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Summary. Reaction kinetic analysis of the electrical prop-
erties of the electrogenic Cl™ pump in Acetabularia has
been extended from steady-state to nonsteady-state con-
ditions: electrical frequency responses of the Acetabularia
membrane have been measured over the range from 1 Hz
to 10kHz at transmembrane potential differences across
the plasmalemma (V) between —70 and —240mV using
voltage-clamp techniques. The results are well described
by an electrical equivalent circuit with three parallel
limbs: a conventional membrane capacitance c,,, a steady-
state conductance g, (predominantly of the pump pathway
plus a minor passive ion conductance) and a conductance
g, in series with a capacitance ¢, which are peculiar to the
temporal behavior of the pump. The absolute values and
voltage sensitivities of these four elements have been de-
termined: ¢c,, of about 8 mF m~2 turned out to be voltage
insensitive; it is considered to be normal, g, is voltage
sensitive and displays a peak of about 80Sm~2 around
~180mV. Voltage sensitivity of g, could not be document-
ed due to large scatter of g, (around 80Sm~?). ¢, be-
haved voltage sensitive with a notch of about 20 mF m~2
around —180mV, a peak of about 40mFm~2 at
~120mV and vanishing at —70 mV. When these data are
compared with the predictions of nonsteady-state electrical
properties of charge transport systems (U.-P. Hansen, J.
Tittor, D. Gradmann, 1983, J. Membrane Biol. in press),
model “A” (redistribution of states within the reaction
cycle) consistently provides magnitude and voltage sensi-
tivity of the elements g,, g, and c, of the equivalent
circuit, when known kinetic parameters of the pump are
used for the calculations. This analysis results in a density
of pump elements in the Acetabularia plasmalemma of
about 50 nmolm ™2, The dominating rate constants for the
redistribution of the individual states of the pump in the
electric field turn out to be in the range of S00sec™!,
under normal conditions.
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Introduction

The electrogenic C1~ pump in the outer plasma
membrane (plasmalemma) of the giant, unicel-
lular marine alga Acetabularia has turned out
to be a good system to study clectrical proper-

ties of a charge-transporting enzyme which can
convert metabolic energy into electric energy
and vice versa [3, 5, 7]. By application of Eyr-
ing rate theory to cyclic reaction systems of
active ion transport |8, the steady-state electri-
cal properties of the pump as measured by its
current-voltage relationships (i,(V,,)) has result-
ed in an accurate and meaningful reaction ki-
netic description of the pump on a molecular
level [5]. Furthermore, this analysis could pro-
vide consistent interpretations of changes in the
pump as they occur upon illumination [5] or
different substrate concentrations [9]. In ad-
dition, the predictions of the model on unidirec-
tional Cl— efflux through the pump including
its dependence on the electrical potential differ-
ence across the plasmalemma (V) could be
verified quantitatively [12].

The aim of this study is now to extend this
reaction kinetic analysis of the electrical prop-
erties of the electrogenic CI~ pump in Ace-
tabularia from steady-state conditions to non-
steady-state conditions. A detailed description
of the required theory is given by ref. [10].

Several properties reported from the elec-
trogenic Cl~ pump in Acetabularia seemed to
promise successful application of this theory to
this pump:

1. The electrogenic CI~ pump is by far the
most dominant ion transport system in Ace-
tabularia under normal conditions [3].

2. Extremely large exchange rates of CI~-
(up to 1073>molm~2 sec™') under conditions
when the pump is operating [3, 13], point to
either high turnover rates (in sec™') of the en-
zyme or to a high density N (in molm~2) of
active pumps in the membrane.

3. Under normal conditions, the temporal
response of V, (in the range of a msec [6]) to
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square-wave current steps, yields an unusually
large ~membrane capacitance of about
S0mFm~2 [6], which is significantly larger
than normal capacitance values of biological
membranes (§ to 12mF m™7).

If these V¥, responses and the large capaci-
tance reflect properties of the pump, the limiting
rate constants involved (k some 100sec™!) are
expected to be slow enough to be detected con-
veniently. In this case, the high transport rates
(¢ around 10~° mol m~?2 sec™!) point to an N
=¢/k of around 10~7 mol m~2.

In a recent study [16] on a related alga
(Valonia), pulse charge experiments revealed a
similar large capacitance (in addition to the
normal membrane capacitance), equivalent to a
density of 05x1077 mol m~% of mobile
charges in the membrane, which redistribute in
the electric field with a rate constant around
500 sec™*. In our study, very similar properties
are found for Acetabularia which, however, can
be identified as intrinsic features of the elec-
trogenic pump.

