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ABSTRACT Charge-pulse relaxation studies were performed on cells of the giant marine alga Valonia utricularis with
microelectrodes inserted into the vacuole. If the cell was charged by short pulses of 200 ns duration, the decay of the
initial membrane voltage could be described by two relaxation processes at normal pH (8.2). The fast exponential
relaxation had a time constant of ~100 us whereas the time constant of the slow relaxation ranged between 2 and 15 ms.
The ratio of the two amplitudes varied between 10 and 20 and was found to be independent of the initial voltage, up to
400 mV. In contrast to the time constants, the amplitude ratio was a function of the duration of the charge pulse. As the
pulse length was increased to 10 ms, the fast relaxation disappeared. A change in pH of the natural sea water from 8.2 to
4 resulted in the disappearance of both exponential processes and the appearance of one single exponential with a 1-ms
time constant over the whole pulse-length range. The analysis of the data in terms of a two-membrane model leads to
unusual values and a pH-dependence of the specific capacitances (0.6 and 6 uF cm~2) of the two membranes, which can
be treated as two serial circuits of a capacitor and a resistor in parallel. The charge-pulse and the current-clamp data are
consistent with the assumption that the cell membrane of V. utricularis contains mobile charges with a total surface
concentration of ~4 pmol cm 2 These charges cross the membrane barrier with a translocation rate constant around
500 s~' and become neutralized at low pH. From our experimental results it cannot be completely excluded that the
tonoplast has also a high specific resistance. But in this case it has to be assumed that the tonoplast and plasmalemma
have very similar electrical properties and contain both mobile charges, so that the two membranes appear as a single
membrane. Experiments on artificial lipid bilayer membranes in the presence of the lipophilic ion dipicrylamine,

support our mobile charge concept for the cell membrane of V. utricularis.

INTRODUCTION

Biological membranes contain a large number of positively
and negatively charged groups either attached to proteins
or to lipids. The charges attached to lipids are normally not
mobile across the membrane because of the rather slow
“flip-flop” of lipid molecules (Rousselet et al., 1976a and
b). The same may be true for most of the charged groups
present in proteins with the exception of those associated
with transport systems, which may move through the
membrane either complexed with an ion or as a free charge
(Konigs, 1977; Kagawa, 1978). In nerve and muscle cells,
net charge transfer across the membranes has been identi-
fied as part of channel activation (Armstrong and Bezanil-
la, 1973; Nonner et al., 1975). In plant membranes, charge
movements have so far not been directly identified by
kinetic measurements of the same type used in the voltage-
clamp experiments on animal membranes. However, some
indirect evidence suggests that net charge transfer occurs
with proton pumps (Slayman and Slayman, 1974; Felle
and Bentrup, 1977), chloride pumps (Gradmann, 1978),
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and proton-driven cotransport systems (Komor and Tan-
ner, 1976; Felle, 1980). For some of these systems the
rate-limiting step for the transport is not the movement of
the charged form across the membrane (Felle, 1980). The
rate-limiting step in these cases is either the movement of
the neutral form through the membrane or the reaction of
the substrate with the free carrier.

In these cases, relaxation measurements allow, in princi-
ple, the evaluation of the rate constants of the transport
system (Benz and Lauger, 1976; Benz et al., 1976b; Benz
and Cros, 1978; Benz, 1978; Benz and McLaughlin, 1983).
In similar experiments, the kinetics of the movement of
gating particles of sodium channels in nerve and muscle
membranes have been evaluated (Armstrong and Bezanil-
la, 1973; Chandler et al., 1975).

Electrical relaxation experiments have been performed
on membranes using the voltage-clamp (Ketterer et al.,
1971; Benz et al., 1973) and the charge-pulse method
(Benz and Liuger, 1976; Benz et al., 1976b). The latter
technique has been used to study the transport kinetics of
carrier molecules and of lipophilic ions in both natural and
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artificial membranes (Benz and Liuger, 1976; Benz et al.,
1976b; Benz and Gisin, 1978; Benz and Conti, 1981) and
was also used in electrical breakdown experiments (Benz et
al., 1979; Zimmermann and Benz, 1980).

The specific resistances of the two membranes in series,
the tonoplast and plasmalemma in a V. utricularis cell, as
well as the potential differences across both membranes,
have been measured in the past in two investigations
(Lainson and Field, 1976; Davis, 1981) where electrodes
were inserted into the cytoplasm. Lainson and Field (1976)
found no measurable potential difference across the tono-
plast and proposed that its specific resistance is low. In
sharp contrast to this, Davis (1981) found that the tono-
plast has an even higher specific resistance (about three
times) than the plasmalemma. Furthermore, he proposed
that the vacuolar potential should be around 80 mV
(positive to cytoplasm) and that the potential in the
cytoplasm is on the order of —70 mV (negative to outside).
Lainson and Field (1976) and Davis (1981) agreed in the
magnitude of the overall potential of 5-10 mV (inside
positive) a value that has also been reported by other
investigators (Osterhout, 1924; Zimmermann and Steudle,
1974).

In this paper we describe charge-pulse experiments
performed on cells of the giant marine alga V. utricularis.
Our results strongly suggest that mobile charges are
present in at least one membrane (the plasmalemma), if
the specific resistance of the other is, as according to
Lainson and Field (1976), very low. If Davis (1981) is
correct and the tonoplast has a high resistance, our results
require that mobile charges be present in both membranes
and that both membranes have very similar specific resis-
tances and capacitances that make them appear as a single
membrane in our experiments.

Furthermore, our results suggest that intrinsic mobile
charges in membranes are able to increase the specific
membrane capacity up to 10-fold. The apparent specific
capacity as calculated from the exponential rise and decay
of a current-clamp experiment is not necessarily identical
with the real geometrical capacity of a membrane, if
mobile charges are present in this membrane in a high
concentration.

THEORY

The Two-Membrane Model

The vacuole of cells of V. utricularis usually contains up to 98% of the
total cell volume. Therefore the cytoplasmic layer is very thin, and it is
extremely difficult to insert electrodes into the cytoplasm to distinguish
between the electrical properties of the tonoplast and those of the
plasmalemma (Findlay and Hope, 1976).

