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Flectrochemical Potential Gradients of H*, K*, Ca**, and
CI™ across the Tonoplast of the Green Alga
Eremosphaera viridis'
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Using ion-selective microelectrodes, we measured the activity of
H*, K*, Ca®*, and CI~ and the electrical potential both in the
vacuole and in the cytoplasm of the unicellular green alga Eremo-
sphaera viridis to obtain comparable values of the named parame-
ters from the same object under identical conditions. The cytosol
had a pH of 7.3, and activities of the other ions were 130 mm K™,
160 nm Ca**, and 2.2 mm CI~. We observed only small and tran-
sient light-dependent changes of the cytosolic Ca?* activity. The
vacuolar K* activity did not differ significantly from the cytosolic
one. The Ca®* activity inside the vacuole was approximately 200
pM, the pH was 5.0, and the Cl™ activity was 6.2 mm. The concen-
trations of K*, Ca**, and CI™ in cell extracts were measured by
induction-coupled plasma spectroscopy and anion chromatogra-
phy. This confirmed the vacuolar activities for K* and Cl~ obtained
with ion-selective microelectrodes and indicated that approxi-
mately 60% of the vacuolar Ca®>* was buffered. The tonoplast
potential was vanishingly low (=+2 mV). There was no detectable
electrochemical potential gradient for K* across the tonoplast, but
there was, however, an obvious electrochemical potential gradient
for CI~ (=26 mV), indicating an active accumulation of Cl~ inside
the vacuole.

Vacuoles play a central role in the physiology of plants.
Some of their most important functions include storage of
anions, Ca**-regulation, turgor regulation, and detoxifica-
tion. All of these tasks are accomplished by specific trans-
port proteins in the tonoplast. To understand the physio-
logical role of these transport systems it is essential to
know the ion activity gradients and the electrical potential
difference across the tonoplast inside an intact plant cell
(Martinoia 1992; Taiz, 1992; Tyerman, 1992). Energization
of the vacuole is provided by two H* -translocating pumps
generating a transmembrane pH gradient and an electric
potential positive inside the vacuole (Rea and Sanders,
1987). The H™ gradient is used for the uptake of organic
and inorganic substances into the vacuole. The accumula-
tion of Ca®* inside the vacuole is probably accomplished
by a Ca®*/H™" antiporter (Schumaker and Sze, 1985; Evans
et al., 1991), although recent results propose the existence
of a Ca®"-ATPase in the tonoplast (Gavin et al.,, 1993;
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Pfeiffer and Hager, 1993). There is increasing evidence that
Ca2* release from the vacuole is involved in Ca’* signaling
(Schumaker and Sze, 1987a; Evans et al., 1991; Bush, 1993),
and an inositol 1,4,5-trisphosphate-activated Ca®* channel
was discovered in the tonoplast (Alexandre et al., 1990). To
understand the mechanisms of Ca®*" accumulation and
Ca®" release it is necessary to know the proportion of
bound Ca®" to free Ca**. Most of the vacuolar Ca®" is
probably buffered by organic acids or calcium-binding pro-
teins (Randall, 1992). The K™ concentration inside the vac-
uole seems to be comparable to the cytosol or less, depend-
ing on the growth conditions (Flowers and Lauchli, 1983;
Leigh and Win Jones, 1984; Maathuis and Sanders, 1993).
Little is known about the transporters that could maintain
a K gradient across the tonoplast.

There seems to be general agreement about the accumu-
lation of anions inside the vacuole by the electrical poten-
tial difference across the tonoplast (Blumwald and Poole,
1985; Hedrich et al., 1988; Martinoia, 1992; Taiz, 1992). This
assumption is based on tonoplast potentials of ~20 mV and
larger (sign convention as proposed in Bertl et al., 1992;
extracytosolic space is treated as the reference point). How-
ever, data in the literature concerning tonoplast potentials
vary, and lower values are frequently reported (summa-
rized by Gibrat et al., 1985). Very little is known about
anion activities in plant cells (Tyerman, 1992), and a direct
relationship between the anion gradient (e.g. for ClI7) and
the tonoplast potential has not yet been proved. It is not
known how the magnitude of the tonoplast potential is
regulated or how the balance between pH gradient and
tonoplast potential, both generated by the H*-pumps, is
achieved. To answer these questions, it is important to
know the activities of the different ions on both sides of the
membrane as well as the membrane potential. Ion-selective
microelectrodes provide an excellent technique for measur-
ing the ion activity and the electrical potential of a certain
compartment directly and synchronously.