There are several, mathematically equivalent
methods to obtain the desired quantitative data
of the temporal behavior of a system by record-
ing its response in time upon small pertur-
bations. Relaxation analysis of the responses
upon pulse- or step-functions as perturbing
stimuli is applied to biological systems tradi-
tionally. On the other hand, frequency response
analysis on sinusoidaily modulated signals is
more sensitive and, therefore, increasingly used
also by biologists. When electrical stimuli and
responses are under investigation, this system-
analytical approach is called “AC impedance
analysis”. In this study, voltage-clamp tech-
niques were used to apply AC impedance anal-
ysis to the plasmalemma of Acetabularia with
particular respect to different steady-state mem-
brane potential V.

Parts of this study have briefly been re-
ported recently [15].

Materials and Methods

Material

Cells of Acetabularia mediterranea were cultured as usual
[11]. At least 7 days before an experiment, young, cylin-
drical cells (ca. 30 mm in length and 0.3 mm in diameter)
which had not yet developed a cap, were transferred to
artificial seawater (in mm: 461 Na*, 10K* 53Mg*™,
10Ca* ", 529 Cl-, 28S03%~, 2HCO;, 10 Tris/HCI buffer,
pH 8) for equilibration. This medium was also used for the
experiments.
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In order to eliminate undesired cable problems for the
electrical analysis, short (1 to 3 mm) segments were tied off
by two ligatures from the cylindrical stalk of the cells.
Thus, electrophysiologically “spherical” segments were
used with a length shorter than the cable length (> 1.6 mm
[37) when the segments are punctured in the middle.
Therefore, approximately uniform current densities could
be expected over the entire membrane area of these prep-
arations. Eventual radial or longitudinal inhomogeneities
have been ignored. In order to ensure proper ligatures, the
two remaining ends beyond the ligatures were killed (by
cutting off), and only those segments were used which
displayed a proper resting potential, V.. A comparison of
membrane currents from these and previous preparations
[3, 6] results in coincidence within statistical limits.

Experimental Setup

Conventional glass microelectrode techniques with two in-
tracellular electrodes have been applied. The electrical cir-
cuit diagram including the voltage-clamp circuit has been
described in detail previously [2]. Some modifications en-
abled measurements up to 10kHz: low resistance (1 to
2MQ) electrodes have been used, pulled with a David
Kopff vertical pipette puller (Mod. 700 C), and filled with
saturated KCI solution. The capacitance of the input cir-
cuit has been minimized to about 20 pF by positioning the
preamplifier immediately (<80 mm) behind the electrode
tip. Using negative capacitance feedback, the temporal
resolution of the voltage recording system has been im-
proved in addition,

For measurements at high frequencies, when the volt-
age-clamp circuit was too slow to follow the sinusoidal
voltage-clamp command with full voltage amplitude, the
amplitude of the command voltage was adjusted to obtain
actual voltage amplitudes 4V, between 2 and 8 mV across
the membrane. It can be shown that under these and ideal
clamp conditions, the amplitude and phase relationships
of the investigated system are recorded correctly (theoreti-
cal considerations and measurements on “dummy” cells).
Measurements at high frequencies were limited to about
10kHz, when the capacitive shunt between the current-
injecting electrode and the voltage-recording electrode
started to short circuit the high resistance elecirode tips
and the membrane under investigation. Such a shunt at
high frequencies causes an apparent increase of the imped-
ance, which marked the upper limit of valid measure-
ments.

Measuring Procedure

The spheres were transferred to an open perspex dish (ca.
1 ml volume with connections for external current elec-
trode, reference electrode for voltage recording, inlet and
outlet for medium) on a microscope (Leitz, Labolux 2,
magnification: 3.5x16). In the empty but wet dish, the
spheres adhered tightly enough to the bottom, thus en-
abling convenient puncturing with two microelectrodes.
Touching the spheres outside with the voltage-recording
electrode tip yielded the reference point for intracellular
voltage recordings. Control determinations of the reference
point in the open medium after a measurement yielded
good coincidence. Deviations by more than 10 mV have
not been tolerated.

When the two electrodes for voltage recording and
current injection, respectively, were impaled, guided in an
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angle of about 45° by two (Leitz) micromanipulators, a
steady stream of fresh medium (ca. 100 ulsec™!) was fed
through the experimental chamber. Despite apparently
good impalements, initial voltage recordings were usually
very low. When the membrane potential V,, eventually
recovered to the resting potential V, in these preparations,
the same characteristic shoulder around the equilibrium
potential of K* (E¢ about —90mV) as in normal cells [2]
was observed. During this recovery, the length and diam-
eter of the preparation was measured microscopically for
determination of the surface area.