The equivalent electrical circuit of a plant cell is given in Fig. 1. The
application of short (50-500 ns duration) charge pulse offers an elegant
way to separate the electrical properties of the two single-membrane
circuits as follows. The pulse is made so short that essentially all of the
charge Q delivered polarizes the membrane capacitances C, and Cr,
because the flow through resistances R, and Ry is negligible. V; and V3
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FIGURE 1 Electrical equivalent circuit of a V. utricularis cell. R is the

resistance of the cytoplasmic layer. For further explanation see text.

across the two membrane circuits are given by

V: =0/ G )
and
Vi=0/Cr )

The total initial voltage Vg, (at the end of the charge pulse) is given by the
sum

Va=Vy+ Vi 3)
or
G+ C
ye — — P}
. Q(CT.CP) )

The combination of Egs. 1 and 2 gives the following equation of the ratio
Vo/Vi

v/ Vs = Ci/C, (&)

The outer circuit is opened at the end of the charge pulse. The decay of the
voltage across the whole system is then given by the sum of the decays in
the two membrane circuits:

Va(t) = V(1) + V1(2) (6)
=Vyexp(—t/r,) + Viexp (—t/r7). 0]
7, and 71 are the RC-time constants of the two membrane circuits with
7,=R, - C, (8)
Tr=Rr- G )

where R and C could be either the absolute or the specific values.
Assuming that both membranes have similar specific capacitances, it is
expected that both voltages are half of the total initial amplitude (V' =
Vi=V3/2).

The individual resistances R, and Ry of the two membrane circuits can
be calculated from the two RC-time constants, the injected charge Q and
the two initial voltages V'3 and V7 according to

Ry=7,- V3/Q (10)
Rr=r1r- V%/Q (11)

The observation of only one exponential decay would mean that either the
RC-time constant of one membrane circuit is <5 us (which would be
consistent with Lainson and Field, 1976) or that both membranes have
identical electrical properties despite possible differences in function.

The Mobile Charge Concept

Although the movement of charges within algal membranes probably
arises from transport systems, the basic features can be explained simply
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FIGURE 2 Potential profile for the movement of mobile charges within
the membrane.
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by a two-state model (Ketterer et al., 1971; Nonner et al., 1975; Benz et
al., 1976b; Benz and Conti, 1981). Similar models have been used to
explain the transport of gating particles in nerve and muscle membranes
and of lipophilic ions and carrier molecules in artificial lipid bilayer
membranes (Nonner et al.,, 1975; Chandler et al.,, 1975; Benz et al.,
1976a; Benz et al., 1976b). The mobile charge concept assumes that the
mobile charges are only present in one membrane and that the other has a
low resistance or that the electrical properties of the two membranes,
tonoplast and plasmalemma, are identical and contain the same concen-
tration of mobile charges. In this case, both membranes can also be
treated in the following as a single barrier. Furthermore, it is assumed
that the charges are located in deep potential energy minima at the
membrane-water interfaces (Fig. 2, surface concentrations N’ and N”,
respectively). The total concentration of charges within the membrane N,
is then given by

N=N'"+ N" (12)

and N, is assumed to be independent of time during the short period of an
experiment. The rate constants for the translocation of the charges
between the two sides of the membrane are k' and k” (k is the
translocation constant in the absence of a voltage). The derivatives of the
surface concentrations N’ and N” with time are

dN’/dt-= —k'N' + k" N" = —dN"/dt. (13)

The rate constants k’ and k” are voltage dependent according to Eyring

k' = k exp (zu/2) (14)
k" = kexp (—zu/2) (15)

or Nernst-Planck
k' = k(bzu/2) exp (zu/2)/sinh (bzu/2) (16)

k" = k(bzu/2) exp (—zu/2)/sinh (bzu/2) a7

where z is the valency of the charged particles that must cross a potential
barrier that spans a fraction b of the membrane, and u is the reduced
voltage

(18)
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V. is the total voltage across the membrane, F is the Faraday constant, R
is the gas constant, and T is the absolute temperature. In the limiting case
of low initial voltages (V}, <« 25 mV, u « 1), the rate constants k’ and k"
are given for both types of barriers (Eyring or Nernst-Planck) by

K = k(1 + zu/2) (19)
k" = k(1 - zu/2). (20)

Furthermore, in the following we assume equal charge distribution
between the two sides of both membranes immediately after the mem-
brane voltage is displaced by a charge pulse of short duration. This is a
restriction and its implications will be discussed in detail in the Discus-
sion. It has to be noted, however, that even for an offset voltage as high as
100 mV the voltage decay of a charge pulse experiment can be described
by two exponentials for a two-state model (Benz and Conti, 1981). The
decay of the voltage across the membrane is then a result of the charge
redistribution within the membrane and the current flow through the
membrane. The current is limited by the specific ohmic resistance (R,,) of
the membrane.
The current density / is given by

| 4 dv,
I=—zF(K'N' — k"N") — — = Cp, — 21
2F( ) g =G @D
where C, is the specific capacity of the membrane. The derivative of V,,
with time is thus given by

de _ZF N 3 N4 Vm
dar G, (k'N _kN)_R,,,C,,.‘

(22)

Eqgs. 13 and 22 represent a system of two nonlinear differential equations.
This system can only be solved numerically. These equations, together
with the first-order approximation (Egs. 19 and 20) reduce to a system of
two linear differential equations. As shown in the Appendix, the solution
for V,(t) is of the form

Va(t) = Vila, exp (—t/7)) + a,exp (—t/7)]  (23)

with 7, > 7,.

MATERIAL AND METHODS

Cells of V. utricularis, originally collected in Naples, Italy, were grown in
natural seawater at a salinity of 1,300 mosM (31.7 bar) under a 12-h light
regime (12 h light, 12 h dark). Nearly elliptical cells with a volume
between 20 and 70 ul (surface area between 40 and 90 mm?) were
mounted in a plexiglass chamber continuously perfused with seawater
(pH 8.2). Seawater of pH 4 or 5 was buffered with 10 mM citrate. The
temperature of the circulating seawater was controlled by a thermistor
mounted ~2 mm away from the cell.