In the present study, the activity of H*, K™, Ca®", and
CI” and the electrical potential was measured with ion-
selective microelectrodes in the vacuole as well as in the
cytoplasm. In addition, the concentrations of K*, Ca**, and
Cl™ were measured in the cell sap. On the basis of these

Abbreviations: ICP, induction-coupled plasma spectroscopy;
{ion}, activity of the jon.
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data we calculated the degree of Ca®>" binding inside the
vacuole and the driving forces for all four ions across the
tonoplast.

MATERIALS AND METHODS
Plant Material

The coccal green alga Eremosphaera viridis de Bary (algal
culture collection, Géttingen, Germany) was cultivated as
described by Kohler et al. (1983). The culture had an aver-
age density of 11,000 cells/mL and a cell cycle of 5 to 7 d.
All experiments were performed in artificial pond water,
containing 0.1 mM KNO;, 0.1 mm MgClL,, 0.2 mm CaCl,,
and 2 mM Mes, and the pH was adjusted to pH 5.6 with
NaOH. For impalements, algae with diameters of at least
150 um were selected (full-grown cells without indications
of cleavage), with a spherical shape and a dark green color.

Experimental Setup

Algal cells were fixed by a suction pipette in a perfusion
chamber and impaled with the help of mechanical micro-
manipulators. Illumination was provided by a cold light
source equipped with light-conducting fiber (KL1500;
Schott, Mainz, Germany). Experiments were performed
with photosynthetically saturating white light of 500 umol
m~? s7! at a temperature of 20 * 2°C. Intracellular ion
activities were measured with ion-selective microelec-
trodes (Ammann, 1986). Because ion-selective microelec-
trodes respond to the ion activity as well as to the electrical
potential of their environment, a synchronous measure-
ment of the electrical potential has to be performed. This
was carried out using a separate voltage electrode or, al-
ternatively, a 8-shaped double-barreled glass capillary con-
taining both electrodes. Non-turgor-resistant ion-selective
microelectrodes were used. Impalements were made pos-
sible by turgor reduction, which, as in preceding studies
(Thaler et al., 1992; Trebacz et al., 1994), was achieved by
the addition of 400 mm sorbitol to the artificial pond water.
Electrode potentials were measured by a high-input im-
pedance amplifier (Frankenberger, Germering, Germany)
and registered by a pen recorder (model 314; Kontron,
Munich, Germany). Calibration of the ion-selective elec-
trode was performed before and after each measurement.
Ion activity calculations were based on the second calibra-
tion data because small changes in electrode characteristics
could be attributed to the impalement. The resistance of the
ion-selective electrode was routinely checked during the
experiment to ensure the integrity of the sensor. All mem-
brane potentials are related to a reference point outside the
cytosol (Bertl et al., 1992). Specifically, the potential differ-
ence across the tonoplast was calculated as the cytosolic
electrical potential minus the vacuolar electrical potential.

