xmin

2 1 1 (Bevington, 1969) and gives a range of 2.3–4.1

mM. The fitted tapp was 89 ms forKM 5 3.0 mM. The
confidence interval fortapp was between 81 and 91 ms.

The ATP-affinity obtained by this evaluation is compat-
ible with earlier measurements performed with caged ATP
at lipid bilayer membranes under similar conditions (Nagel
et al., 1987: 2mM), and with the [ATP]-dependence of the
ratest2

21 determined from the same dataset in this publica-
tion using uncorrected concentrations (3.4mM). Moreover,
the prediction oft0 5 tapp (t0 ; 100 ms) is shown to be
valid not only for flow through the tubes, but approximately
also for fluid transport as a whole.

DISCUSSION

A new technique

Electrical currents generated by the Na1/K1-ATPase were
measured by adsorbing Na1/K1-ATPase-containing mem-
brane fragments to a solid supported membrane (SSM). This
preparation has been introduced recently using a number of
different electrogenic ion pumps (Seifert et al., 1993). The
SSM acts as a carrier for the membrane fragments and as a
high-capacitance, low-conductance electrode. In the previ-
ous study (Seifert et al., 1993) a photolabile substrate (caged
ATP) was used to generate a rapid ATP concentration jump.
Here we describe a flow injection technique that allows us
to generate concentration jumps with virtually any substrate.

If substrates are applied that are not available as a caged
compound, this new technique has been demonstrated to be
useful. It combines the advantages of rapid flow methods
with those of recording electrical currents, thus providing a
novel tool for the investigation of electrogenic reaction
steps in the transport pathway of ion-translocating mem-
brane proteins. For the first time currents generated by
electrogenic Na1 binding to the cytoplasmic membrane
surface of the Na1/K1-ATPase under ATP-free conditions
could be observed. This will be presented in more detail in
a subsequent publication.

Another advantage of the method is the stability of mem-
brane preparations, so that the protein can be investigated
during hours under many different conditions with the same
preparation. The conditions can be changed arbitrarily, i.e.,
it is possible not only to add a certain substance, but also to
remove it. The amount of protein required for an experiment
is very small, as the membrane fragments or vesicles con-
taining the enzyme keep being adsorbed during the whole
lifetime of the SSM. Fortyml of a suspension containing
only 0.1 mg/ml of protein (5mg) are sufficient to generate
a signal as large as 75% of the values obtained under
standard experimental conditions (;0.5 mg/ml, see Fig. 5).

In contrast to other SSM techniques (for a review see Xu
and Li, 1995) the simplicity of preparation of the self-
assembled octadecyl mercaptan monolayer on gold together
with the high electrical resistance of the mercaptan/lipid
bilayer makes this technique attractive for the investigation
of currents generated by a broad spectrum of ion transporters.

FIGURE 12 Evaluation of peak currentsIpeak(c0, tpeak) after ATP-jumps
with c0 5 [ATP]. The concentration rise timetapp (triangles) was fitted
using the model function Eq. 5 and different (but fixed)KM from 2 to 8mM
and the reduced sum of squaresx2 was calculated. The minimumx2 (open
squares) was found forKM 5 3.0 mM and tapp 5 89 ms.
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The replacement of one buffer by another buffer of dif-
ferent composition can yield electrical artefacts caused by
the change in concentration and type of ions, which undergo
unspecific binding processes at the membrane surface. This
limitation is generally inherent to methods based on solution
exchange. Such artefactual currents, which are independent
of the presence of protein, are difficult to circumvent and
can only be minimized by the appropriate choice of solutes.

For the solution exchange at the surface a time resolution
of tapp 5 89 ms was obtained. This value has been exper-
imentally determined from the concentration dependence of
the Na1/K1-ATPase pump currents. The value oftappcan-
not be identified with the time resolution of the observed
current curves, as the use of supersaturating concentrations
leads the protein into saturation after significantly shorter
times. Thereby risetimes for the pump currents as low as 10
ms and smaller could be obtained (seet1

21 in Fig. 7).
The time resolution is determined by the switching time

of the valve, fluid dispersion within the volume between the
valve assembly and the SSM-cuvette, and the transfer pro-
cesses in the reaction volume including the presence of an
unstirred boundary layer at the surface of the SSM. In the
following section the contributions of the different pro-
cesses to time resolution are estimated. This information can
help to shorten the risetime of the concentration at the SSM
surface by appropriate constructive improvements of the
instruments.