When V, was acceptable (stable and more negative
than —150mV, - normally ¥, around —170mV, inside
negative), ¥V, was clamped first by a step command to a
desired steady-state level. When, after the very slow re-
sponse in the range of some 10sec [2], the clamp current
I had reached a stable value, a small sinusoidal clamp
command was superimposed on the step command. Pen
chart recordings (DC, direct current) of V¥, and [ have
been taken continuously. The sinusoidal changes in V,
{4V,) and the corresponding clamp current AI for each ¥,
step have been recorded for about four cycles by a dual
digital oscilloscope and stored by a “floppy” disc unit
(Nicolet, Explorer III, Model 204-A, 8 bit).

In addition to those time constants which are under
investigation in this article, time constants in the range of
{ to 10sec are known to occur in the electrical response of
the Acetabularia membrane [2, 3, 4, 6]. The underlying
processes of these slow events can only indirectly be re-
lated (regulation?) to the ion transport mechanisms, and
may virtually be ignored in this study. Therefore, the
Jower frequency limit of 1Hz was chosen. High frequency
measurements were limited to about 10kHz by the ap-
paratus. The frequency intervals were chosen between 2
and 9 points per decade with increasing resolution for
higher frequencies (compare Figs.4 and 5). Recordings of
one frequency response from ! Hz to 10kHz tock about
[0 min. During this period, stability of the membrane is
required. Stability has been monitored by the steady-state
recordings of the clamp current on the pen chart recorder.

Evaluation

Amplitude ratios, 4V, /4 i =|R|, between the sinusoidal
changes {peak to peak} in AV, and the clamp current 41,
(related to membrane surface area) as well as the phase
differences A¢ for each frequency f, steady-state V,, and
preparation were read from replays of the data stored on
floppy disc on the digital oscilloscope (compare Fig. 2).
Sets of |R|(f) and 4d¢(f) from each V, and cell were
entered into a computer (PDP 10) to be fitted to a given
transfer function by a routine according to [14] The
desired parameters have been obtained by the algebraic
relationships given below.

For statistical representation of the results, geometric
means and errors, exp(SEM of In(x)), are used, yielding
somewhat smaller means than arithmetic ones and asym-
metric error bars (errors are now given as factors by which
the means are divided and multiplied in order to describe
the confidence interval). This statistical treatment is legi-
timate and more appropriate for large scatter.

Definitions

In this section, some formal relationships are
briefly introduced which will be used for the
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Fig. 1. Reaction kinetic model (4) and equivalent circuit
(B) of a membrane with an electrogenic pump in parallel
with passive ion diffusion. Reaction scheme of active
transport represents the electrogenic Cl- pump in Ace-
tabularia according to refs. [7] and [12]. For derivation of
equivalent circuit of pump, see ref. [10]. Symbols are
explained in Definitions

presentation and discussion of the results. Ex-
plicit derivations of the expressions are given in
refs. [8] and [10].

Starting from an explicit reaction scheme of
the electrogenic Cl~ pump [12], it can be
shown [8] that a correct description of its
steady-state current-voltage relationship, ip(Vm),
can be achieved by a reduced reaction kinetic
model (Fig. 1 4, right) consisting of an enzyme
‘X with the density N (in mol m~?2), distribut-
ed in one representative state outside and an-
other one inside with the densities N, and N,
respectively:

N=N,+N,. (1)

The transition of charge is described by one
pair of voltage-sensitive rate constants

k,,=k? exp(zu/2) and k,; =k exp(—zu/2)

(2a,b)
where the superscript ‘0’ denotes the values of
the rate constants (in sec™') at zero V,,

u=V, F/RT 3)

is the normalized membrane potential, z is the
charge number (—2 in our case) and the factor
2 in the denominator of the exponents in Egs.
(2a) and (2b) account for the assumption that
the potential peak for the transition of charge is
located in the middle of the membrane thick-
ness. The latter assumption has been justified as
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a first approach to the electrical properties of
the electrogenic pump in Acetabularia [7].

The voltage-insensitive part of the reaction
scheme can be summarized by two voltage-in-
sensitive gross rate constants k;, and x,;. These
two constants formally describe association and
dissociation of substrates as well as the recy-
cling of the molecule X without C1™.