Lipid bilayer membranes were formed from a 1% solution of egg-
lecithin in n-decane as described earlier (Benz and Liuger, 1977). The
circular hole in the wall separating the two aqueous phases of the Teflon
cell had a 2 mm diam (bilayer area ~2.5 mm?). The unbuffered aqueous
phase (pH around 6) contained 0.1 M NaCl (Merck Darmstadt, FRG,
analytical grade) and 10~ M dipicrylamine (Fluka, puriss).

To simulate a considerable membrane conductance a 100 kQ resistor
was introduced in parallel with the electrodes. In all bilayer experiments
the temperature was kept at 25°C.

In the charge-pulse experiments, the membrane potential of lipid
bilayer membranes and algal cells was charged to voltages between 0.5
and 400 mV by current pulses of 50 ns to 10 ms duration. The current
pulses were generated by fast commercial pulse generators (Hewlett
Packard Co., Palo Alto, CA, model 214 B, or Philips Electronic Instru-
ments, Inc., Mahwah, NJ, model 5712). The generators were connected
to the internal current electrode (algal cells) or to one of the two
electrodes (lipid bilayer membranes) via a diode with a reverse voltage
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resistance larger than 10'° Q. The internal electrode in the case of the
algal cells consisted of a 10-um thick platinum wire coated with platinum
black to keep the electrode resistance low. A silver/silver chloride
electrode of large surface area was mounted close to the cell. This
electrode was used as an external current and voltage electrode, whereas a
separate silver /silver chloride electrode was inserted into the cells for the
membrane potential measurements. In the case of the lipid bilayer
experiments only two silver/silver chloride-platinum black electrodes
were used for the generation of the current pulses and the measurements
of the membrane potential. The membrane potential was measured either
with a high impedance preamplifier (Burr-Brown Research Corp., model
3551, input impedance >10'? Q) or directly with the input of a storage
oscilloscope (Tektronix, Inc., Beaverton, OR, model 7633) (with plug-in
amplifier 7A22, 1 MQ, 1 MHz bandwidth or plug-in amplifier 7A13, 1
MQ, 5 MHz bandwidth). In all experiments described here the time
constant of the slow relaxation was not significantly (<1%) influenced by
the input resistance of the preamplifier or the oscilloscope.

The capacities and resistances of algal cells and lipid bilayer mem-
branes were also measured by injecting a constant current and measuring
the membrane potential. The injected current was obtained as the voltage
drop across a 10  resistor (algal cell) or across a 1.2 kQ resistor (lipid
bilayer membrane).

The voltage transients across the membranes were monitored in all
cases either with the Tektronix 7633 storage oscilloscope or with a Nicolet
Explorer III digital oscilloscope (Nikolet Instrument Corp., Madison,
WI). The bandwidth of the detecting systems were S MHz (lipid bilayer
membranes) or 1 MHz (algal cells). In the case of the lipid bilayer
membranes, the time resolution was 500 ns, whereas in the case of the
algal cells, the time resolution was on the order of 2-10 us, depending on
the size of the individual cell. Photographs of the oscilloscope records were
digitized with a digitizer (Summagraphics Corp., Fairfield, CT, model
HV-2-20) and semilogarithmic plots of voltage vs. time were analyzed
with a HP 9820 computer (Hewlett-Packard Co.).

RESULTS

Valonia utricularis

The experiments performed on V. utricularis cells were
carried out with microelectrodes inserted into the vacuole.
Fig. 3 shows a charge-pulse experiment on a cell bathed in
natural sea water at pH 8.2. The membrane capacitance
was charged to an initial voltage of ~6.8 mV by a short
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FIGURE 3 Voltage relaxation curve of a charge pulse experimenton a V.
utricularis cell, bathed in natural seawater, pH 8.2; T = 18°C. A
charge-pulse of 200 ns duration was applied to the cell (2.25 - 107° As).
The voltage decay across the membrane was recorded with two different
sweep times. Surface area 4 = 0.633 cm?, volume V = 41 mm?, turgor
pressure 1.5 bar.
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current pulse of ~200 ns duration (injected charge 2.25 -
10~° As[coulomb]). As indicated in Fig. 3, the initial
voltage, V?, decays in two relaxation processes. The first
process is characterized by a large initial amplitude, V7,,
and a short time constant, 7,, (in the microsecond range),
whereas the second process exhibits a small initial ampli-
tude, V7, and a long time constant, 7, (in the millisecond
range). Using a least-squares program, the best straight
line through the data for longer times was found. Hence
the parameters (Vp,, and 7,) of the slower decay were
calculated, and then exponential subtracted from the
experimental curve. A least-square fit to a semilogarithmic
plot of the remainder yielded the parameters (V5, and 7,)
of the fast exponential. An example of the procedure is
given in Fig. 4 for the data presented in Fig. 3. The slow
relaxation has a time constant, 7,, of 9 ms and a relative
amplitude a, = V3, /V7, of 0.09, whereas the fast exponen-
tial has a time constant, 7, of 165 us and a relative
amplitude of @, = V7, / V7, of 0.91.

t/ms

AVm
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05

t/ps

FIGURE4 Semilogarithmic plot of the voltage vs. time of the experiment
given in Fig. 3. The initial voltages V73, and Vj, as well as the time
constants 7, and 7, were calculated using the least-squares method. (A4)
Semilogarithmic plot of the total relaxation process. (B) Semilogarithmic
plot of the difference between the data at fast times and the fitted
relaxation process (Vp,, 7). Vi, = 6.2 mV, 7, = 165 s; V', = 0.61 mV,
7, = 9.0 ms.
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It should be noted that a third intermediate relaxation of
<5% of the total amplitude and a time constant of 300 to
1,000 us was detected in many, but not all of the experi-
ments (Zimmermann et al., 1982). Because of the small
amplitude of this intermediate relaxation, only the fast and
the slow relaxations are considered in the following.

Lowering the external pH from 8.2 to 5 results in a rapid
decrease of the amplitude of the fast process, a,, accompa-
nied by an increase of the amplitude of the slow process, a,;
simultaneously 7, increases and 7, decreases. This process
became even more complete after a short time at pH 4, and
after 4 min of exposure of the cells to this low pH, only one
relaxation process could be detected within the limits of
accuracy in experiments with >20 different cells.