Further improvements for shortening the time necessary
for solution exchange are presently under development. The
strategy implies an increase in flow velocity of the fluid
stream as well as a minimization of the volume between the
location of switching and the membrane surface.

Time resolution of the instrument

Measurements that are dependent on a rapid exchange of
fluids on a surface usually have a limited time resolution.
Especially when objects larger than a few micrometers are
to be investigated, time-resolved measurements in the mil-
lisecond range become difficult because of unstirred layer
effects. In the following we give a semiquantitative account
of several effects that slow the risetime of the concentration
jump performed at the surface of the SSM. This risetime of
the apparatus will be referred to astapp.

There are at least four effects that considerably contribute
to the limited time resolution of the concentration step at the
membrane surface: 1) the switching of the electrical valve;
2) the dispersion of the concentration step in the tubing
connecting the valve with the reaction chamber; 3) the
mixing and the transport within the reaction volume; and 4)
the formation of an unstirred boundary layer at the SSM,
where transport across this layer is assumed to take place by
diffusion only. In the following, we estimate the contribu-
tions of the different effects.

The switching time of the electrical valve (1) is between
5 and 15 ms. Fluid dispersion in the tubing (2) is due to the

radially inhomogeneous velocity distribution. The time con-
stantt0 that can be calculated from the velocity distribution
of a laminar fluid stream in a cylindrically shaped channel
(Hagen-Poiseuille law; see Appendix, Eq. 17), is the rise-
time of the mean concentration (average over all stream-
lines) after passing the volume (VT) between the valve and
the reaction chamber. One obtainst0 5 VT/2V̇ 5 51 6 11
ms (V̇ 5 28 ml/min,VT 5 47 6 10 ml).

A detailed knowledge of the three-dimensional velocity
distribution within the reaction volume (3) is difficult to
acquire. A simple model will be treated below. Unstirred
layer effects (4) often present a serious problem when
dealing with transport through membranes (for a review on
this topic see Barry and Diamond, 1984). Values for bound-
ary layer thicknesses generally depend on the stirring rate,
i.e., velocity of the fluid in the bulk solution, and the area of
the object under consideration. Typical experimental thick-
ness values (examples given in Barry and Diamond, 1984)
vary in a wide range between,1 mm (stopped flow with
erythrocytes) and hundreds of micrometers (biological tis-
sue samples under slow stirring). Theoretically, the bound-
ary layer thicknessd can be estimated from the knowledge
of the parameters of the hydrodynamic problem.

In almost all practical cases an exact calculation of the
transport process through the boundary layer is impossible.
Therefore, we suggest a simplified model (Fig. 13) in order
to estimate the order of magnitude of effects (3) and (4). We
assume that the reaction volume represents a channel of
width w and heighth, wherew .. h. In such a channel, the
velocity distributionu(y) with 2h/2 , y , h/2 behaves like
(Bensimon et al., 1986)

u~y! 5
3~h2 2 4y2!

2wh3 V̇ (6)

The transfer process consists of two contributions, namely
of a) transport within layery of the fluid flow along a

FIGURE 13 Simplified model for the estimation of the transfer time
from the inlet opening to the membrane surface. It is assumed that the
solution is transported in two steps, the first one dominated by the move-
ment within the fluid stream (tH) over a distancea, and the second one
dominated by diffusive transport through a boundary layer of thicknessd
(tD). A parabolic velocity profileu(y) in a channel (widthw, heighth) is
assumed.
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distancea, and of b) diffusional transport across the bound-
ary layer of thicknessd 5 h/2 2 y (Fig. 13).