The left part of Fig. 1A simply represents
the passive electrical properties of the mem-
brane, indicated by passive ion conductance of
various charged substances S, and the charges
on the lipid-water interfaces for normal mem-
branes (inside negative).

It can now be shown that the electrical be-
havior of such a membrane with passive prop-
erties and an active ion transport system in
parallel, can be described by an equivalent cir-
cuit as depicted in part B of Fig. 1.

¢, is the membrane capacitance, normally
pretty close to 10mF m~? for biological and
artificial lipid membranes.

g, 1s the membrane conductance due to pas-
sive ion diffusion and maybe other charge-car-
rying processes which are not of particular in-
terest. For Acetabularia, g, has been determined
to 0288 m~? for V, more negative than Ey
[3]; for V, more positive than Eg, g, becomes
larger (up to 6 S m~2) [2].

g, is the steady-state slope conductance of
the electrogenic pump which depends on 7,
(see below). For normal conditions, g, is at least
one order of magnitude larger than g, [3] and
g, can, therefore, virtually be ignored in this
study. This approach leads to

g8, =g, T8:~¢, 4)

The physical meaning of ¢, can crudely be
imagined by the density of charged states of the
pump within the membrane, and g, and g, by
their mobility for redistribution in the electric
field. However, the exact meaning of ¢,, g, and
g, in reaction kinetic terms is given by the
following relationships according to [10]:

z2 F?
&=NoRT
. (koi(kio + Kia)+ kio(koi + Koi))(Kio+ Koi)

o (5

with

szio+koi+Kio+Koi (6)
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g, k. +k,

:AO (137 10 7
@7k Koi T Kig 0
and
gs=c, K. (8)

For the description and analysis of the pri-
mary results (Bode plots, examples in Figs. 4
and 5), the following transfer function is used:

. 1
R =const - AAT 3
L+p(ty+1)+p°1,7,
1+
=const - P (9a,b)
(1 +PT1)(1 +p‘l?2)

where §=|1§|exp(g01/ —1) is the complex im-
pedance describing both, magnitude |R| and
phase angle ¢@=arctan(ImR/ReR) and p
=2nf1 —1 with f being the frequency in Hz.
This transfer function (Eq.9) has three charac-
teristic frequencies: one “zero” and two “poles.”
The zero is given by the numerator for p=
—1/z,, when R becomes zero and the two poles
are given by the denominator for p=—1/z; and
p=—1/z,, when R becomes infinity.

The numerical values of the four parameters
const, t,=1/K, (t;+7,) and 7,1, result from
the fits. These four values are used to calculate
the desired four values of g,, c,, ¢, and g of
the equivalent circuit subsequently:

g,=1/const (10)
cin:goTI TZ/Tn (11)
szgo(ﬁ +T,— T, T, T,/T,) (12)
8s=Cp/ T, (13)
Results

Figure 2 illustrates the determination of ampli-
tudes (4V,,, 4I) and phase differences (4¢) by
means of an example of tracings of a pair of
sinusoidal changes in V,, and I under voltage-
clamp conditions as recorded from the oscillo-
scope. Steady-state I, and current (DC-V, and
DC-I) are taken from the chart recordings be-
fore and after the sine-wave command was
superimposed on the steady-state clamp volt-
age. The recordings of DC-I were only used
here as a check for stable membrane conditions
and did not enter the calculations.

Since proportionality between Al and AV,

nt

is absolutely essential for the significance of the
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Fig. 2. Example of sinusoidal time course of current and
voltage changes under experimental conditions (voltage
clamp). Hlustration of the parameters A1, AV,, 4¢ and V,,
which are evaluated for further data processing
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Al/pA
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Fig. 3. Examination for linearity of AV, /AI at lowest
(1Hz} and highest (10kHz) frequency used. Steady-state
v, clamped at —138mV, where large nonlinearities are
expected. Double logarithmic plot; lines have the theoreti-
cal slope of 1

final results after computation, the amplitudes
have to be chosen small enough to guarantee
this proportionality. Proper sinusoidal changes
as in Fig. 2 indicate the required linearity. In
addition, linearity has been tested systemati-
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Fig. 4. Examples of Bode plots of two electrical frequency
responses at V,=—190 and V,=-120mV. Data from
one cell segment (150782). Points are measured, lines are
fits by Eq. (9). Arrows indicate location of poles: p, ,
=12nt,