Electrode Characteristics

Borosilicate glass capillaries with inner filaments
(Hilgenberg, Malsfeld, Germany) were used for single-
barreled microelectrodes and potential electrodes. The po-
tential electrode was filled with 0.5 M KCl to keep tip
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potentials low while preventing leakage of the electrolyte
into the cells. For CI™ measurements only 0.1 mm KCl was
used to minimize Cl~ leakage. The preparation of ion-
selective electrodes has been described in detail elsewhere
(Trebacz et al., 1994). In short, a silanization procedure in a
hot oven was used, and the electrodes were filled from the
back side. Double-barreled electrodes were fabricated from
6-shaped glass capillaries with thick septum (World Preci-
sion Instruments, Sarasota, FL; TST 150-6). Before silaniza-
tion the blunt end of the future potential electrode was
closed by a drop of glue. The capillary was placed on a hot
plate at 420°C, and the silanization agent, N,N-dimethylt-
rimethylsilylamine (Fluka), was injected into the open
shank. The potential electrode was filled either with 0.5 M
KCI for pH electrodes or with 1 M sodium acetate plus 10
mM NaCl for K™ electrodes. The future ion-selective elec-
trode was first backfilled with electrolyte, and application
of pressure resulted in the filling of the tip region. A small
drop of sensor was then placed into the electrolyte at a
position near the tip of the electrode. The sensor moved
into the tip by itself because of hydrophobic forces. All
sensors are commercially available from Fluka: hydrogen
ionophore Il-cocktail A, Fluka No. 95297; potassium iono-
phore I-cocktail B, Fluka No. 60398; calcium ionophore
I-cocktail A, Fluka No. 21196; chloride ionophore I-cock-
tail A, Fluka No. 24902.

Electrolytes for the ion-selective electrodes were 40 mm
KH,PO,, 23 mMm NaOH, 15 mM NaCl (pH 7) for pH elec-
trodes; the calibration solution for a concentration of 100
mm K+ for K™ electrodes; 0.1 um Ca?* for Ca?* electrodes,
and 100 mm Cl™ for Cl™ electrodes. Calibrations were
performed in the following solutions: pH electrodes: pH 5,
pH 7, and pH 8 in an ionic background of 100 mm KCl and
30 mM NaCl; K* electrodes: 50 mm, 100 mmM, 200 mm, and
500 mm KCIl with an ionic background of 10 mm NaCl
adjusted to pH 7.4 by 5 mm Tris/HCL; Ca®** electrodes:
solutions with concentrations ranging from 10 nM to 1 mm
(Fig. 1) according to Ammann et al. (1987); C1~ electrodes:
1, 3, 10, and 100 mm KCl. Ionic strength was kept constant
by the addition of 99, 97, 90, and 0 mm K* gluconate
buffered to pH 7.4 by 10 mm Tris/H,50,. Ion activities of
K* and C1™ solutions were calculated by a Debye-Hiickel
formalism; parameters were taken from Meier et al. (1980).
According to Tsien and Rink (1980), activity coefficients in
the Ca®™" calibration solutions were assumed to be 1. Elec-
trodes were characterized by the voltage change irduced
by a 10-fold increase in activity (slope). A decrease of
sensitivity of ion-selective electrodes was observed for low
activities of Ca®* and CI~. In these cases calibration values
were fitted by the Nicolsky-Eisenman equation. Electrodes
were additionally characterized by their limit of detection,
which represents the ion activity for which the calibration
curve has a half-maximum slope (International Union of
Pure and Applied Chemistry, 1976). Single-barreled pH
electrodes had a slope of 54 + 3 mV (n = 60); 6-shaped pH
electrodes had practically the same slope of 51 + 3 mV (n
= 65). Single-barreled K" electrodes had a slope of 56 = 2
mV (n = 21); ¢-shaped K" electrodes had almost the same
slope of 51 * 3 mV (n = 16). K" and pH electrodes
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Figure 1. Precalibration (left), measurement (middle), and recalibration (right) of a Ca*-selective microelectrode. The
original trace of the potential recorded by the Ca®*-selective microelectrode [E(Ca®*)] was omitted for the calibrations for
clarity. Only the recording of the membrane potential (E) electrode and the difference between the two electrodes giving the
logarithmic Ca?"* activity are shown for the calibration. During the measurement (middle) with both electrodes inserted into
E. viridis, the Ca**-selective microelectrode recorded the Ca2* activity plus the electrical potential [E(Ca2*), upper trace)
and the membrane potential electrode recorded the electrical potential (middle trace). The difference between the two
recordings (lower trace, vertically expanded by a factor of 2) gives the logarithm of the cytosolic Ca®™ activity. The actual
Ca?* activity was calculated from the calibration of the Ca®* electrode after the experiment (right). The Ca?*-selective
microelectrode used here had a limit of detection below 10 nm. Small but significant light-dependent changes in the
cytosolic Ca** activity were detected (the bar describes the light protocol).