The time tH required for hydrodynamic transport with
velocity u(y) is

tH 5 a/u~y! 5
2awh3

3~h2 2 4y2!V̇
(7)

During this time interval substrate ions can diffuse toward
the electrode. The diffusion through the layer of thickness
d 5 h/2 2 y takes the timetD (rise time, after which half of
the maximal concentration is reached; Barry and Diamond,
1984):

tD 5 0, 38d2/D (8)

On a streamline at distanced from the membrane, for
which the two time intervals are equal (tH 5 tD), and with
d ,, h one calculates:

d3 5 0, 439 z
awh2D

V̇
(9)

In our case, typical valuesa 5 1 mm,w 5 3 mm,h 5 0.8
mm, DATP 5 3 z 1024 mm2/s, andV̇ 5 28 ml/min 5 520
mm3/s yield

d 5 7.9mm (10)

For the transfer times one obtains

tH 5 tD 5 78 ms (11)

Compared to the experimentally determined value for the
total of all effects limiting the time resolution (89 ms), the
sum of values for the single effects 2 (51 ms) and 3 & 4 (78
ms) based on the simple models is too large. As the velocity
distribution within the cuvette is highly inhomogeneous,d,
and at the same time the risetime of the concentration, are
expected to vary locally, so that for an SSM surface at a
location with high fluid velocity a thinner boundary layerd,
and thus also smaller contributions for the risetime, are
expected. For the construction and optimal adjustment of
the SSM this implies that the membrane area should be as
small as possible (to minimize variation ofd) being located
under the inlet opening of the reaction volume (to maximize
fluid velocity).

The boundary layer contributes significantly to the time
resolution. At the same time it is useful for measurements at
relatively high flow rates: the boundary layer having dimen-
sions in the order of micrometers is much thicker than the
membrane fragments and thus prevents the fragments from
being dragged away with the flow. Our experience shows
that the preparation is indeed very stable, and even flow
rates four times higher than applied in the experiments
presented here never did cause any detectable loss of protein
from the SSM surface.

Although the rise time of the substrate concentration at
the SSM surface is;90 ms, signal kinetics of ATP activa-

tion of the Na1/K1-ATPase were measured with a time
resolution of 10 ms if ATP was added at an oversaturating
substrate concentration (see Fig. 5). In this case, the sub-
strate binding site is saturated after a much shorter time than
the time required for a complete solution exchange. This
enables measurements with high time resolution under the
constraint that the enzyme can only be investigated under
saturating conditions.

Electrogenic Na1 translocation by the
Na1/K1-ATPase

Electrogenic Na1 translocation in the Na1/K1-ATPase
could be demonstrated after an ATP or a Na1 concentration
jump. The sign of the electrical currents corresponds to the
transport of positive charge from the aqueous medium to the
SSM. From the direction of the current we conclude that the
Na1/K1-ATPase membrane fragments contributing to the
signal current are adsorbed with their extracellular side
facing the SSM. The same conclusion was drawn from
inhibition experiments with ouabain and orthovanadate
(Pintschovius et al., 1999).

Artefactual response of the apparatus due to the rapid
solution exchange at the SSM surface was ruled out by
control experiments without protein and by inhibition with
orthovanadate. The characteristics of the measured signals
under various conditions are now discussed. The compari-
son of ATP and Na1 jump experiments serves as an internal
consistency check of the system.

Because of the limited risetimetapp of the concentration
at the SSM surface, the Na1 and ATP concentration depen-
dencies in Fig. 6 and Fig. 10 have to be corrected. The
correction procedure is based on the fact that at the time
when the current reaches its peak, the concentration has not
yet reached its final value (see Results). If the concentration
dependence is determined for a substrate that is different
from the substrate responsible for the concentration jump,
then of course no such correction is necessary. The latter is
the case for Na1 jumps at variable ATP concentration or
ATP jumps at variable Na1 concentration.

The validity of the correction procedure is demonstrated
by the similar values ofK0.5

Na obtained with ATP and Na1

concentration jumps (Fig. 8, 2.6 mM; Fig. 10, 3.7 mM).
This comparison is not possible forKM

ATP in Fig. 6 and Fig.
11 because the ATP affinity of the Na1/K1-ATPase de-
pends on the Na1 concentration, which was not saturating
in Fig. 11.