Fig. 5 represents a typical experiment at pH 4 per-
formed on the same algal cell as in Fig. 3. 5 min after the
pH change, the membrane capacitance was charged by a
short current pulse of 200 ns duration; the injected charge
was equal to that at pH 8.2 (Fig. 3). The specific capacity
did not change. That is, the initial total voltage, V7, was 6.8
mV, which is comparable to that at pH 8.2 (corresponding
to a total membrane capacitance of 0.33 uF and a specific
capacity of 0.52 uF cm~2). However, in contrast to pH 8.2
(Fig. 3) the initial voltage, V3, decays at pH 4 by only one
relaxation process, which has a time constant of 1.08 ms.
The pH effect on the relaxation process of charge-pulse
experiments is completely reversible provided that the cell
is not exposed to pH 4 for >1 h. The experiment shown in
Fig. 6 was taken from the same cell as in Figs. 3 and 5, 50
min after reincubation at pH 8.2. The recovery process at
pH 8.2 required times up to 1 h whereas 4 min were
sufficient for the disappearance of the two relaxation
processes at pH 4.

In the following set of experiments the voltage relaxation
was studied as the duration of the charge pulse was
increased. Figs. 7 4 and 7 B show two experiments rec-
orded on the same cell after injection of charge pulses of 1

iry

t/ms

FIGURE 5 Oscilloscope record of a charge-pulse experiment on the same
cell as shown in Fig. 3, 5 min after changing the pH of the surrounding
seawater to pH 4. Pulse duration was 200 ns, injected charge was 2.25 .
10~° As. Note that the fast relaxation has disappeared and both relax-
ations merge into one single exponential decay with a time constant of
1.08 ms. The initial membrane voltage is still 6.8 mV indicating that no
change in total membrane capacity has occurred. T = 18°C.
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FIGURE 6 Voltage-relaxation curve of the same V. utricularis cell as
shown in Figs. 3 and 5, 50 min after replacing the seawater of pH 4 by
natural seawater of pH 8.2; injected charge was 2.25 - 10~° As, 200 ns
duration. The voltage relaxation was recorded at different sweep times.
The two exponentials have time constants of 7, = 230 us and 7, = 11 ms,
respectively (V5, = 5.9 mV; V3, = 0.59 mV). Comparison with the values
from Fig. 3 shows that the pH effect is almost completely reversible (k =
240s7"; N, = 3.7 pmol cm % R, = 2,200 Q cm?).

and 10 ms duration. The amplitude of the fast relaxation
process, Vp,, decreases whereas the amplitude of the slow
one, V7, , increases as the pulse length increases. The time
constants of the two relaxation processes do not show any
measurable dependence on the charge-pulse duration.
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FIGURE 7 Voltage relaxation curves of the V. utricularis cell of Fig. 3
following charge pulses of long durations; T = 18°C, natural seawater had
pH 8.2. (A4) Charge-pulse duration was 1 ms. 7, = 185 us; 7, = 8.8 ms.
(B) Charge-pulse duration was 10 ms. 7 = 9.5 ms.



At pH 4, the voltage relaxations initiated by charge
pulses of 50 ns, 1 ms, and 10 ms duration are all described
by a single exponential curve (Figs. 5 and 8).

The total resistance of the cell was measured simulta-
neously by injecting a constant current pulse (current
clamp) into the cell through the internal current electrode
arranged in series with a 200 kQ resistor (pH 8.2, the same
cell as before) (Fig. 9). The upper trace in Fig. 9 4
represents the charging process of the membrane whereas
the lower trace gives the current as the voltage drop across
a 10 Q resistor. The total membrane resistance of this given
cell was measured to be 2,730 Q (1,730 Q cm?). The total
membrane capacity can apparently be obtained in the
usual way from the time course of the exponential rise or
decay (7 = 9.5 ms) of the voltage across the cell, i.e., C =
7/R = 3.5 uF (corresponding to a total specific capacity,
C., of 5.5 uF cm™2). This would be a rather high value for a
membrane capacity and far beyond the range given in the
literature (Cole, 1968; Plonsey and Fleming, 1969; Alm-
ers, 1978). A similar experiment performed on the same
cell at pH 4 is given in Fig. 9 B. The total membrane
resistance, R, can be calculated to be 3,050 Q (R,, = 1930Q
cm?) whereas the membrane capacity, C, is calculated
from the time constant, 7 = 1.03 ms, to be 0.34 uF. This
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FIGURE8 Voltage relaxation curves of the cell of Fig. 3 following charge
pulses of long duration; 7 = 18°C; natural seawater had pH 4. (4)
Charge-pulse duration was 1 ms. 7 = 1.0 ms. (B) Charge-pulse duration
was 10 ms. 7 = 1.1 ms.
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FIGURE 9 Measurement of membrane resistance and capacity by
applying a constant current to the same cell as in Fig. 3. The upper trace
corresponds to the membrane voltage whereas the current was measured
as the voltage drop across a 10 Q resistor (lower trace), T = 18°C. (4)
Cell in natural seawater, pH 8.2; R, = 1,730 @ cm?, C,, = 5.5 »F cm™%
(B) Cell in natural seawater, pH 4. R,, = 1,930 @ cm?, C,, = 0.53 uF
cm2

value corresponds to a specific capacity, Cy,, of 0.53 uF
cm™? for the cell.

It has to be noted that current-clamp and charge-pulse
experiments at pH 4 are consistent with the assumption
that only one membrane has passive electrical properties
with a specific resistance of ~1,900 @ cm” and a specific
capacity of 0.53 uF cm~2 (RC-time constant ~1 ms).

In terms of the two-membrane model, the short current
pulse of 200 ns (Fig. 3) would only result in charge
separation across the two capacitances C, and C, arranged
in series, because ohmic flow can be neglected at these very
short pulse lengths. The introduction of the data of Fig. 4
Vo, =62mV, 7, = 165 ps, Vi, = 0.61 mV, 7, = 9.0 ms,
A = 0.633 cm?) into the two membrane model (see Theory
section) yields the following values for the absolute and
specific capacities, respectively:

C, =036 uF C,=3.7uF
Cpn =057pFem™?  C,, =58uFcm™?

and a value of 0.52 uF cm~2 for the total specific capacity.
With the values for the individual specific capacitances the
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resistances, R, and R, as well as the specific resistances can
be calculated from the time constants of the relaxations:
R, =460, R, = 2,400, R, =290 2 cm’ R, = 1,500 Q
cm’,

The total specific resistance R, = (R, + R) is
consistent with the value obtained from measurements of
the resistance in which a constant current was applied (Fig.
9). On the other hand, the specific capacity of one of the
membranes seems to be unreasonably high compared with
the values reported in the literature, which range between
0.5 and 1.3 uF cm™2 (Pauly, 1962; Cole, 1969; Benz and
Janko, 1976; Pethig, 1979).

