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Summary. The high membrane potential of Acetabularia (E,=—170 mV) is due to an
electrogenic pump in parallel with the passive diffusion system (E;= — 80 mV) which could
be studied separately in the cold, when the pump is blocked. Electrical measurements under
normal conditions show that the pump pathway consists of its electromotive force E, with
two elements B and P, in series; B, is shunted by a large capacitance (Cp=3 mF cm~2). The
nonlinear current-voltage relationship of F (light- and temperature-sensitive) could be
determined separately; it reflects the properties of a carrier-mediated electrogenic pump.
The value of E,(— 190 mV) indicates a stoichiometry of 2:1 between electrogenically trans-
ported charges and ATP. The electrical energy, normally stored in Cp, compares well with
the metabolic energy, stored in the ATP pool. The nonmlinear cutrent-voltage relationship
of F, (attributed to phosphorylating reactions) is also sensitive to light and temperature and
is responsible for the region of negative conductance of the overall current-voltage rela-
tionship. The power of the pump (1 pW cm™?) amounts to some percent of the total energy
turnover. The high Cl~ fluxes (I nmolcm™2sec™!) and the electrical properties of the
plasmalemma are not as closely related as assumed previously. For kinetic reasons, a direct
and specific Cl~ pathway between the vacuole and outside is postulated to exist.

During the past ten years, the emphasis in membrane biology has
shifted from pure diffusion processes to active transport mechanisms.
Numerous studies focus on the chemiosmotic hypothesis of Mitchell [23],
worked out for the energy conserving mitochondrial membrane. The
question arises, whether these mechanisms have universal significance for
biomembranes. In fact, so-called electrogenic pumps are demonstrated in
a wide variety of animal, fungal and plant cell membranes. These electro-
genic pumps can be understood as the same device as ATP synthesis,
driven by an electrical gradient across the membrane, only operating in
the opposite direction, thus generating a voltage by ATP hydrolysis.
Since electrophysiological studies on membranes of mitochondria, chloro-
plasts and bacteria rely on indirect methods, the detailed electrical prop-
erties of these membrane-bound ATPase systems should be investigated
in objects accessible to microelectrode techniques.
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Single cells of the giant marine green alga Acetabularia seem to be a
favorable system. Previous studies have demonstrated that these cells
exhibit an obvious electrogenic pump under normal conditions: Cl~ is
probably the ion which is pumped in electrogenically by ATP hydrolysis
[11, 26]. However, most of the published electrical data have only quali-
tative validity. The former current-voltage data of Gradmann [11] were
only input measurements, neglecting the cable properties. Saddler’s [27]
data of the membrane resistance are also of limited significance, since the
techniques and analysis of these experiments, worked out for Nitella [18],
do not apply for Acetabularia where the length constant can be much
shorter than the length of the cell. In order to incorporate the electrical
properties in the total picture of the membrane, quantitative data are
necessary. The first correct calculations about the linear cable properties
of the Acetabularia membrane have been carried out recently [15], in-
cluding some valid extensions to nonlinear current-voltage ranges.

New flux data [10] reveal many more details than did previous work
[25]. Since it is possible now to measure electrical properties and ion
fluxes simultaneously on individual cells of Acetabularia [16], consider-
able progress is expected in studying the correlation between these two
types of measurements. In addition, ATP measurements are available now
for some experimental conditions [14]. So it is possible to compare the
energetics of the electrical membrane parameters with the energy metabo-
lism of the cell.

On these experimental grounds (electrical data, flux measurements and
ATP results) it seems to be possible to draw a consistent picture of the
Acetabularia membrane. Though many details have to be worked out in
further studies, it is the aim of this paper to give the framework of a quan-
titative mode] of the electrical properties of the Acetabularia membrane,
including ion fluxes and energetics. Part of the data presented here were
reported briefly at the 1974 Acetabularia Symposium in Paris [14] and
in the abstracts of the meeting of the Deutsche Botanische Gesellschaft
(1974) in Wiirzburg [12]. -

Materials and Methods

Material

Cells of Acetabularia mediterranea have been cultured in Erdschreiber solution, according
to Hidmmerling [17] and Beth [4]. For experiments, young cells have been used without
a cap. The length varied from 2-4 cm, the diameter from 0.3-0.5 mm. These cells are long
enough to provide the advantages of a giant cell. The approximately cylindrical shape favors
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the analysis of the parameters related to the membrane area; furthermore, these growing
cells have an active metabolism and on the apical end a tender cell wall, which facilitates
puncture with microelectrodes. Occasionally, cells in different developmental states have
been used; the difference in the membrane parameters between these cells is statistically
insignificant.
General Conditions

The normal illumination of the cells mounted for measurements was about 0.1 mW cm ™2
diffuse white light. This is mostly referred to darkness D in contrast to bright illumination
L (100 mW cm~2), by a spotlight from a quartz iodide lamp. The normal ambient temperature
was about 23+2°C. A KG filter (Schott) prevented heating of the medium by irradiation
from the light source. Low temperature experiments have been performed in a cold room
or by cooling the measuring chamber with a thermostated fluid circuit. The outer medium

was artificial seawater containing the following ions (in mm): Na* 461, K+ 10, Mg** 53,
Ca** 10, Cl~ 529, SO; ~ 28, HCO3 2, usually buffered with 10 mm Tris-HCI at pH 8.0.

Electrical Measurements

The basic setup has been the same as described previously [11]. Briefly, standard micro-
electrode techniques have been applied. Voltages between the cell interior, probably the
cytoplasm [15] and the outer medium have been measured by high impedance (1012 Q)
difference amplifiers, the output of which was connected with a storage oscilloscope and a
pen chart recorder.