responded to a 10-fold concentration change within 3 s
(90% of voltage change). This time was probably limited by
the exchange of the solution. The slope of single-barreled
Ca®" electrodes was 28 = 1 mV (n = 23). Depending on the
tip diameter the limit of detection varied from 10 to 260 nm.
Higher detection limits were observed for electrodes with
smaller tip diameters. Impalement was easier with these
electrodes. Although they were insufficient to determine
cytosolic Ca®" activities, they could, however, be used for
vacuolar measurements. Electrodes with larger tip diame-
ters that had detection limits of 10 to 50 nm were used to
measure cytosolic Ca** activities (Fig. 1). These electrodes
were harder to insert into the cell and they never impaled
the vacuole. CI™ electrodes had a slope of =56 = 4 mV (n
= 30) and a limit of detection between 0.1 and 2 mm,
depending on the tip diameter. Ca®" and CI~ electrodes
responded to a 10-fold concentration change within 10 to
20 s (90% of voltage change).

Results are stated as means *+ sg. The y axis values in the
figures giving the logarithmic ion activities directly reflect
the calibration performed after the measurement. For mea-
surements with ion-selective electrodes sEs are given only
for the logarithms of activities because these are distributed
in a Gaussian manner (Fry et al., 1990), and for the ion
activities mean values only are given.

Cell Sap Measurements

For analysis of cell sap composition, cells were thor-
oughly washed in distilled water. They were then allowed

to settle by gravity, and 1 mL samples of this dense cell
suspension were taken. Cells were heated to 100°C for 10
min and centrifuged at 5000 rpm for a further 10 min. The
supernatant was analyzed by ICP (JY70PLUS, Instruments
SA, Longjumeau, France) and anion chromatography
(Schréppel-Meier and Kaiser, 1988). Additional samples
were dried overnight at 100°C and then broken down by
nitric acid for analysis by ICP. Cell volume was estimated
as follows. A nonpermeable coloring (India ink) was added
to a dense cell suspension that was diluted with a certain
volume by distilled water. The initial and final concentra-
tions of the India ink were determined spectrophotometri-
cally. Cell volume could then be calculated from the known
added volume of distilled water and the concentration
ratio of the coloring. The dry weight of 1 mL of the dense
cell suspension was 42.9 * 0.8 mg (n = 7) and the cell
volume was 0.483 = 0.016 mL (n = 4).

RESULTS
Measurements with pH-Selective Electrodes

The pH measurements were accomplished with both
6-shaped, double-barreled microelectrodes and two sepa-
rate microelectrodes, a potential electrode and a pH sensi-
tive one. With double-barreled microelectrodes the poten-
tial and the ion activity (plus electrical potential) were
measured at exactly the same place. The tips of two differ-
ent microelectrodes might be in different compartments,



1320 Bethmann et al.

the cytoplasm or the vacuole, and the potentials of these
two compartments differ by the tonoplast potential.

pH Values

Recorded pH values stabilized within a few minutes
after inserting a pH-sensitive microelectrode into an algal
cell. The measured pH values showed two distinct distri-
butions, one at approximately pH 7.3 and the other at
approximately pH 5.0 (Fig. 2). We never observed stable
pH values in the range between pH 5.2 and 6.7. Thus, the
pH electrode was either placed in the vacuole recording a
value of approximately pH 5.0 or located in the cytosol,
which had a pH of approximately 7.3. The pH values
measured with double-barreled and with two separate mi-
croelectrodes were identical, pH 7.29 = 0.03 (n = 64) and
7.28 + 0.03 (n = 54) for the cytoplasm and pH 5.03 + 0.08
(n = 9) and 4.99 * 0.05 (n = 11) for the vacuole, respec-
tively. About 50% of the vacuolar pH recordings were only
stable for a few minutes, after which the pH increased and
finally stabilized at about pH 7.3; pH changes in the oppo-
site direction never occurred. This was observed for dou-
ble-barreled (Fig. 2) and single-barreled microelectrodes,
with pH shifts from pH 4.95 = 0.11 to pH 7.29 = 0.08 (n =
5) and from pH 4.95 * 0.06 to pH 7.17 = 0.12 (n = 4),
respectively. We interpreted the pH shift as the tip of the
electrode being covered by cytoplasm. This process took 1
to 4 min.