In terms of the mobile charge concept introduced above,
it is assumed that the fast relaxation mainly results from
the displacement of mobile charges, whereas the slow
component is determined by the RC-properties of one or of
both membranes and the redistribution of the charges.

The disappearance of one of the relaxations at either low
pH or long charging times would result from either the
neutralization or the displacement of the charges in one or
both membranes, respectively. According to Eqs. A10—
A15 the following values would be calculated from the
experimental data for the translocation rate, k, and the
surface concentration of the mobile charges, N,, (assuming
C,, = 0.55 uF cm™?) for one membrane: k = 320s™', N, =
4.0 pmolcm™2, R,, = 1,740 @ cm’.

It has to be noted, however, that all charge-pulse and
current-clamp experiments are in principle consistent if
only one membrane (presumably the plasmalemma) has a
high resistance, while the resistance of the other membrane
is below 5 @ cm’. If the tonoplast has also a high specific
resistance we must assume that plasmalemma and tono-
plast have similar electrical properties and that both
contain mobile charges. Otherwise we could not explain
the result of the current clamp at low and high pH and that
of the charge pulse experiments at low pH where always

one exponential relaxation is sufficient to explain the
voltage decay.

Table I contains the results of charge-pulse experiments
(200 ns pulse duration) performed on 10 different cells.
The internal turgor pressures of the cells indicated that we
were not dealing with dead cells (which would have lost
their pressure) and that the physiological states of the cells
had a certain variability. As can be seen from Table I,
there exists a considerable variation of the experimental
data obtained for different cells. The fast relaxation time
constant, 7, varies between 30 and 160 us whereas 7, has
values between 2 and 16 ms. These variations are also
reflected in the values for the translocation rate constant,
k, and the specific resistance, R,,, of both membranes. The
relaxation amplitude, a,, and the total concentration, N,, of
mobile charges in one membrane are less dependent on the
individual cell used for the experiment. It is interesting to
note that there exists, in all experiments, a good agreement
between R, calculated from the relaxation data and the
measured total resistance of the cell by application of a
constant current.

In the following set of experiments, the dependence of
the ratio a,/a, on the initial amplitude V;, was investigated
for some cells. The cell was polarized up to 450 mV. A
linear dependence of the initial voltage V;, on the injected
charge Q was found in all cases corresponding to a total
specific membrane capacity C, of 0.5 to 0.6 uF cm™’
(mean value 0.55 uF cm~?). Fig. 10 shows the dependence
of a,/a, as a function of the initial voltage V7. The
amplitude ratio a,/a, is almost independent on V7. The
two relaxation times 7, and 7, varied between 85 and 135
us and between 6.3 and 8.6 ms, respectively. A trend in the
values of the relaxation times 7, and , with increasing V7,
could not be detected although the fast process could not be
fitted to a single exponential at high values for V73, It is
interesting to note that charge-pulse experiments with

TABLE 1
MEASURED AND CALCULATED PARAMETERS

Algal cell p/bar Al/cm? 7,/ us 7,/ms a, k/s™! N,/pmol cm™2 R, /Qcm?
06.06.79 1.8 0.45 39 2.7 0.89 1,600 3.6 600
08.06.79 25 0.76 110 4.3 0.89 600 3.0 1,040
10.06.79 2.7 0.62 98 11.0 0.91 510 4.8 1,900
21.05.80 1.8 0.53 64 46 0.90 880 3.9 940
22.05.80 1.2 0.38 160 6.1 0.92 350 3.7 1,100
24.05.80 3.0 0.81 160 5.6 0.88 470 2.7 1,400
04.11.80 1.1 0.32 72 2.8 0.90 870 3.2 620
06.11.80 1.5 0.71 29 2.1 0.84 2,900 25 650
07.11.80 2.4 0.69 140 16.0 0.91 360 4.8 2,800
04.03.81 3.1 0.61 120 3.6 0.91 520 3.0 780
MV + SD 2.1+ 0.7 059 +0.16 99 + 47 59+ 44 0.90 + 0.02 906 + 793 3.6+ 0.8 1,200 + 700

Results of charge-pulse experiments with V. utricularis cells, natural seawater pH 8.2, T = 18°C. The analysis of the data was performed using the
mobile charge concept and assuming C,, = 0.55 uF cm~% N, is the concentration of mobile charges in the membrane with the specific resistance R,,. P is
the turgor pressure in the cell indicating that cells of different physiological states were used for the experiments. The last row contains mean values +

SD.
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FIGURE 10 Amplitude ratio a,/a, of charge-pulse experiments (200 ns
pulse duration) as a function of the initial voltage V'3,; natural seawater,
pH 8.2; T = 18°C; cell 22.05.80.

negative injected charge showed no significant difference
to those with positive sign, irrespective of the magnitude of
the initial amplitude.

Lipid Bilayer

The lipophilic anion dipicrylamine has a similar transloca-
tion rate constant, k, in bilayer membranes to the mobile
charges in the membranes of the giant algal cell V.
utricularis (Benz and Liuger, 1977). We performed
experiments with bilayers to demonstrate the close similar-
ity between the algal membrane and the artificial mem-
brane/lipophilic anion system and to show that the trans-
port of lipophilic ions in a membrane can also be hypotheti-
cally explained by a two-membrane concept with rather
unusual properties of the two membranes.