In resistance measurements, current has been injected by a separate microelectrode and
has been monitored to ensure the correct time course. With two voltage-recording electrodes
at different distances from the current-injecting electrode, membrane resistance, capacity
and the resistivity of the cell interior could be calculated according to the theory for finite
and infinite cables [19].

The voltage-clamp circuit has been described earlier [11]. Point-clamp experiments
with two electrodes (I, and V) have been analyzed by Cole’s theorem [6]. In cases beyond
the validity of this method (negative conductance and finite cable length) the technique of
Adrian, Chandler and Hodgkin [1] has been used, with two voltage-recording electrodes
close to one end (the apical one in our case) of the cell, where the difference between the
recorded voltages (here smaller than 10 mV) is proportional to the membrane current; the
current electrode was also placed close to the cell end. The scaling factor for the membrane
current has been determined by referring the values for small voltage displacements to the
average resistance data obtained by linear cable theory, rather than calculating this factor
from the exact location of the electrodes in the cell.

Flux Measurements

As tracers for C1™ and K+ fluxes *°CI~ and ®*Rb* have been used. Incubation medium
was artificial seawater. For influx measurements, samples have been taken at different times
after beginning of incubation. After short rinsing in cold medium, the uptake of radioactivity
has been determined in a liquid scintillation counter after addition of scintillation gel. For
efflux experiments, in most cases completely loaded cells have been mounted in an open
vessel and washed with nonradioactive medium which has been sampled in short intervals
(5-600 sec). The released radioactivity has been measured again in the liquid scintillation
counter. The data have been analyzed basically according to Cram [7].
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ATP Experiments

ATP concentrations have been determined according to Strehler {327, Samples of about
15 cells have been killed in petroleum ether cooled at 173-183 °K by fluid nitrogen. After
freeze-drying for about 20 hr, the cells have been cleaned from external salt crystals and
weighed; 1 cell yielded about 0.5 mg. At 0°C the samples have been extracted in 6%, HCIO,
solution for 30 min. One sample, used for inner standard, contained additional ATP
(50 ng m1~1). The neutralized extracts have been put in front of a photomultiplier in the dark,
where an aliquot of firefly extract (Sigma) could be injected (Skan Bioluminescence measuring
device XP 2000). The resulting voltage peak could be recorded as a measure of the ATP
concentration and compared with a calibration curve.

In order to measure the ATP turnover (compare [30, 31]), cells have been suddenly
exposed to a high concentration of CCCP (50 um) for different intervals and then abruptly
frozen for fixation and ATP determination. The ATP decay during the first seconds after
exposure to CCCP can be fitted by a simple exponential function, the derivative of which
at zero time gives the ATP consumption, provided the CCCP treatment affects only and
completely the ATP synthesizing reactions during the first seconds but leaves the ATP
consuming reactions untouched for a moment. Since the time course of the ATP decay does
not differ very much whether 10 or 50 pm CCCP is used, the apparent initial decay of ATP
is obviously not controlled by the rate of diffusion of CCCP to its site of action, rather than
by the ATP consumption.

Nevertheless, these ATP turnover results do not reflect the entire energy turnover of the
cell, because the inhibition of ATP synthesis has not been complete and energy sources
different from ATP may be involved as well. So the measured initial ATP decay upon exposure
to CCCP will be an underestimate of the total energy available to the cell.

Results

As reported repeatedly [2, 3, 11, 15, 26], the normal resting potential
of about — 170 mV is much too high for being due to a passive diffusion
regime, since the most negative equilibrium potential (of potassium) Ey is
only about —90 mV. Since Cl~ influx and the high membrane voltage V,,
are affected in a similar way by metabolic stimulation or inhibition and
by external C1~ supply [26], an active electrogenic Cl~ influx has been
suggested. Though the significance of the Cl~ fluxes for the electrical
properties has to be discussed under some new aspects, this system will
be called the (electrogenic) pump P in the following. In order to study
the properties of the pump, we have to analyze its role in the entire net-
work of the electrical membrane parameters. Therefore, we tried to
isolate specific functions.

Passive Pathways

It was found that such an isolation could be achieved by temperature.
When the pump appears to be blocked by low temperatures (below 10 °C),
the membrane voltage is at a second stable level of about —80 mV and
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Fig. 1. Equivalent circuit of the passive diffusion system. g , potassium conductance for

outward current, about 600 pmho cm™?; gx,» potassium conductance for inward current,

about 13 pmho cm™?; E,, potassium equilibrium potential, about —90 mV; g, chloride
conductance, about 15pumho ecm~?; E, chloride equilibrium potential, about +0mV,;
C,, membrane capacity, about 5puF cm~?; i, inside (cytoplasm); o, outside (seawater)

much more sensitive to external potassium than under normal conditions
[11, 26]. This state is in line with a passive diffusion potential with K
being the main ion:

Ex=—-90mV~a~ —RT/F x1n 400/10. (1)

This hypothesis can be tested by resistance measurements. We would
expect a 40-fold conductance for outward current compared with inward
current [13]. An example is presented in Fig. 4, where the conductance
for inward current (hyperpolarizing) is 28 umho cm~2 and the con-
ductance for outward current (depolarizing) is 21 times larger (ca.
600 pmho cm™2). This ratio is smaller than expected (40-fold), partially
because the potassium activity inside might be lower than 400 mM, or
because there is an additional leak pathway in parallel (Fig. 1). In both
cases the passive membrane potential should be lower than —90 mV.
The measured value of the diffusion system E, is about —80 mV or lower.