cally. Since eventual voltage-sensitive elements
may cause nonlinearities depending on their as-
sociated capacitances, the test for linearity has
been performed at minimum (1 Hz) and maxi-
mum (10 kHz) frequency. Furthermore, this test
is most critical in a voltage range where non-
linearities are expected. From previous investi-
gations [3] it is known that the electrogenic
pump in Acetabularia is most sensitive to V,, in
the wider range around —140mV. Therefore,
the test for linearity at a clamp voltage of
—138 mV as shown in Fig. 3 is expected to be
significant for the entire voltage range under
investigation, as far as the electrogenic pump is
concerned. According to the results in Fig. 3,
linearity is guaranteed for AV, smaller than
8 mV. This limit has never been exceeded for
the following experiments. )
Figure 4 shows two Bode plots of [R]| for
two V,, values (—120 and —190mV) from one
preparation. The combination of the measured
values (points in Fig. 4) |R|(f) and do(f) rep-
resent one set of data for each V,,. Such sets of
data have been fitted to Eq.(9). The computer
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fits of the two examples are given in Fig. 4 by
the smooth lines. Several interpretations can
readily be made by inspection of those curves:

1. The number of time constants involved is
2. Fits with only one 7 were much worse in
general. Exceptions will be discussed separately.
Hints for additional time constants may be
seen, for instance, by the deviation of both mea-
sured values (|R| and 4¢) from the fitted curve
at 20Hz in the two —120mV curves. The gen-
eral scatter in the measurements is, however,
too large for making definitive statements at
present.

2. The processes associated to the two time
constants are arranged in parallel. In the case
of serial arrangement, the slope at the high
frequency end of the [R| spectrum would ap-
proach —2 in this double logarithmic plot
(Bode plot) with equal scaling in both axes. In
our measurements, significant slopes steeper
than —1 have never been observed. Similarly,
in the A spectrum, 4¢ never significantly ex-
ceeds —m/2 in our experiments, whereas a limit
of —n is expected for serial arrangement of the
processes associated with the two time con-
stants.

3. There are no traces of an inductivity, be-
cause positive 4¢ values have never been ob-
served.

4. For —190mV, the events are faster than
for —120mV. This can be seen by the shift of
the curve characteristics towards high frequency
of the —190mV curves (|R| and 4¢) compared
to the —120mV curves. .

5. The “DC resistance” as given by the |R]
values at the low frequency end, is lower at
—190 mV compared to —120mV.

While Nos. 4 and 5 confirm previous in-
vestigations [3, 4], Nos. 1 to 3 are peculiar to
this study. These points show that the used
transfer function with one zero and two poles
(Eq.9) and the equivalent circuit (Fig. 1B) are
appropriate. On the other hand, for a V, =
—70mV, the description with just one pole is
sufficient. Figure 5 shows an example Bode plot
for this situation.

From the parameters of the fitted transfer
functions, the desired values for g, g, ¢, and ¢,
are obtalned by Egs. (10) to (13). The individual
results of these parameters from each set of
data are listed in Table 1 in the order of in-
creasing (negative) V. Lines with the same
identification No. (date of experiment) indicate
measurements from the same preparation. The
small numbers of observations at high negative
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V. are due to instabilities of the membranes in
this ¥, range. Similarly, the recordings at
—70mV represent large deviations from V,
which often causes instabilities during the 10-
min period required for an entire set of data.

The same data as in Table 1 are plotted in
Figs. 6 and 7 as (geometric) means and errors.
Figure 6 gives the conductance values (g,: part
A and g;: part B) plotted versus V. The ab-
solute values and the voltage-sensitivity of g,
agree with the bell-shaped “early conductance”
characteristics of previous studies [3, 6], when
the temporal resolution did not allow the dis-
tinction of the two time constants of the system
(Fig. 1). This agreement must be expected, since
g, and “early conductance” are virtually syn-
onymous - only g, is measured by sinewaves and
the “early conductance” was measured by square-
wave currents. The peak conductance of g, is
not intrinsically located at the equilibrium po-
tential of the pump (E,=—190mV, [3, 6]) but
usually occurs in its " close (£20 mV) neigh-
borhood (about —175mV in these experi-
ments).

As for g, (Fig. 6B), the statistical deviations
turned out to be rather large. Therefore, a cor-
relation of g, with ¥, could not be identified by
these measurements. The small g, value at
—240 mV is singular and, therefore, statistically
insignificant.