Fig. 11 shows a charge-pulse experiment on a membrane
from egg-phosphatidylcholine/n-decane bathed in 0.1 M
NaCl. A 100>-kQ resistor was connected between the
electrodes to simulate a membrane resistance of ~2,500 Q@

Vm | % | |
™o i
i
4t %
N I |
2r 1 I
Ll G |
: ] 2 3 L
0 1 i/ e
FIGURE 11 Charge-pulse experiment on a membrane from egg-

phosphatidylcholine/n-decane bathed in 0.1 M NaCl; T = 25°C. A
resistor of 10° @ was introduced in parallel to the membrane to simulate a
defined membrane resistance. The membrane capacity of 8.5 nF (area 2.5
cm?) agrees well with the injected charge (5.9 - 10~'' As) and the RC
time constant of the membrane (0.9 ms).
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FIGURE 12 Charge-pulse experiment on the same membrane as in Fig.
11, 30 min after addition of 10~7 M dipicrylamine to the aqueous phase.
The two exponentials were fitted with the following parameters: V, = 7.2
mV; 7, =75 us; ¥, =0.62mV; 7, = 8.6 ms.

cm? A single exponential decay is expected from such an
arrangement and was observed experimentally. The addi-
tion of 10" M dipicrylamine to the aqueous solution
bathing the membrane leads to a splitting of the single
relaxation of Fig. 11 into two relaxations. Fig. 12 was taken
30 min after the addition of dipicrylamine, when stationary
conditions were reached. The initial voltage now decays in
two widely separated relaxations. The use of a two-
membrane model to fit the data of this experiment leads to
the following values for the specific resistances and capaci-
ties (injected charge Q = 6.6 - 107" As):

C,, = 0.37uFcm™ Cp, = 42pFem™?

R, = 200 @ cm’ R, = 2000 @ cm’

These values are rather unreasonable, although they fit
together in a similar way to those in the charge-pulse
experiments with the algal cells.

On the other hand, an analysis of the data in terms of the
charges (lipophilic ions) leads to the following data for k,
N, and R, which are in close agreement with earlier
published data (Benz and Liuger, 1977) using C,, = 340
nFem % k = 570s™'; N, = 3.4 pmol cm™% R,, = 2200 Q
cm’. Charge-pulse experiments with the same system and
increasing pulse lengths are given in Fig. 13. The relaxa-
tion amplitude decreases for the fast processes and
increases for the slow process. The rélaxation time con-
stants were found to be independent of the pulse length in
the charge-pulse experiments. We also performed experi-
ments in which membrane capacity and resistance were
measured by the application of a constant current (current
clamp) to the same membrane before and after the addi-
tion of dipicrylamine. The analysis of data gives the
following values for C,, and R,, (Fig. 14):

Copa =0, Co,=034uFcm™2 R, =2500Qcm? and

Copn=10"M, C,=38uFcm™? R, =2,500Qcm>
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FIGURE 13 Charge-pulse experiments with long pulse duration per-
formed on the same membrane as in Fig. 11. 0.1 M NaCl, 107’ M
dipicrylamine, T = 25°C. (4) Pulse duration was 1 ms. 7, = 68 us; 7, =
9.1 ms. (B) Pulse duration was 10 ms. 7 = 9.2 ms.

These results are in close agreement with those of the
charge-pulse experiments, and show that intrinsic mobile
charges within a membrane are able to increase the
specific capacity and the RC time constant of the mem-
brane.

DISCUSSION

Electro-physiological studies on the membranes of giant
algal cells and cells of higher plants usually encounter the
problem of the tonoplast and plasmalemma being in series.
As mentioned above, microelectrodes can be easily inserted
into the vacuole of the cell, but not into the thin cytoplas-
mic layer. Measurements of the electrical resistance and
potential of individual membranes using cytoplasmic elec-
trodes can be questionable (Findlay and Hope, 1976).
_ Tonoplast-free cells could provide a good way to sepa-
rate the electrical properties of tonoplast and plasmalem-
ma, as has been shown for internodes of Chara corallina
(Tazawa et al., 1976). However, a similar method has not
been described for V. utricularis cells. Furthermore, tono-
plast-free internodes of C. corallina have only a limited
lifetime and the specific resistance of the plasmalemma is
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FIGURE 14 Measurements of the resistance and capacitance of a
membrane from egg-phophatidylcholine/n-decane using the constant
current method (same membrane as in Fig. 11). 0.1 M NaCl; T = 25°C.
The upper trace corresponds to membrane voltage whereas the current
(lower trace) was measured as the voltage drop across a 1.2 k2 resistor.
(A) Before addition of dipicrylamine. R, = 2,500 @ cm? C,, = 0.34 uF
cm™2(B) After addition of 10~” M dipicrylamine R,, = 2,500 @ cm?; C,, =
38uFcm™2

reduced after the removal of the vacuole (Benz, Shimmen,
Zimmermann, unpublished results). The charge-pulse
technique used here does not have these inherent problems
and allows good access to the individual membrane resis-
tances in giant cells. The resolution of the technique is high
enough to be able to separate the voltage relaxations of the
tonoplast and plasmalemma, provided both membranes
have only passive properties and both RC time constants
differ at least by a factor of 1.5 from each other. The
method used in this study is sensitive enough to detect RC
time constants as small as 5 us.

The two voltage relaxations observed in charge-pulse
experiments could be explained by the RC time constants
of two individual membranes. However, analysis of the
data in terms of a two-membrane model leads to highly
different values for the specific capacitances of the two RC
circuits (0.59 uF cm~?and 5.8 uF cm~?), which is basically
reflected in the different initial voltage amplitudes. The
dependence of the two relaxation processes on the charging
time in the charge-pulse experiments is also difficult to
understand.
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The current-clamp experiments at pH 8.2 also provide

evidence for a high specific capacitance (5.5 uF cm™2) in.

the V. utricularis cells. Surprisingly, this specific capaci-
tance appears to be pH dependent. At pH 4 (Fig. 9) it is
reduced to 0.53 uF cm~? (which is more likely for a
biological membrane), whereas the total resistance of the
cell is only little affected by the pH change. Furthermore,
charge-pulse experiments at pH 4 show only one exponen-
tial relaxation process with a time constant of 1 ms,
irrespective of the charging time. The specific capacitance
of the cell as calculated from the injected charge Q and the
resulting voltage V¢, according to the relation Q = C - V7,
is ~0.53 uF cm~2 irrespective of pH.