For the pure potassium system the conductance for inward current
would amount to 15 pmho cm™2, that is 2.5% of the high conductance
for outward current. The remainder, 13 pmho cm~2, could be attributed
to a CI~ channel. Such a Cl~ pathway (E¢=0, go,=13 pmho cm™?) in
parallel to the K* system can, in addition, account for the depolarization
from E¢ (—90mV) by about 10 mV to the measured membrane voltage
(—80 mV) in the cold. In fact, a C1~ conductance is likely to exist at low
temperatures, because considerable Cl- fluxes are measured in the cold.
Saddler [25] reported 50 pmol cm ™2 sec™*. If this efflux is independent
of other fluxes, a C1~ conductance

ga1=Po F/(E;~ E) 2)
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of about 60 pmho cm~2 would result. Since this value is about 5 times

higher than the expected 13 pmho cm~2, and our results yield an even
higher conductance (Cl1~ efflux about 300 pmol cm ™2 sec™!), the measured
Cl~ efflux cannot represent entirely charge transport between the cyto-
plasm and outside. One possibility to account for this discrepancy would
be electroneutral C1~ transport together with a counterion; another one
will be discussed below.

In order to represent the electrical data of the passive diffusion system,
the potassium pathway and a Cl~ pathway with low conductance have
to be arranged in parallel (Fig. 1). The diode characteristics of the potas-
sium channel and Ey are due to the concentration difference between
inside and outside the cell. Since the concentration gradient for Cl™ is
irrelevant [25], the equilibrium potential of C1~, E, is about zero and no
rectification occurs in the C1~ pathway.

The membrane capacitance C,, of about 5 pF cm~? has been found
to be rather constant under various conditions [15]. The diode element is
rather slow (time dependence not represented in the circuit); when switch-
ing from one conductance to the other, time constants in the range of
100 msec appear, probably due to redistribution of potassium in the
membrane.

Linear Cable

If under normal conditions, small rectangular current pulses are in-
jected into the cell, the observed voltage response V always displays two
distinct phases with different time constants [11, 15, 27]. First, there is a
small exponential rise in the range of msec, followed by a large one in the
range of some seconds. In order to account for this situation, the parame-
ters related to the fast (slow) response will be called “early” (“late”) and
marked with the superscript “0” (“0”). Fig.2 shows two examples of
original recordings of the early (4) and the late (B) voltage response at
different distances from the electrode injecting square-waved current
pulses. The resulting cable properties under L and D conditions, calculated
by linear cable theory [19] are compiled in Table 1; these data represent
the same experiments as reported before [15]. The resistivity of the cell
interior appears to be constant in all four cases, but rather high judged
by the ionic content of the cell [25] which would yield a resistivity of
about 25 Qcm. This discrepancy was suggested to be due to the location
of the electrode tips in the cytoplasmic compartment, rather than in the
vacuole, and due to an appreciable resistance of the tonoplast [15]. The
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Fig. 2. Voltage course at two different distances (x=0 and x=2mm) from an electrode,

injecting small square-waved current pulses. A: early response, ¥V°; lower trace: injected

current; upper two traces: voltage recordings; D, 23 °C. B: late response V' after early response
V°: lower trace: injected current; upper traces: voltage recordings; L, 23 °C

late capacitance is too large to be understood as a membrane capacitance;
its nature will be discussed below. The late processes do not appear in
the cold, when the pump seems to be blocked; therefore, these properties
are attributed to the pump P.

This typical biphasic voltage response can be simulated by the analog
circuit in Fig. 34. Upon rectangular current pulses, the early voltage

Table 1. Electrical data + seM of the Acetabularia membrane, obtained by the voltage response
upon small rectangular current pulses (comp. Fig. 2)

Light Dark

Resting potential ¥, (mV) —180 42 —167 +2
Early conductance g° (mmho cm™~2) 6.25+12 323404
Late contuctance g® (mmho cm™?) 0.634+0.16 0.30+0.08
Early capacity C,, (uF cm™2) 52 £09 48 106
Late capacity Cp (uF cm™?) 3500  +600 3200 +500
Early inner resistivity 0 (Qcm) 39 43 38 43
Late inner resistivity »® (Qcm) 38 +8 38 +9

Results from 7 cells; analysis by linear cable theory [19]. Data rearranged from [15]. 23°C;
Light: 100 mW cm~2; Dark: 0.1 mW c¢m~2 white light.
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Fig. 3. Two possible circuits to simulate biphasic voltage response upon rectangular current
pulses (comp. Fig. 2). Possibility 4: Vi #-const. Possibility B: 13 =0=const.

drop will occur only across the resistance of the element P, as long as
the element P, is shorted by the capacitance Cp. When this capacitance
is charged with the time constant =R, x C,, the voltage will rise up
to the voltage drop across the sum of the resistances of P, and P,. As an
alternative, the circuit of Fig. 3B can produce the same biphasic voltage
response. However, in this case the late voltage and current across the
element P, would always be zero. This consequence is in direct contra-
diction to the finding that the conductance of the element which determines
the early response (P,), is voltage-sensitive (Figs. 4 and 5). Therefore, the
model 4 in Fig. 3 will be used as the pathway responsible for the biphasic
voltage course.

Since under normal conditions the entire late membrane conductance
is larger than in the cold, we have to arrange this biphasic system as an
additional conductance to the passive system, that is in parallel (comp.
Figs. 9 and 13). If the passive pathways are not affected by the change from
low temperature conditions where the pump is blocked to normal con-
ditions where the pump is operating, the pump currents could be deter-
mined simply as the difference between the current of the total system and
of the passive system (comp. Fig. 10).