The g, and ¢, values at —70mV need extra
comment. The frequency responses at —70 mV
could be fitted without loss of accuracy by a
transfer function with just one time constant
(one pole only). Thus the limb of the equivalent
circuit consisting of g, and ¢, (compare Fig. 1B)
does not show up. The expemmental results of-
fer two explanations: g, has become very small
or ¢, has become very small. Model A4 in ref
[10] predicts increasing values for g, at more
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Table 1. Values of g,, g, ¢, and c,, as they result by fitting
individual frequency responses from different V, to Eq. (9)
and comparison with equivalent circuit Fig. 1 B*

V. ~ IDNo/ g,/ g,/ <, Cof
(mV) (date) (Sm~?) Sm~2) mFm~2?) (mFm~?)
—70 070782 13.0 — <8.0 11.6
150782 31.8 - <8.0 7.6
—120 310382 17.9 166.7 67.5 12.5
180682 22.8 3333 26.4 7.1
060782 18.6 108.5 46.0 11.6
150782 55 29.8 55.8 6.4
180782 78.7 40.5 336 26.2
—140 250382 34.7 49.5 87.3 6.0
310382 42.0 75.2 15.7 4.2
290482 189 75.2 29.3 9.4
030582  196.1 103.1 18.1 5.3
050582 131.6 90.1 14.9 4.8
100582 60.2 76.3 333 10.5
180682 67.6 1282 46.3 13.0
150782 19.3 70.9 478 52
—160 250382 103.1 85.5 349 7.1
310382 100.0 532 127 2.7
030582  238.1 285.7 15.1 9.5
050582 44.1 61.3 42.5 8.3
100582 1429 106.4 104 9.5
290682 30.2 55.9 31.6 10.6
150782 27.1 92.6 56.2 58
— 180 250382 1205 439 8.0 50
310382 96.2 48.3 10.5 22
030582 2273 434.8 12.7 14.3
100582 71.9 196.1 63.1 9.2
290682 254 56.8 24.5 10.0
—190 250382 100.0 70.4 48.0 7.1
250382 585 559 29.7 6.5
150782 307 93.5 49.5 6.0
180782 43.9 105.3 321 1.9
210782 86.2 86.2 22.1 11.8
—205 290682 233 48.5 477 1.1
180782 58.5 156.3 26.0 6.6
—240 290682 21.2 18.9 27.2 13.9

® Values for V,=—70mV: fitted to transfer function with
one pole only (g, and c,, in parallel), ¢, here smaller than
general scatter (SD) in ¢, (8.0mF m™?); explicit discussion
in text.

positive potentials. Thus the interpretation that
¢, and not g  vanishes, satisfies both theory
and experimental data. There is an alternative
situation which also leads to a transfer function
with a single time constant: g, becomes very
large, thus merging c, with ¢, into one capaci-
tance. However, the experimental data assign to
this capacitance the same value as to ¢, alone,
leading to the same conclusion as above: ¢, is
zero within the experimental scatter. This situa-
tion is illustrated in Fig. 7 by presenting only
an error bar and no (average) point for the ¢,
value at —70mV. Thus, for —70mV, a small ¢,
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value is shown in Table | and Fig. 7, whereas g,
is omitted, as small ¢, renders g, immeasur-
able.

The resulting two capacitance values of ¢,
and c, are plotted in Fig.7 versus V. The
membrane capacitance ¢, turned out to be vir-
tually voltage insensitive and close to the value
of 10 mF m~2 which is considered to be char-
acteristic for biological membranes. In contrast,
¢, displays - despite its scatter - a minimum at
— 180 mV. Statistical comparison of the values
at —180mV with those from —120mV (t-test)
yield a nominal significance level of P=0.023. If
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the —180mV values are compared with the
—190mV values, the t-test yields P=0.087.
From these comparisons, the notch of the c,
values at —180mV can be considered signifi-
cant. The singular value of ¢, at —240 mV can-
not be used for statistical purpose. However,
the small values at —70 mV are very important
as described above.

The large scatter of the data may be due to
the fact that individual variations of particular
rate constants can add up to large deviations of
the resulting electrical parameters which are
measured. In order to reduce the large scatter,
several legitimate, statistical manipulations were
carried out, in particular in search for factors,
such as g,, g;, age and size of cells, which might
correlate with the scatter. Since no such cor-
relation could yet be detected, the data must be
taken as they are at the present, which is per-
fectly sufficient to justify the main conclusions
reached.

Discussion

The present investigation reveals the biophysi-
cal background of a strange experimental re-
sult: whereas nearly all biological and artificial
membranes display a membrane capacitance
close to 10 mF m~2, a value of 50 mF m~2 was
found in Acetabularia [3, 6]. This large value
could not be explained by invaginations of the
plasmalemma, as those have never been docu-
mented to exist in Acetabularia.