From BLM measurements using caged ATP an Na1

binding constantK0.5
Na 5 3 mM (Nagel et al., 1987) was

obtained, which is obviously in good agreement with the
values determined by rapid solution exchange presented
here (K0.5

Na 5 2.6 mM and 3.7 mM for ATP-jumps and
Na1-jumps, respectively). The concentration dependence of
Na1 and ATP concentration jumps shows cooperative Na1

binding with a Hill coefficient of 2.0–2.4. This in good
agreement with data reported for the cytoplasmic Na1 bind-
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ing site (Goldshleger et al., 1987) ofK0.5
Na 5 3–7 mM and

Hill coefficient 1.8–1.9.

Time dependence of the electrical currents

As mentioned above, at high substrate concentrations a high
time resolution (,10 ms) comparable to that of bilayer
measurements using caged ATP (Fendler et al., 1987;
Borlinghaus et al., 1987) can be obtained. At low substrate
concentrations, however, the risetime of the concentration at
the surface of the SSM may be considerable, determining
the time dependence of the measured current. Therefore, we
have quantitatively evaluated the electrical signals at vari-
ous ATP concentrations using a multiexponential fitting
procedure. This is compared to a numerical simulation that
includes the effect of substrate concentration being time-
dependent (see Appendix).

In this respect it has to be noted that our data could not be
fitted by a sum of exponential functions under all condi-
tions. This behavior is explained by the rather slow increase
in substrate concentration, which leads to a slowly rising
phase of the measured currents. As the substrate concentra-
tion c(t) at the membrane surface varies in time, the pseudo-
first-order binding rate “constant”kATP

1 z c(t) becomes time-
dependent, and thus a multiexponential time behavior can
no longer be expected. In cases where multiexponential
curve-fitting was impossible, the fitting procedure was re-
stricted to the data following the current peak.

The reciprocal time constant of the rising phase (t1) is
strongly dependent on substrate concentration (Fig. 7). It
increases asc0 is increased and does not saturate in the
concentration range up to 1 mM ATP. In a previous paper
(Fendler et al., 1987)t1

21 was found to be independent of
ATP concentration and was assigned to the rate constant of
electrogenic Na1 translocation in the Na1/K1-ATPase re-
action sequence. The behavior oft1 is obviously different in
the case of the rapid flow technique presented here. The
reason for this difference is that in Fendler et al. (1987)
caged ATP was used for the activation of the enzyme, which
is a competitive inhibitor of ATP. This limits the pseudo-
first-order rate constant of ATP binding to values below
;30 s21, which is smaller than that of Na1 translocation.
Therefore,t1 corresponds to the Na1 translocation step at
all ATP concentrations. In contrast, the data shown in Fig.
7 were obtained in the absence of caged ATP. At ATP
concentrations*10 mM, the pseudo-first-order rate con-
stant of ATP binding becomes larger than that of Na1

translocation. In consequence, the ATP-dependent reaction
appears in the rising phase of the signal (t1) at high ATP
concentrations.

After reaching its maximum value, the current induced by
the ATP concentration jump (Fig. 5) decays with a time
constantt2 5 19 ms;t2

21, ast1
21, increases with the ATP

concentrationc0 but, in contrast, saturates at 60 s21. In fact,
saturation is expected at the rate constant of the rate-limiting
electrogenic reaction following ATP binding (E1ATP 3

E2P). Similarly, a time constantt2
21 ' 60 s21 is obtained

after a 100-mM Na1 concentration jump. For a more de-
tailed discussion see our numerical simulation below.

The slowest time constant,t3, having a negative signal
amplitude has previously been interpreted as the time con-
stant of the reflux from the electrically charged capacitance
of the compound membrane. Transient current kinetics of
the Na1/K1-ATPase in the absence of K1 yield t3

21 5 2.9
s21 (Fendler et al., 1987). At the SSM (Seifert et al., 1993)
using caged ATPt3

21 5 1.3 s21 was determined in the
absence of K1. These values are relatively small compared
to ourt3

21 5 8.8 s21 (ATP concentration jump) andt3
21 5

30 s21 (Na1 concentration jump). The discrepancy could be
related to different adsorption conditions leading to a dif-
ferent membrane conductanceGm, and thus to a change in
the rate of discharge of the membrane fragments. Also, it
has been speculated that the protein is involved in the
discharge kinetics (Fendler et al., 1993), which would ex-
plain the variation oft3

21 under different conditions.