Current-Voltage Relationships

As mentioned above, below 10°C the current-voltage relationship
represents only the passive diffusion system which consists of two linear
branches merging near E (comp. Figs.4 and 10). In order to obtain the
nonlinear properties of the active pathway, the current-voltage charac-
teristics of the entire system, therefore, have to be studied under normal
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temperature where the pump is operating. Since even the input charac-
teristics show a region with negative slope conductance [11, 15], the
voltage response upon current clamp cannot give sufficient information,
because there exist up to three different voltage values for a current value.
Therefore, voltage clamp has to be applied, because the I-V curves dis-
play only one current value for each voltage.

The steady-state current-voltage relationships of the membrane i (V) )
presented in Figs. 4 and 5, have been obtained with three microelectrodes
close to the cell end [1]. Sufficiently long rectangular voltage-clamp steps
V. have been applied, so the clamp current reached steady state (¢>t®).
The time course of the clamp current, with initially high values, decreasing
with a time constant in the range of seconds (t®), to a lower stable value,
confirms the conclusions from the conductance experiments about the
organization of the active pathway (Fig. 3). In order to obtain additional
information about the element B, short (t° <t <7*) voltage pulses V, of
about 10 mV have been superimposed on the voltage-clamp step V.. The
early response of the clamp current i%, upon these voltage pulses V, gives
the early conductance

0=V, ()

at different clamped voltages V,,. The g° values presented in Figs. 4 and §
are taken at the time when the late clamp current i¥ has reached steady
state. A detailed description of this procedure has been presented pre-
viously [15].

Fig. 4 shows the results from one cell at 23 °C and 8 °C. The normal
dashed lines are extrapolations according to measurements on different
cells. The thin dashed line indicates that the extension of the low con-
ductance branch at 8°C, passes the origin (compare also Fig. 10). Since
in the cold the large time constant is missing (g* = g°), the data of g°(V,)
in the cold are omitted in this Figure. The typical property of the steady-
state current-voltage relationship, i (), ), under normal conditions, is its
negative slope for voltages more positive than —140mV. The large
positive conductance below Ey (indicated in Fig. 4 by a dashed line) turns
out to be about the same under normal conditions and in the cold [11, 15].
For hyperpolarization, the current-voltage relationship is rather linear,
but for larger deviations, a slight decrease of the slope can be observed.
These I-V curves for normal and low temperatures intersect at about
—190 mV,

The early conductance g° decreases for depolarization and amounts
to only about 59 of the control value at — 100 mV. For hyperpolarization,
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g rises to a maximum at about —200 mV, close to the intersection of the
steady state I-V curves under normal and low temperature conditions
(—190 mV). For larger hyperpolarizations g° decreases again.

In Fig. 5 the steady-state current-voltage relationship and the voltage
dependence of g° of one cell is given under D and L conditions. In this
example, the investigated voltage range is more negative than E.. So
the steep conductance increase below Ey is missing in Fig. 5. The current-
voltage relationship, i (V,), confirms qualitatively the results from the
conductance measurements (Table 1). Light raises the resting potential
and the conductance g*. The two I-V curves from L and D conditions
intersect again at about — 190 mV. The early conductance g° turns out
to be not only voltage sensitive as in Fig 4, but also sensitive to light.
Under illumination, the peak conductance has not shifted its location at
about —200 mV, but is about 20 9 higher than the D control. The finding
that the early conductance at the resting potential (here, D: —163 mV,
L: —181 mV) is about doubled by light (here, D:2.5mmhocm 2
L: 5.8 mmho cm~?) agrees well with the data of ¥, and g° in Table 1.

2

Ion Fluxes

In order to analyze the electrical membrane parameters in terms of
the properties of the particular ion pathways, flux measurements have
been carried out. No ion other than K* and CI~ has been found to affect
the resting potential [11]. Even H* appears to be ineffective, because V,
is insensitive to external pH between pH 4 and 9. It should be recalled,
however, that the vacuolar pH is only 2.5; so the equilibrium potential
of H*, Ey, between the vacuole and outside is about —300mV [15]. In
addition, Acetabularia cells seem to regulate their external pH at about
7.9, the pH of seawater [5]; therefore, there must be a considerable move-
ment of protons (or equivalents) across the membrane. However, for the
above reasons, in the present study the role of H* will be neglected.

Efflux measurements of K* (8°*Rb™*) have shown that under normal
conditions the K* efflux is very voltage-dependent [24]. According to
the diode characteristics of the potassium diffusion system [13], there is
a large K* efflux at voltages less negative than E, = —90 mV, where a net
K™ efflux should occur along the electrochemical gradient; and for
voltages more negative than E, a net K* influx is expected. Hence, in
this voltage range, K* ions leaving the cell, cannot be transported by the
electrochemical gradient, rather than by different mechanisms, probably
K*/K™ exchange diffusion. Such a K* efflux is measured (2 pmol cm ™2
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sec™! at — 170 mV). Due to the superimposed electrochemical K* influx,
the apparent K* efflux increases slightly for depolarization down to Ey
and increases drastically at voltages more positive. In fact this voltage-
dependent change of K* efflux turned out to be stimulated by about the
factor 40 at voltages more positive than E, [24].

The net influx down the electrochemical gradient via the potassium
pathway with a conductance of 15 umho cm~? (computation see above)
should be

Py = (E,— EQ gy /F (4)
that is about 14 pmolcm 2sec™! at the resting potential. This value
compares well with the measured KT influx of 10-40 pmol cm ™~ sec™*
[24, 25], which implies some pmol cm~2 sec™* K™ influx due to K* ex-
change. In conclusion, the potassium conductance under normal con-
ditions is rather low compared with the entire membrane conductance
(Table 1), and there is no reason to assume drastic temperature-sensitive
changes of the K* pathway, since there is good agreement between the
fluxes calculated from the conductance measurements in the cold and the
flux measurements at normal temperatures.