The higher resolution of the wide-band fre-
quency response analysis of membrane imped-
ance leads to the refined equivalent circuit
which includes the limb con31st1ng of ¢, and g,
(Fig. 1 B). In those previous 1nvest1gat10ns [3,
6], ¢, and ¢, were merged into one capacitor.
The detection of g, enables the assignment of
the two capacitors to two different biological
functions. ¢,, is the usual membrane capacitance
with a value of about 10mF m~2 ¢, is as-
sociated with the nonsteady-state behavior of
the predominant ion transport system in Ace-
tabularia. There are two alternative possibilities
for a biophysical interpretation of ¢, according
to ref, [10].

Model A: A high density of charge-trans-
porting elements is present in the Acetabularia
plasmalemma. This conceptually simpler model
is discussed below in more detail.

Model B: A predominant, charge-carrying,
cyclic reaction system in the membrane equili-
brates with an inactive, “lazy” state. The time
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constant of the equilibration can be arbitrarily
small, thus causing apparently slow changes in
the electrical response of the charge-carrying
cycle itself, which can be very fast (for details of
this model B, see ref. [10]). An intrinsic feature
of this model is the possibility of apparent in-
ductivities; in our case, the slow response
would be expected to switch its sign (capacitive
to inductive behavior) for V, more negative
than E,, vanishing in amplitude while passing
E,. Thls behavior, however, could never be
documented during this study. Therefore, this
possibility must be excluded to explain the phe-
nomenon of large ¢, values in Acetabularia.

It should be mentioned, however, in this
context that for the “late” response (range some
I to 10sec), such apparent inductivities can be
observed in Acetabularia, under conditions
when the membrane is hyperpolarized beyond
E,, ie. the time course of the clamp current
upon large, hyperpolarizing V,, steps, regularly
displays a sigmoid increase to a stable value in
some 10sec after the initial, fast response (D.
Gradmann, A. Schafmeister and J. Tittor, un-
published results).

Since model B must be rejected for our
present purpose, the alternative model A should
be examined in more detail, in particular with
respect to the biophysical nature of ¢, The
electrogenic Cl1— pump is the most dominant
ion transport system in the Acetabularia plas-
malemma membrane. Therefore, the first guess
is that the electrogenic pump might be respon-
sible for the apparent c,. This hypothesis can
quantitatively be examiried on the basis of the
theory of the impedance of an active ion trans-
port system [10] and previous reaction kinetic
analysis of i (V) [5, 7, 12].

The comparison of the experimental data
and the predictions of model A can be tested
by computer fitting routines or directly. For the
direct approach, we can choose V,=E =
—190mV, where k;, and k,; can be considered
to be 1dent1ca1 (= k’) Equatlon (5) then sim-
plifies to

ZZFZ k,(Kio+ Koi)

=N 14
Furthermore, the relationship
g K, +K_.

:_g — 1o o1 15
gs kio + koi , ( )

derived from Egs. (7) and (8), is used.
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Table 2. Model parameters (for definitions see Fig. 1 4)

V,=F, V=0
k,, (sec™!) 250 0.125
k. (sec™) 250 500000
K, (sec!) 500 500
Kk, (sec™h) 500 500

N=60nmol m~?; z=—2; E,= —190mV.

The values of the zeros at —190mV, t,
=1/K, can be read from Table | using Eq. (8).
This yields an average K=2317sec™! at
—190mV. The average ratios of g can also be
obtained from Table 1, yielding a value of 0.727
at —190mV. From these numbers, k'
=671sec™ and «k,,+x,,=975sec™! are ob-
tained. Rewriting of Eq. (14) now yields a value
for N=27nmol m~? with average g,=58.4S
m~? from Table 1.

The knowledge of «;,+x, of about
1,000 sec~! enables another direct estimate of N
by the two saturating currents for large positive
(i;,) and large negative (i,_) V,, displacements:

(16)
Using data from ref. [7] (i, .~ —i;_~6A
m~?) results in an N of about 60 nmol m~2,
Since symmetrical saturation currents as found
for i (V,) in Acetabularia [5, 7], are equivalent
to 1dentical x values, we obtain x;, =k,
=500sec™! as representative values. The direct
determination of the k values above suffers from
the unreliable g, values. In order to approxi-
mate the shape of the ¢,(V,) curve (Fig.7), K’
has empirically been determined to 250sec™'.
This choice is justified within the statistical
limits. The complete list of the kinetic 2-state
parameters is now given in Table 2. The figures
in Table 2 are valid for the following, approxi-
mate substrate concentrations in situ: [Cl™],
=500mym, [Cl7],=500mM, [ATP],=1mm,
[ADP];=0.1mm, [P],=10mM. Using these
numbers from Table 2 yields quantitative pre-
dictions about the V, sensitivity of the elements
g,, & and ¢, according to Egs. (2), (4), (7) and
(8). These predicted relationships are illustrated
in Figs. 8 and 9.