Simulation of the electrical current

One major aim of this study was to perform pre-steady-state
experiments in order to collect information about the rate
constants of certain reaction sequences. How does the rel-
atively large risetime of the concentration step at the surface
of the SSM influence the time-dependence of the current
response? We have simulated our ATP jump measurements
(Figs. 14 and 15) by the following model:

ATP1 E1L|;
kATP

1

kATP
2

E1ATPOh
k2

E2P (12)

This model includes 1) a time-dependent ATP concentration
c(t), wherec(t) is represented by the model function derived
for tube dispersion (Eq. 3 with rise timetapp); 2) an ATP
binding process with a second-order forward binding rate
kATP

1 and a backward ratekATP
2 ; 3) subsequent electrogenic

single-turnover Na1 translocation with ratek2; and 4) dis-
charge of the membrane capacitance with time constantt0.
The set of equations used for the numerical simulation is
shown in the Appendix. The parameters used for the simu-
lation shown in Fig. 14 werekATP

1 5 30 z 106 M21 s21,
kATP

2 5 90 s21, k2 5 60 s21, andtapp 5 89 s21.
For an ideal concentration step (tapp 5 0), the set of

equations is solved by a sum of three exponential functions.
In the case of finite values oftapp the solution of the
problem is no longer a sum of three exponentials. Never-
theless, the simulated curves can be fitted approximately by
a triexponential model function yielding the reciprocal time
constantst1

21, t2
21, andt3

21.
The time-dependent currents obtained from the numerical

simulation at different ATP concentrations are shown in
Fig. 14 A. To these curves a triexponential function was
fitted. This procedure yielded three time constants (t1, t2,
andt3). The current component with time constantt3 has a
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negative amplitude and is a result of the capacitive coupling
of the membrane fragments.t3 is not relevant from a ki-
netical viewpoint and will not be discussed further. The
ATP concentration dependence oft1

21 andt2
21 is shown in

Fig. 14, B and C, both showing the same data, but at
different scaling.

Fig. 14,B andC also include the pseudo-first-order rate
constant of ATP bindingkATP

1 z c0 (dashed line) wherec0 is
the ATP concentration andkATP

1 is the second-order rate
constant for ATP binding. Obviously, at ATP concentra-
tions above 2mM, the values of the curvekATP

1 z c0 are
greater than any of the time constants determined from the
simulation. This demonstrates that under these conditions
the saturation of the ATP binding sites is slowed by the slow
risetimetapp of the ATP concentration.

Following the arguments given above and considering the
kinetic model, we expect two time constants: one of ATP
activation, which depends on ATP concentration, and one of
Na1 translocation determined byk2, which does not. This
seems to disagree with the data of Fig. 14,B and C. The
apparent contradiction is brought about by the fact that the
time constants shown in the figure are labeled in the order
of their magnitude rather than according to the underlying
process. Below;3 mM, t1 has to be assigned to the ATP-
independent reaction E1ATPh E2P andt2 to ATP activa-

tion. Above 3mM t1 is determined by ATP activation and
t2 by E1ATP h E2P. Accordingly, the reciprocal time
constant corresponding to the rate constantk2 5 60 s21

determinest1 below 3mM and t2 above. A corresponding
argument can be given for the time constant of ATP acti-
vation. The fact thatt1

21 andt2
21 are both determined byk2

but in different concentration ranges is illustrated by the
straight line in Fig. 14B, which corresponds tok2 5 60 s21.
Note that the saturation value oft2

21 gives the rate constant
k2 of Na1 translocation.