As for the Cl~ fluxes, there has been general agreement among dif-
ferent authors [11, 26] that the Cl~ ion plays a dominant role in the
Acetabularia membrane, because the measured in- and effluxes are very
high (200-2,000 pmol cm~2 sec™!) and appear to be correlated with the
membrane potential [16, 26]. However, there are complications in the
details. The rather “low” fluxes reported by Saddler [25] do not follow
the biphasic efflux kinetics (except for 5 °C) found by Gradmann et al. [16]
and Gldsel and Zetsche [10] who obtained larger (not significant on
statistical grounds) Cl~ fluxes according to the model of three compart-
ments in series. It seems to be possible that in Saddler’s experiments the
tonoplast was not intact, and the two compartments of the cytoplasm and
the vacuole appear to be fused to one compartment. Furthermore, the
Cl~ efflux is much more sensitive to voltage-affecting external conditions
like temperature [26] and light [16, 26] to obey just the electrochemical
gradient for Cl1~. One example is given by Fig. 6, where during the fast
phase (after the washout of the cell wall during the first minutes), the
efflux is stimulated by the factor 1.6 (mean 1.8+0.5) in the light which
raises the membrane voltage (E,,— E.) only by about 6%, (Table 1).

Suppose the Cl~ fluxes are carrying charge across the plasmalemma,
the results (comp. Table 2) imply that the Cl~ conductance cannot be
assumed to be constant in different states of activity of the electrogenic
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Table 2. Chloride efflux +sem of the fast phase @,, probably from the vacuole and of the
slow phase &,, probably from the cytoplasm under D and L conditions

Light Dark
@, (pmolem™? sec™!) 1260+ 800 7704400
&, (pmolcm 2% sec™1) 130+ 80 70+ 40

pump (D and L conditions). If one calculates this passive conductance
by Eq.(2), it turns out to be even higher (D: 400, L: 700 umho cm~?)
than the entire membrane conductance, including the active pathways
(Table 1). One possibility to account for this paradox is to assume as above
that only a fraction of the Cl~ efflux is a net ion flux, the remainder being
due to electroneutral transport. The calculation of the numerical values
of the elements in the analog circuit (Fig. 9) under these conditions will
be presented in the discussion (Table 4 A).

There is, however, another possibility to explain the enormous size
of C1~ fluxes. In the analysis of the biphasic washout kinetics (Fig. 6) the
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Fig. 7. Model of compartments and pathways for the Ci~ fluxes in Acetabularia. C,

v,¢,0°
concentrations in vacuole, cytoplasm and outer medium. V, ., volume of vacuole and cyto-

plasm, volume of outer medium taken for co. B, _, permeabilities of tonoplast, plasmalemma

and cytoplasm (the latter representing a direct pathway from vacuole to outer medium,
bypassing tonoplast and plasmalemma)

fast phase is attributed to the efflux from the cytoplasm to the outer medium
and the slow phase to the efflux out of the vacuolar compartment. Linear
extrapolation of the semilogarithmic plots to t=0 yields the amount of
labeled Cl~ in the vacuolar (slow phase) and cytoplasmic (fast phase)
compartment. For cells equilibrated with the outer medium (1 cpm=
1.25 x 10~ mol C17) the amount of Cl~ in the particular compartments
can be obtained immediately. If we apply this calculation to our data, the
amount of Cl~ in the “cytoplasmic” phase exceeds usually the amount
in the “vacuolar” phase. Since the cytoplasm occupies only about 10%;
of the entire cell volume [25], enormous Cl™ concentrations (more than
3 M) would have to be assumed for the cytoplasm and very low ones for
the vacuole, in contrast to the directly measured concentrations which
are approximately the same in both compartments [25]. An extreme
example is given by Fig. 6, where at ¢ =0 the radioactivity is about 8 times
as high in the fast compartment as in the slow one. Therefore, the question
arises whether the standard flux analysis is appropriate for Acetabularia.

As an alternative, it is suggested that there is an additional direct C1~
pathway from the vacuole to the outer medium, bypassing tonoplast and
plasmalemma (Fig. 7). The time course of the tracer efflux out of the
vacuolar compartment, ®*(t) and out of the cytoplasm, &7 (), would be

C¥PE+P BP —t(PP+BP+EP
or (= S0 (tI;L cz?+ ) o ( Lt Es+h ")) (5)
1+ 1h) (BE+EB)V,
C*(PP+PP+EP) —t(PP+PP+PP)
(pc*(t)z O\t c'p tpexp( ¢ ctp tp) (6)
(E+F) EB+B)V,

where C¥ is the initial tracer concentration (about the same in the vacuole
and in the cytoplasm), P, , are the permeabilities of the cytoplasm (for
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the direct flux from the vacuole to the outer medium), the tonoplast and
the plasmalemma, respectively, V, and V, are the volumes of the vacuole
and cytoplasm.

These two equations (5) and (6) can be drawn from the two straight
lines of the semilogarithmic plot of the washout kinetics (compare Fig. 4).
However, they are not sufficient to determine the three unknown perme-
abilities F, P, and P,. Even additional conductance measurements do not
give the missing information, since g* depends linearly on P. Further-
more, the Cl™ transport system from the vacuole to the outside is un-
likely to be a simple diffusion process, and its treatment as a permeability
(P) might be inappropriate.