For g,, the typical bell-shape with a peak of
about 80Sm~? in the neighborhood of E,
agrees well with the experimental curve (Fig. 6 A).
For g, a clear minimum is predicted at E,
which, however, could not be detected in the
measurements (Fig. 6 B), probably due to the
large scatter. It has been described above, why

i, —i._=N|z|F(x;,,+x,)
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the values at —240 and —70mV in Fig 6B
cannot be regarded as significant. Therefore,
only the range of the absolute values (around
80S m~?) can be considered to agree between
measurements and predictions.

The most characteristic curve 1s the V,, sen-
sitivity of ¢, (Fig.9) with a minimum at E,
between two peaks and sharp drops for larger
V. displacements from E_ . These characteristics
are nicely paralleled by the measurements
(Fig. 7).

The general consistency between the pre-
dicted characteristics of g,, g, and especially ¢,
with the measured ones, favors the conclusion
that the apparent capacity ¢, is due to the
electrogenic pump and that this pump pop-
ulates the plasmalemma with the high density
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of 60nmol m~2 Compared with the 27 nmol
m~? as obtained above by an alternative calcu-
lation, roughly 50 nmol m~? can be considered
as a fair estimate for the density of pump mol-
ecules in the Acetabularia plasmalemma.

It should be noted that the measured peak
in g, (Fig. 6 4) is sharper than in the theoretical
example (Fig.8). This discrepancy could be
avoided by choosing somewhat larger k values.
However, by this assumption, in turn, the two
peaks in ¢, (Fig. 9) would merge into one single
peak at E By inspection of the data (Fig.7),
this p0351b111ty (which cannot alter the main
conclusion) is very unlikely but cannot be ruled
out by rigorous statistical means. Furthermore,
the theoretical ¢, curve (Fig. 9) is displaced by
about —20mV from the measured characteris-
tics (Fig. 7). Whether these deviations between
theory and measurements are due to experi-
mental or theoretical errors, or whether they
indicate the effect of still unresolved processes,
these are still open questions which are consid-
ered to be of secondary importance at present,
especially since the scatter of the present data
does not justify any further refinement of the
model.

The mentioned results from Valonia [16] ap-
pear to be virtually identical with our (inde-
pendent) findings. However, since the measure-
ments in Valonia have been carried out between
the vacuole and outside, the observed effects
could not be localized there to occur in a par-
ticular membrane (tonoplast or plasmalemma).
As for Acetabularia, the electrode tips have
been reported to be located in the cytoplasmic
compartment [1, 6], which is strongly support-
ed by our measured ¢, values around 10mF
m~? (measuring two membranes in series, an
apparent capacity of SmF m~? would be ex-
pected, if each membrane behaves typically)
and by |R|(f) and A@(f) characteristics at high
frequencies, as discussed above. Therefore, the
effects described in Acetabularia can clearly be
attributed to the plasmalemma, in which the
electrogenic pump has been demonstrated to be
located [1].

Despite the similar environmental con-
ditions of Valonia and Acetabularia, as well as
their close taxonomic relationship ( Chlorosi-
phonales), the apparent agreement of the re-
sults may point to the same physiological en-
tity. However, for Valonia a pH-sensitive mech-
anism of turgor-pressure sensing has been
suggested, because the large capacitance in Va-
lonia (V,, sensitivity not reported) correlates
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with external pH and turgor pressure [16],
whereas the evidence presented here on Ace-
tabularia apparently identifies the large capaci-
tance as an intrinsic property of the electrogenic
Cl~™ pump.

Conclusions

1. The extension of the reaction kinetics of ac-
tive ion transport from steady-state [8] to non-
steady-state conditions [10] provides a satisfy-
ing description of the electrogenic C1~ pump in
Acetabularia.

2. This pump populates the plasmalemma
of écetabularia with a density of about 50 nmol
m~°.

3. This high density of pump molecules
causes an apparent voltage-sensitive capacitance
of about 30mF m~? under normal con-
ditions.

4. Under normal conditions, the effective
rate constants for redistribution of different
(charged) states of the pump in the electric field
are in the range of 500 sec™'.
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