All these properties of a V. utricularis cell cannot be
explained assuming a pH-independent specific capaci-
tance. Also, folding of the membrane cannot account for
the extremely high specific capacitance of the membrane,
because the membrane area should shrink 10 times within
a short time at pH 4. It is interesting to note that artificial
membranes in the presence of lipophilic ions show similar
inconsistancies in charge-pulse and current-clamp experi-
ments as a V. utricularis cell. An undoped lipid bilayer
membrane has only passive properties and the results of
charge-pulse and current-clamp experiments, where in
both cases only one exponential relaxation is observed,
show excellent agreement. After the addition of the lipo-
philic ion, dipicrylamine, the single exponential decay is
split into two exponential curves with widely separated
time constants. The apparent specific capacitance of the
membrane in the presence of lipophilic ions is ~10 times
higher than the geometrical specific capacitance as judged
from the current clamp experiments. It is obvious that the
bilayer experiments with and without lipophilic ions show a
close similarity to the experiments with the algal cell at pH
8.2 and pH 4, respectively.

According to the published literature, it is an open
question if the specific resistance of the tonoplast is high
(as proposed by Davis, 1981) or if the tonoplast is a region
of low resistance (Lainson and Field, 1976). To explain our
experimental results in terms of the mobile charge concept,
we need only to postulate that one membrane with a
specific resistance of 1,000-2,000 @ cm’ contains the
mobile charges. In all our current-clamp experiments
irrespective of pH, and in all our charge-pulse experiments
at pH 4, the voltage relaxation could be fitted to one
exponential with high accuracy. For example, it is easy to
show that the voltage decay of the charge-pulse experiment
of Fig. S cannot be fitted to two exponentials with 0.8 and
1.2 ms time constants, respectively, and equal initial
amplitudes. Similar considerations apply to experiments
with more than 20 different cells. This is consistent with
Lainson and Field (1976) and would mean that the RC
time constant of the tonoplast is below 5 us. We cannot
completely exclude, however, that both plasmalemma and
tonoplast have high specific resistances (which would be
more consistent with Davis, 1981). But in this case it is
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required that both membranes always have very similar
electrical properties and that both membranes contain
mobile charges with similar concentrations, despite consid-
erable differences in the function of the two membranes.

We assumed for the theoretical description of our model
that the mobile charges are equally distributed before the
charge-pulse experiments start. This is justified by the
finding that negative and positive charge pulses with high
initial amplitudes show similar voltage decays. Further-
more, the absolute potential difference in a V. utricularis
cell is on the order of 5 mV (the inside is positive;
Zimmermann and Steudle, 1974). However, this voltage
could be the sum of two large potentials with opposite sign
as proposed by Davis (1981). The voltage decay following
a charge-pulse experiment could also for an offset voltage
be explained by only two exponential relaxations at pH 8.2
(Benz and Conti, 1981). The calculated total concentration
N, would be the lower limit of the real /V,, whereas the real
k is smaller than the given k. The deviations are dependent
on the voltage dependence of the mobile charges (Eyring or
Nernst-Planck) and on the magnitude of the potential
differences across the membranes. It has to be noted,
however, that according to the results of Lainson and Field
(1976) and our finding that we need only one membrane to
explain our results, the existence of a large potential
difference across the tonoplast seems to be questionable. In
this case only a small potential of 5 mV would exist across
the plasmalemma and the mobile charges could be equally
distributed within the membrane, as is assumed in our
model.

The concept of mobile charges in one membrane can
directly explain the dependence of the voltage relaxations
on both the pH and the pulse length. The disappearance of
one of the relaxation phases at pH 4 presumably results
from the neutralization of the mobile charges, which are
assumed to bear a negative charge. If the charges no longer
contribute to the voltage relaxation, only one exponential
relaxation process will be observed. This is shown quantita-
tively in Fig. 15, A and B, which represents the dependence
of the amplitudes, a, and a,, and the corresponding time
constants, 7, and 7,, on the total concentration of the
mobile charges, N,. The curves were calculated on the basis
of the Eqs. A7 and A9 derived in the Appendix assuming
an Eyring barrier (Egs. 14 and 15).

Although the amplitudes and the time constants assume
quite different values at relatively high surface concentra-
tions (10~'" mol cm™2), the curves almost coincide towards
decreasing concentration of the mobile charges. The fig-
ures indicate that a single relaxation is expected if the
concentration of the mobile charges is decreased by about
one order of magnitude (i.e., 90%).

Cells with a low membrane resistance or cells subjected
to several electrical breakdown experiments show only one
relaxation process in charge-pulse experiments (Zimmer-
mann and Benz, 1980; Zimmermann et al., 1982). This
can also be explained on the basis of Eqs. A7 and A9. Fig.
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FIGURE 15 Relaxation amplitudes (4) and time constants (B) of
charge-pulse experiments as a function of the concentration, N,, of mobile
charges in the membrane; k = 500 s~', R, = 1,000 @ cm?, C,, = 1 uF
cm~, T = 18°C.

16 shows the relaxation parameters of charge-pulse experi-
ments as a function of the specific membrane resistance,
R, 1t can easily be seen from Fig. 16 A4 that only one
relaxation process can be resolved below a membrane
resistance of 100 © cm’.

The apparent pulse-length dependence of the specific
total capacitance can be explained when the distribution of
the mobile charges within the membrane is considered. At
short charging times the distribution of the mobile charges

BENZ AND ZIMMERMANN Mobile Charges in Valonia utricularis

q
' x x * x X% %o, A
b o —
n‘-
102
X
na!-
o,
w0tk
o' 10° 0 0 e
5
s-t
101
X\ B
102+
103 —x g
h——,\\
104-
L 5
e o 07 W R, mem

FIGURE 16 Relaxation amplitudes (A) and time constants (B) of
charge-pulse experiments as a function of the specific membrane resis-
tance, Ry; k = 500s™"; N, = 5 . pmolcm™% C,, = 1 uFcm™% T = 18°C.

within the membrane is not distributed at the end of the
charge pulse, and the assumptions made in the derivations
of our theory are fulfilled. Redistributions of the charges
occur already during the charging process for longer
pulses. This leads to an apparent increase in the membrane
capacitance. Fig. 17 represents the theoretically calculated
voltage relaxations for different pulse lengths using a
numerical solution of the differential equations (Al and
A3) derived in the Appendix. For the calculations, the
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FIGURE 17 Time course of charge-pulse experiments using different
boundary conditions for N’/N, calculated from the differential Egs. Al
and A3 assuming an Eyring barrier. Curve I, N’/N, = 0.5; curve 2,
N’/N,=0.48; curve 3, N'/N, = 0.455, k = 500s™'; N, = 5 . pmol cm~%,
R,=1,0002cm?% C, = 1 uFcm™2

following parameters were used:

k=500s""', N, = 5 pmolcm™? R,, = 1,000 Q cm?,
2

C,=1uFcm™.
Curve 1 reflects the relaxation behavior of the membranes
at short pulse lengths. It was calculated assuming that the
system is still in equilibrium after the charge pulse (i.e.,
N’/N, = 0.5). For curve 2 it was assumed that after an
intermediate length charge pulse (for example 1 ms) a
certain amount of charge is shifted from one side to the
other (N’/N, = 0.48). After very long charge pulses (10
ms) the charges are in equilibrium determined by the
applied voltage (5 mV, N’/N, = 0.455). The amplitude of
the fast process is in this case very small, and the long
relaxation process is predominant (curve 3).