Another question is whether this direct C1~ transport from the vacuole
to the outside is peculiar to C1~ or reflects an unspecific leak. In the latter
case, the release of any tracer from the vacuole should have similar
kinetics to the fast phase of the Cl1- washout (¢, ;2 about 20 min). The
efflux kinetics of K+ (8¢Rb*), however, do not exhibit this characteristic
[24]. Therefore, it is concluded that the high CI~ fluxes from (and to)
the vacuole are not artifacts by injury due to the measuring treatment,
but mediated by specific CI~ pathways, maybe by vesicles, as has been
suggested for Characean cells by MacRobbie [21]. This interpretation
is consistent with the fact that in the Acetabularia vacuole various com-
pounds are accumulated (H¥, K ¥, oxalate ...); only the Cl~ concentra-
tion is about the same inside and outside.

It is still possible that the measured fluxes are not entirely charge-
carrying; as mentioned above, electroneutral Cl~ exchange may take
place which has been postulated to occur in Chaetomorpha [8]. The C1-
currents may also be (partially) neutralized by cations like H*, because
light-sensitive H* transport in Acetabularia is reported as well [5] At
present, the data about the Cl~ fluxes in Acetabularia are not clear
enough as to provide quantitative evidence for the electrical properties
of the plasmalemma membrane.

ATP, Content and Turnover

Another attempt to obtain more information about the electrogenic
pump is to study its relationship to the energy metabolism of the cell.
Therefore some ATP experiments have been carried out. Within one set
of experiments, the steady-state ATP level appears to be rather con-
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Table 3. Content and consumption of ATP+ seM under different conditions

Light Dark Cold
Content (pmol per mg d.w.) 431+22 459+33 483+18
Density (WWs cm™2) 414+ 2 434+ 3 46+ 2
Energy in Cp (WWscm™—2) 55+ 8 464 5 —
Consumption (pmol sec™! per mg d.w.) 311+37 201+32 61120
(LW cm™?) 29+ 4 194 3 6+ 2

Light: 100 mW cm~2; Dark’: 0.1 mW c¢m ™2 white light; 23 °C; Cold: 0°C. Average cell length
2.5 cm, diameter 0.25 mm. For conversion, 1 mol ATP taken for 4.2 x 10* Ws.

stant under various conditions (Table 3). If we take an ATP content of
460 pmol mg~! dry weight for normal, the concentration in the entire
cell, related to the cell volume, will be about 0.17 mm or 1.7 mm in the
cytoplasm at a volume ratio of 10:1 between cell volume and cytoplasm.
Since the cytoplasm is mainly located at the periphery of the cell, it is
appropriate to relate the ATP content to the cell surface. These units
are useful for a comparison of the ATP metabolism with membrane
parameters. For discussion of the energetics, the free energy of the hydro-
lysis of 1 mol ATP will be taken for 10kcal = 4.2 x 10* Ws, as a crude
estimate, and the ATP data are listed not only in pmol per mg dry weight
but also converted to energy units per membrane area (Wscm™?) in
Table 3.

From the results of the ATP content under different conditions
(Table 3) it is evident that the cell successfully maintains a constant
ATP level. This feedback system may even overcompensate, since under
low energy conditions (5 °C) the ATP content can be even higher and
under bright light even lower than in the control. The steady-state ATP
level is, therefore, no useful indicator for the actual state of energy of
the cell.

More information is expected from the ATP turnover which in fact
turned out to be rather sensitive to external conditions. Fig. 8 shows an
example of the ATP decay upon sudden inhibition of phosphorylation by
CCCP. The inhibition is not complete (60 %), despite the high CCCP
concentration. Some ATP is apparently provided from CCCP insensitive
phosphorylation (fermentation, glycolysis ...). The postulated ATP-regu-
lating system may be involved, since the time course of the ATP decay
in CCCP is strictly not a simple exponential function; a damped oscilla--
tion can be superimposed as indicated by the dashed line in Fig. 8. Such a
feedback system has already been discussed for Neurospora [31].
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Fig. 8. Example of an experiment to determine ATP turnover. Left ordinate: ATP content

in pmol per mg dry weight; right ordinate: ATP content in pW sec cm~2, | mol ATP=4.2

x 10* Ws; abscissa: time in 50 pm CCCP. Vertical bars mark + sem. Solid line: smooth curve,

the derivative of which at zero time is taken as a measure for the ATP turnover; dotted line

through the measured points indicates damped oscillations superimposed on the exponential
ATP decay

If we fit the measured ATP decay by a simple exponential function,
its derivative at zero time can be used as a measure for the normal ATP
consumption. The mean values +sem of the ATP turnover, determined
by this procedure, are given in Table 3. Bright light enhances the ATP
turnover by 50 %, and in the cold, when we expect the metabolism to slow
down, the ATP consumption is drastically reduced.

It has to be noted that there are appreciable (up to factor 3) diurnal
variations of the ATP turnover, which are in line with the diurnal time
course of O, evolution [22]. Therefore, only data from the same diurnal
phase could be compared. Though no circadian rhythm could be observed
in the time course of the resting potential (and the ATP concentration), it
may well exist in some current-voltage relationship. However, due to the
wide variation of these data, diurnal changes have not been pursued
systematically.

Discussion

The stimulated Acetabularia membrane exhibits several interesting,
time-dependent phenomena, like a fast voltage response upon light [297],
action potentials [11, 16] or temporary variation of the CI~ fluxes [16].
These reactions are probably closely related to the properties of the
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particular elements of the analog circuit. However, it is beyond the limits
of this study to discuss the relationship of these phenomena to the elec-
trical analog circuit in detail. This discussion is confined to the steady-
state properties. Before we expound the entire circuit, the properties of
some individual elements should be discussed, including their physical
meaning.