In some experiments the reaction to light intensity
changes was examined. In the cytoplasm (at pH 7.3) a
strong and transient acidification was observed after dark-
ening of the cells, and illumination resulted in a transient
alkalization. Very small light-dependent pH changes (0.02
=+ 0.01, n = 4) in the same direction were observed inside
the vacuole (at pH 5.0).
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Figure 2. Transmembrane potential (E, middle trace) and intracellu-
lar pH (bottom trace) in the unicellular green alga E. viridis. The
measurement was carried out using a 6-shaped, double-barreled,
pH-selective microelectrode. The upper trace shows the original
recording of the pH barrel [E(H)]. The intracellular pH (bottom
trace) results from the difference between the upper two traces. The
pH scale was calculated from the calibration of the pH electrode
after the experiment. For the first few minutes the pH value was
stable but it then shifted to higher values. During this shift the
membrane potential (E) was constant.
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Electrical Potentials

After impalement with the potential electrode, a hyper-
polarization of —160 to —180 mV was observed that came
close to the Nernst potential of K™. This has been explained
by the activation of a Ca**-dependent K* conductance and
a transient increase in Ca®” because of the impalement
(Thaler et al., 1989). The membrane potential stabilized
after 10 to 15 min. A resting value of —113 = 1.8 mV (n =
50) was measured with single-potential electrodes. With
double-barreled microelectrodes an electrical potential of
~109 = 1.8 mV (n = 64) was recorded in the cytoplasm (at
pH 7.3) and a potential of —111 = 6 mV (n = 9) was
recorded inside the vacuole (at pH 5.0). We paid special
attention to those measurements with double-barreled mi-
croelectrodes for which the electrode tip was excluded
from the vacuole (pH shift from 5.0 to 7.3). Since the two
electrode tips are adjacent to each other, they had to be
excluded from the vacuole at the same time (Fig. 2). Re-
corded potentials before and after the transition did not
differ significantly from each other (2 * 2 mV, n = 5). All
of these observations indicate a vanishingly small electrical
potential difference across the tonoplast of E. viridis.

Potassium Measurements

Potassium measurements were performed with
6-shaped, double-barreled microelectrodes and with two
separate, single-barreled microelectrodes. The recorded K™
activity stabilized 1 to 2 min after impalement, which was
slightly faster than for the pH recordings. Measurements
with double-barreled electrodes yielded an activity of 132
mm (~log(K*} = 0.880 * 0.012; n = 11), and two separate
electrodes gave an average activity of 130 mm (—log{K*} =
0.886 + 0.010; n = 22). Comparable to the pH measure-
ments double-barreled and single-barreled microelectrodes
reported exactly the same values. The distribution of the
measured activities was investigated in more detail on a
logarithmic scale (Fig. 3). The distribution was satisfacto-
rily described by a single Gaussian and a second peak
could not be detected. We never observed changes between
two different stable values, although they frequently oc-
curred during measurements for all other ions. Light in-
tensity changes did not result in any perceptible change in
the K™ activity.