The qualitative behavior of the simulated rates (Fig. 14)
is similar to that of the observed rates (Fig. 7). For the
simulation a time constant of the apparatustapp 5 89
ms—as determined experimentally—was used. The kinetic
parameters were chosen such that the results of the simula-
tion approximated the experimental data of our ATP con-
centration jumps. The parameters for ATP binding and
dissociation correspond to an ATP binding constantKM

ATP 5
3 mM. From the simulated curves we obtainKM

ATP 5 2.5mM
andt2,max

21 5 58 s21. This demonstrates thatK0.5
ATP andk2 5

t2,max
21 are only slightly affected by the slow concentration

rise at the SSM and that the parameters derived from a
solution exchange experiment represent part of the kinetic
properties of the enzyme.

FIGURE 14 (A) Simulation of data with a slow concentration rise (89
ms) according to Eq. 21 at ATP concentrations 0.3, 1, 3, 10, 30, 100, 300,
and 1000mM. (B) The signal rise and decay ratest1

21 (triangles) andt2
21

(circles) were determined from the time course of the simulation (A) as
described in the text. The dashed line corresponds to the quasi-first-order
rate of ATP bindingkATP

1 z c0, the solid line to the rate constant of Na1

translocationk2. (C) Same data as (B) but with different scaling.

FIGURE 15 ATP concentration jump (1 mM): experimental data (A) and
simulations (B) using parameter values from the text. A simulation (for a
concentration rise time of 89 ms) withk2 5 200 s21 (dotted line) is not able
to reproduce the data, whereask2 5 80 s21 (solid line) gives a good
approximation of the real data.
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The kinetic parameters used for the simulation are in
reasonable agreement with published data. For ATP binding
(see, e.g., Fendler et al., 1994)kATP

1 ' 1 z 107 M21 s21,
kATP

2 5 94 s21). Also, the simulations have shown not to be
very sensitive tokATP

1 , as long asKM
ATP has the correct value.

The rate constant of Na1 translocation is a controversial
issue. In our kinetic model,k2 represents the reaction
E1ATPh E2P, which is a sequence of at least two reactions
E1ATP h E1P h E2P. Estimations for this reaction se-
quence range from;20 s21 (pH 7.2, 22°C, rabbit kidney;
Heyse et al., 1994) to;200 s21 (pH 7.4, 24°C, pig
kidney; Kane et al., 1997; Friedrich and Nagel, 1997). In
particular, most of the newer results indicate a rate con-
stant;200 s21.

However, the reason for the wide range of measured rates
in literature is not yet clear. Aside from the fact that con-
ditions like temperature or pH are chosen slightly differ-
ently by each author, one has to note the difference of the
techniques applied. Especially in the case of fluorescence
measurements (Kane et al., 1997; Steinberg and Karlish,
1989; Pratap et al., 1991) the sensing mechanism of the dyes
is still under debate. Additionally, a different behavior of
free membrane fragments compared to adsorbed membrane
fragments cannot be excluded. In our experiments we find a
relaxation rate of 60 s21, which is within the range of
literature values, but somewhat lower than the 200 s21 of
the newer literature sources. For a more thorough discussion
on the relaxation rate of Na1 translocation, see Kane et al.,
1997 or Fendler et al., 1993.

CONCLUSIONS

We present a novel method that demonstrates a rapid flow
technique can be used for kinetic studies on electrical cur-
rents of the Na1/K1-ATPase in a reconstituted system.
Under certain conditions high time resolution may be ob-
tained, allowing the study of pre-steady-state charge trans-
location of ion-translocating membrane proteins. Fluid me-
chanical characterization of the apparatus shows the reasons
for limited time resolution and yields hints for further
improvement.

The system was tested with Na1/K1-ATPase from pig
kidney. Datasets obtained by activation with ATP and Na1

concentration jumps were in considerable agreement. The
parameters determined from the measured currents are con-
sistent with values from literature. Electrogenic Na1 bind-
ing was demonstrated, which will be discussed in more
detail in a comparison publication (Pintschovius et al.,
1999). The technique is also promising for a number of
different ion-translocating membrane proteins. Preliminary
results have been obtained not only with Na1/K1-ATPase
from different tissue (shark rectal gland), but also with the
mitochondrial ATP-ADP-exchanger, the Na1/Ca21-ex-
changer from lobster muscle, the electrogenic Na1/H1-
exchanger fromEscherichia coli,and the SR-Ca21-ATPase.