The Large Capacity Cp

There is a common way to account for the large time constants in the
electrical experiments. Unstirred layers in the cell wall with slow depletion
of mobile charges could produce slow voltage responses [2, 3]. Such
layers in the Acetabularia cell wall, however, are unlikely to exist, because
the high ionic strength of the seawater outside will provide a high
conductance of the cell wall, in contrast to the corresponding situation of
Characean cells in pond water. Direct evidence against an unstirred-layer
effect is the finding that the large time constants are closely related to the
operation of the electrogenic pump. In the cold, for instance, when the
pump is normally blocked, the slow response cannot be observed. In
terms of the analog circuit, g, _is so small in the cold that Cp is practically
disconnected from the point where the voltage is recorded.

Since the model for passive Cl~ fluxes (Fig. 7), with its two storage
elements and three conducting elements, is formally similar with the
crude electrical model of Fig.9 (two storage elements C,, and C, and
three conducting elements g,, g and gp), it has to be stated explicitly
that two completely different systems are concerned. For instance, the
storage elements in the tracer flux model, the volumes of the cytoplasm
and of the vacuole, are reflected in the analog circuit as ideal conductances;
and the time constants in the tracer flux model are even much larger than
in the electrical model. Therefore, it cannot be concluded that the apparent

Lo

Fig. 9. Simplified analog circuit for voltages more negative than —100 mV. Passive diffusion
pathways are summarized in g,
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large capacity Cp of the electrical circuit is simply due to the particular
compartmentation of the Acetabularia cell.

As a third possibility to account for the large time constants in the
electrical behavior, it is suggested that the apparent large capacitance of
C, represents a storage element of metabolic energy, probably the ATP
pool. If this hypothesis holds, the amount of energy stored as ATP in the
cell should be reflected by the equivalent electrical energy stored in the
capacity of C,p in the analog circuit. The experimental data of the ATP
concentrations, converted to units of energy per membrane area and the
data from the analog circuit,

energy=0.5 Cp x V3, (7)

are compiled for comparison in Table 3. The fair agreement between
these two energy values favors the hypothesis that the ATP pool of the
cell stands for the capacitance C, in the electrical behavior. Furthermore,
the close relationship between ATP and C, is supported by the finding
that these two parameters, in contrast to other elements, are rather
independent of light. The insignificant discrepancy between the two
energy data can be due to the underestimate of the free energy of the ATP
hydrolysis.

Numerical Data of the Analog Circuit

From the voltage and conductance values of Table 1 some values can
be obtained. For voltages more negative than E, the diffusion channel,
including potassium and chloride conductance, can be regarded as a
linear pathway passing the origin (compare Figs.4 and 10). With this
simplification the diffusion pathway can be described by a conductance
g,, without an electromotive force (Fig.9). In steady state, the pump
channel, in parallel to g,, consists of the electromotive force E, with its
inner conductance g,. By the measurement of only the membrane voltage
V,, and the late conductance g* we are not able to determine the three
parameters g,, g, and E,. Based on the limiting assumptions, the follow-
ing cases 4 and B give reasonable results, and will be pursued.

A. We accept from the Cl~- flux data (Table 2) that the diffusion
channels change their conductance under bright illumination. E, can be
taken as constant, since the electrogenic pump is probably a mechanism
of chemical reactions, the free energy of which is converted to an electrical
potential difference across the membrane. The results of this case A4 are
given in part A of Table 4. The most important consequence of this case
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Table 4. Calculation of the steady-state conductance of the diffusion pathway g, of the pump
conductance g, of the electromotive force of the pump E,, of the power of the pump P,, and
the ratio between the power of the pump and the ATP turnover (compare Table 3), based
on the data in Tables 1 and 2 and the assumptions A4: g,=k ®,, Ep=const; and B: g,= const,

Ep=const.
A B
D D
g, (umhocm~2%) 238 109 28 28
gp (umho cm™?) 388 196 598 277
Ep (mV) —473 —473 188 188
B, (W£Wem~™2) 20.3 8.8 0.95 0.89
(% ATP consum) 70 46 33 4.7

is the high value of E,= —473 mV, which would favor a 1:1 stoichiometry
between electrogenically transported charge and ATP, since the standard
free energy of the hydrolysis of one molecule of ATP is about 0.44 eV, for
a caloric equivalent of 10 kcal mol~*. Changes of the ATP concentration
are small (Table 3) and would only contribute 58 mV for a 10-fold change.
The power of the pump power,—ipx Ep ®)
would amount to about half of the total energy turnover as ATP is
concerned (Table 3). For the fraction of the total energy supply used for
transport, values of 0.3% have been reported for Griffithsia [20] and
ca. 30% for Neurospora [30]. Besides this high energy requirement,
case A yields another difficulty concerning the current-voltage relation-
ship of the element F,. If E, is —473 mV, the voltage across this element
does not change its sign within the measured range of V,, (up to —300 mV);
so the conductance at zero current remains unknown and displays a
strange voltage dependence.

B. We disregard the complicated situation about the Cl~ pathways
and assume the passive diffusion conductance g,=28 pmhocm™? as
constant (i.e. insensitive to light and temperature). The results in this
case are listed in part B of Table 4. The conductance change is now only
due to the changes in the pump pathway. In this case, the electromotive
force of the electrogenic pump E, amounts to about —200mV. This
value suggests a stoichiometry of 2:1 between translocation of charges
and ATP. This stoichiometry has already been suggested for the electro-
genic H™ pump in Neurospora [30] and Characean cells [33]. The values
from Eq. (8) for the power of the pump are much smaller in case 4 because
a) Ep is lower and b) the pump current does not drive large CI~ fluxes.
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Furthermore, the element P has its maximum conductance at about
—200 mV (Figs. 4 and 5), that is at zero current of case B. The theoretical
model for a carrier-mediated electrogenic pump [9] predicts maximum
conductance at zero current and saturation for large voltage displace-
ments, which is in good agreement with our findings. Therefore, we want
to refer to this case B.