The almost linear dependence of the voltages V7, and
V', on the initial total voltage ¥, does not contradict the
mobile charge concept. This is demonstrated in Fig. 18.
Curve I in Fig. 18 shows the relaxation process of a
charge-pulse experiment (k = 500s~', R,, = 1,000 Q cm?,
N, =5-10"mol cm™? C, = 1 uF cm™?) calculated

100

0 04 08 12 16 2
tims

FIGURE 18 Time course of a charge-pulse experiment where the mem-
brane was charged to 100 mV. Curve 1, first-order approximation. Curve
2, numeric solution of the nonlinear differential Eqs., A1 and A3. k = 500
s"',N,=5.pmolcm % R, = 1,000Q2cm? C,, = 1 uFcm™2

24

according to Eq. A6 (first-order approximation). The
numeric solution of the nonlinear differential Eqs. A1 and
A3 was used for the exact description of the time course
(curve 2, same parameters).

Comparison of curve I and curve 2 in Fig. 18 shows
clearly that no difference exists between the relaxation
amplitude of the exact solution and of the first-order
approximation. The same is valid for initial voltages up to
200 mV for 1 uF cm~2 specific membrane capacity and up
to 400 mV for a specific membrane capacity of 0.5 uF
cm ™2 This is easy to understand if one considers that the
shift of 2 pmol/cm? mobile charges across a membrane
with a specific capacity of 0.5 uF cm~? corresponds to a
voltage decay of 400 mV.

Gradmann (1975, 1978) found a high specific capaci-
tance of 5 uF cm~2 in his analysis of the chloride pump in
Acetabularia mediterranea that contributed to the appar-
ent membrane capacitance. It is obvious that this specific
capacitance can be explained similarly to our explanation
here with the apparent specific capacitance in a V. utricu-
laris cell. The high capacitance would then be caused by
the movement of mobile charges that are presumably part
of the chloride pump.

The nature of the mobile charges in the membranes of V.
utricularis has still not been identified. It is possible that
the mobile charges are part of a transport system for ions
that would be likely to be protons. The large surface
concentration can then easily be understood if the disad-
vantageous surface/volume ratio of the large V. utricularis
cells is taken into account. The identity of the mobile
charges with gating charges of channels, on the other hand,
is rather unlikely because of the high surface concentration
of charges that would require an unreasonably high gating
charge/channel ratio. Further evidence against this possi-
bility arises from the large time delay between gating
charge displacement (on the order of microseconds) and
membrane excitability (on the order of minutes). There is
some evidence (Zimmermann et al., 1982) that the mobile
charges are involved in turgor pressure regulation and
maintenance during growth and in the presence of osmotic
stress.

APPENDIX

After division by N,, Eq. 13 reads

1 dN’ N’
——=—(kK'+ k")— + K". Al
N, dr (k" + k") N (AD)
Using a similar transformation du/d¢ has the following form:
du N’ u
—_—— ’ "___kn = A2
ar z BN || (k +k)N, = (A2)
with
2
B=RTC,,, and 7=R,-C,
BIOPHYSICAL JOURNAL VOLUME 43 1983



or

d ’
du _ N + kY

dr N, (A3)

‘ + zBNk".
T

Egs. Al and A3 represent a system of two nonlinear differential
equations. The solution of this system can only be given numerically as it
is shown in Figs. 17 and 18 for an Eyring barrier. In the limit of low
voltages u < 1 (¥, « 25 mV) where the Approximations 14 and 15 hold,
Egs. Al and A3 reduce to a system of two linear differential equations:

d (N’ N’  zk
a‘;(jv—‘)——zki—7u+k (Ad)
d N’ [l zBNk
¥ _BNak Y |2 ZEMEL L ceNk  (AS)
t N, 2

with the following solution for u(z):
u(t) = ugla,e™'" + ae™"'"] (A6)

where 7, = 1/, and 7, = 1/A, are the roots of the characteristic
equation

1 22BNkl 2k
C Y. A+ oo
T 2 T

(A7)

The relative relaxation amplitudes a, and a, are given by inserting the
boundary conditions

u(0) = u,
N 1
20 -= A8
OBE (A®)
1 22BNk
a\ + @\ =~ + 2 = (A9)
T

The relaxation amplitudes a, and a, as well as the relaxation time
constants 7, and 7, are known functions of k, N, and R,,. The expressions
are, however, very cumbersome. An alternative way can be found using
Vieta’s theorem.

Defining the quantities Z,, Z,, and Z; as

11
Zi=N AN =—+—

(A10)
T T
1 1
Zy=\ - N=—+— (A11)
T T2
Zi—a\ Fah -2yl (A12)
T T
it can easily be shown that k, N,, and 7 are given by
k=1/2[2Z, - Z,] (A13)
2 Z,
- -2k —— 14
M kzzB’Z' 2k (Al4)
2k
TRy Com (A15)

In the case of long charge pulses, the same system of differential
equations holds and the relaxation time constants 7, and 7, are given by
the characteristic Eq. A7. The boundary conditions are different in this
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case. From Eq. A14 N’/ N, may be calculated using

d N

a—i=0andu(m)=uo
N’ 1 ZUy
—=-(1-=2). 1
N, 2(1 3 ) (Al6)

The amplitudes of the two relaxation processes a, and a, are then given
by

a,)\l + a:x: = 1/1' (A17)

and

al + az = 1. (A18)
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