APPENDIX

Fluid dispersion between valve and cuvette

For laminar flow with a rateV̇ through a cylinder of radiusR, the
Hagen-Poiseuille law describes the radial velocity distributionu(r):

u~r! 5
2V̇

pR2S1 2
r2

R2D (13)

Asking for the radial locationr of a streamline with velocityu, the inverse
function has to be calculated:

r~u! 5 RÎ1 2
pR2u

2V̇
(14)

For the following calculation, we assume that at the location of the valve,
the concentration jump from zero toc0 be infinitely fast. Thus, at timet
after the switching of the valve, the concentration at a distancex from the
valve isc0 inside an area with radiusrc, and zero outside. Writingu 5 x/t,
one obtains

rc 5 RÎ1 2
pR2x

2V̇t
(15)

At distancex the fraction of the volume already containing the “new”
solution isrc

2/R2. The mean concentration is

c#~x, t! 5 c0

rc
2

R2 5 c0S1 2
pR2x

2V̇t D (16)

c~t! 5 c0S1 2
t0
t D (17)

This equation holds for

t . t0 5
pR2x

2V̇
5

V

2V̇
, (18)

whereV 5 pR2x is the dead volume in the cylinder between
the valve and a plane perpendicular to the cylinder axis at
position x. For t , t0, the activating solution has not yet
arrived atx, so the concentration is zero. In this model,t0
can be simultaneously interpreted as the transfer time for
arrival in the cuvette and the rise time of the concentration.
Assuming typical values of the experiment (V̇ 5 28 ml/min,
V 5 47 6 10 ml) one obtains

t0 5 516 11 ms. (19)

Numerical simulation

It was concluded that the risetime of the substrate concentration at the SSM
surface is;90 ms. In order to establish how the shape of the time-
dependent signals is influenced by the slow concentration rise, we have
carried out a numerical simulation using a differential equation referring to
a simple kinetic problem and a time-dependent concentrationc(t): it was
assumed that ATP-binding occurs with a second-order ratekATP

1 5 30 z 106

M21 s21 and a backward (first-order) ratekATP
2 5 90 s21 (Läuger, 1991),

yielding a dissociation constant ofK 5 kATP
2 /kATP

1 5 3 mM. In a second
step electrogenic charge translocation with a ratek2 takes place. Different
values fork2 were chosen in order to estimate how the ratet2,max

21 exhibited
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by the simulated signal deviates fromk2.

ATP1 E1L|;
kATP

1

kATP

2
E1ATPOh

k2

E2P (20)

If the states E1 and E1ATP are occupiedN1 andN2-fold, the corresponding
kinetic differential equation reads

Ṅ1 5 2 kATP
1 c~t!N1 1 kATP

2 N2
(21)

Ṅ2 5 kATP
1 c~t!N1 2 ~kATP

2 1 k2!N2

N1~0! 5 N0 (22)

N2~0! 5 0 (23)

The pump current is

Ip~t! 5 k2 z N2~t! (24)

To enable discharge of the membrane capacitance, an electrical network
(Borlinghaus et al., 1987) with a system time constant oftsys5 130 ms was
taken into account using the integral transformation

I~t! 5 I0FIp~t! 2
1

tsys
exp~2t/tsys!E

0

t

Ip~t9!exp~t9/tsys!dt9G
(25)

As the exact fluid mechanical behavior of the system is unknown, we
utilized Eq. 17 derived for fluid dispersion and assumedt0 5 tapp5 90 ms
for the concentration risetime.

Based on these assumptions the set of differential equations was solved
numerically using the computer program MicroMath Scientist (Salt Lake
City, UT). The results of this simulation are shown in Figs. 14 and 15.

The authors thank A. Schacht for the preparation of the Na1/K1-ATPase
samples, K. Seifert for competent support during the preliminary experi-
ments, and E. Bamberg for fruitful discussions and critical reading of the
manuscript.
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