Nonlinear Elements

Fig. 10 shows a continuous I-V recording, obtained by a voltage-
clamp experiment with ramp-shaped time course of the test voltage.
Subtraction of the current i,(V,) of the diffusion channel (dashed line
from another typical experiment under low temperature) from the mea-
sured total current, i (V, ), drawn by a solid line, yields the steady-state
pump current iy (V,), which is zero at about — 190 mV, the electromotive
force of the pump, as already reported [15]; iz (V,,) is marked as a dotted
line in Fig. 10.

Late miembrane current, i“’(pA/cmz)

Fig. 10. Determination of the steady-state current-voltage relationship of the pump pathway
ip(V,) (dotted curve), as the current difference between the entire current-voltage relationship
i,,(V,) of the complete system (solid line) at normal temperature and the current-voltage
relationship of the passive diffusion system i,(V,,) alone at low temperatures (dashed line).
Voltage-clamp experiment; continuous current recording upon ramp-shaped test voltage.
Hysteresis eliminated by averaging. Solid and dashed curve from different cells. Thin dashed
line indicates that the extension of the low conductance branch at low temperatures passes
the origin
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From the superimposed early conductance measurement g° (comp.
Figs. 4 and 5)

gp, V=28 (V,) —24(V,,), ©)

a current-voltage relationship i, (V,,) has been calculated by integration
of gp in V¥, [15]. This function, ip (V,,), does not give the desired current-
voltage relationship of the element F, because one must integrate g,
in V; , the voltage only across the element F itself, rather than the voltage
V., across the entire membrane. This voltage V}, (V,) can be obtained by
the voltage division in the pump channel

Ve, V) =(Ep=V,) g7 (V.)/gp, (Va0), (10)

where g3’ (V) is the chord conductance of the entire active pathway (the
derivative of the dotted line in Fig. 10). The current-voltage relationship
of the pump F, itself can now be calculated as

iPl(VPI)Zvj gpl(d Ve)te, (11)

where ¢ is a constant current, providing that i, (V, ) passes the origin
at —190 mV. An example of the resulting current-voltage relationship of
this element is given by Fig. 11 for D and L conditions, based on the data
from Fig. 5. Saturation could not be reached in this experiment, but

4L0r
|P1 (}JA/CmZ) L/o/o
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201 ) /
/:/’/./D
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Fig. 11. Example of the steady-state current-voltage relationship ip (V) of element F;
obtained by integration of g3 in V; . Data from experiment of Fig. 6.0—o, L; e—e,D.23°C
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Fig. 12. Determination of the steady-state current-voltage relationship of the element B,

ip,(Vp,) (dotted line), as the voltage difference between the current-voltage relationship of

the entire pump pathway i,(V,) (solid line) and the current-voltage relationship of the pump

element B, ip (V; ) (dashed line). Solid line according to data in Fig. 10; dashed line extrapo-
lated according to data in Fig. 11. 23°C, D

extrapolation would yield a saturation current of about 25 pA cm=2 in D
and 60 pAcm~2 in L.

Since the known current-voltage relationship iy (V,,), respectively, its
inverse (voltage-current) function V,, (i), of two elements in series, is the
voltage sum of its components V; (i) and V,_(iy), we are able to calculate
the voltage-current relationship of the element P, alone as

Ve, (i7)=Vp(ip)— V3, (ip) (12)

respectively, its inverse function ig, (Vp,), since iy =iy, =ig . This deriva-
tion is illustrated by Fig. 12. Here the voltage difference between the
entire pump system (solid line) and B (dashed line) gives the voltage of
P, for each current value (dotted line). The resulting current-voltage
relationship does not differ much from the characteristics of the entire
pump system, because the voltage drop across P, is small compared with
the voltage across P,.

The physical meaning of the element P, and its current-voltage rela-
tionship with the negative slope conductance for voltages more positive
than — 140 mV, is not clear yet. However, in terms of the analog circuit,
the increase of V,, by photosynthetically active light [28] is due to a
conductance increase of P,. Therefore, B, is suggested to reflect phos-
phorylating reactions. As already discussed, F, is suggested to be the
electrogenic pump itself.
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Fig. 13. Upper part: detailed analog circuit of the Acetabularia membrane. Data of constant
and linear elements in Table 5; arrows mark variable elements. Lower part: current-voltage
relationships (semischematically) of the nonlinear and light-sensitive elements F and P,

Table 5. Set of possible numerical values of the particular linear and constant elements of the
analog circuit (Fig. 13)

gk, (umhocm™?) 15 E¢ (mV) ~90
gk, (umhocm™2) 600 Eq (mV) +0
gc1, p (pmho cm™2) 12 E, (mV) -190
ge; (mho em™?) 1 C, WFem~=2 5
gc1,c (pmho cm™?) 500 Cp (WFcm™2) 3000

¢ and gq, , are estimates; g, . may be sensitive to light and temperature.

For a survey, the complete and detailed analog circuit is given by
Fig. 13 together with the current-voltage relationships of its nonlinear
clements P, and P, under D and L conditions. As far as available, the
numerical values of the linear elements are compiled in Table 5. Though
it has not been possible yet to determine each numerical value from one
individual cell nor from several cells with statistical significance, this
circuit is suggested to be a consistent representation of the electrical
properties of the Acetabularia membrane in steady state.

This work was supported by a research grant from the Deutsche Forschungsgemeinschaft.
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