Calcium Measurements

In our case, pH and K* measurements had shown that
single-barreled and double-barreled ion-selective micro-
electrodes resulted in exactly the same activities. On this
basis, Ca?* measurements were performed with two sep-
arate electrodes for the following reasons. (a) The fabrica-
tion of double-barreled microelectrodes is difficult and
involves a number of additional problems (Felle, 1988,
1989). (b) With single-barreled electrodes it is possible to
vary the tip diameter of the ion-selective microelectrode
without changing the potential-measuring electrode
(Miller and Sanders, 1987). This was especially important
in the case of Ca*-selective microelectrodes. Ca** elec-
trodes with smaller tip diameters (pulled as potential elec-
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Figure 3. Histogram of the recorded intracelfular K* activities. The
distribution is shown for the negative logarithm of the K™ activities.
The lower horizontally striped rectangles represent measurements
with two separate electrodes. The upper vertically striped rectangles
represent measurements with 8-shaped, double-barreled microelec-
trodes. The distribution was fitted by a Gaussian function (0.891 =
0.042, mean = sp; solid line).

trodes) had a significantly reduced slope but were easier to
insert into the cell and could impale the vacuole. These
Ca®* electrodes were used to measure vacuolar Ca*" ac-
tivities (Fig. 4). Their limit of detection usually was too
high (up to 260 nm) to be able to calculate reliable cytosolic
Ca®" activities. Ca®" electrodes with larger tip diameters
were harder to insert into the cell and could never be
inserted into the vacuole. They displayed a lower limit of
detection (below 50 nM) and were used to measure cyto-
solic Ca®* activities (Fig. 1).

Comparable to the pH experiments, two clearly different
distributions of values were recorded for the intracellular
Ca®* activity. The lower activity was 164 nM (—log{Ca®"}
= 6.79 = 0.03; n = 22). A much higher activity of approx-
imately 200 um (—log{Ca®**} = 3.69 * 0.06; n = 4) was
measured only rarely. Thus, in most cases the Ca®*-selec-
tive microelectrode was located in the cytosol, which had a
low Ca*®* activity of about 164 nM, and was only rarely
located inside the vacuole, which had an approximately
1000-fold higher activity. A clear transition from a high to
alow Ca®" activity was observed in the time course of one
measurement (Fig. 4). In this case, the transition was ac-
companied by an obvious transient change of the electrical
potential, which was also observed in some cases when
pH-selective microelectrodes were excluded from the vac-
uole. This potential transient probably reflects a transient
hyperpolarization of the plasmalemma by the opening of
Ca**-dependent K* channels (Thaler et al., 1989) because
of some Ca** leakage from the vacuole during the exclu-
sion of the micropipette.

During some experiments the light intensity was
changed, and in about 50% of all cases small light-depen-
dent changes of the cytosolic Ca®" activity were observed
(Fig. 1). We registered a small increase in Ca®* activity of
approximately 75 nm (n = 12) after darkening. The de-
crease of the cytosolic Ca®" activity after illumination was

smaller and less frequently registered. In most cases the
light-dependent changes of the cytosolic Ca** activity were
transient.

Chloride Measurements

Chloride measurements were performed in the same
way as Ca’" measurements, with two separate electrodes.
Two distinct distributions of activities were evident, a
lower activity of 2.1 mm (~log(Cl™} = 2.68 = 0.03; n = 28)
and a higher one of about 5.9 mm (—log{Cl™} = 2.23 = 0.02;
n = 5). During one measurement we observed a transition
from the higher to the lower Cl1™ activity (Fig. 5). Compa-
rable to pH and Ca®* measurements, higher Cl~ activities
were observed only rarely and transitions from the high to
the low activity were observed. We took this as an indica-
tion that the vacuolar CI™ activity might be higher than the
cytosolic one.

As for the other ions, we investigated the effects of light
intensity changes on the intracellular CI™ activity. When a
low steady-state C1™ activity (2.1 mM) was recorded, pro-
nounced light-dependent changes of the Cl1™ activity were
observed. In contrast, no significant effect was observed
during light intensity changes in the case of higher steady-
state C1™ activities (5.9 mM). A characteristic reaction of E.
viridis to light intensity changes is shown in Figure 5.
Darkening induced a transient hyperpolarization of the
membrane (Kohler et al., 1983; Sauer et al., 1994). These
changes in the membrane potential were too fast to be
followed by the relatively slow Cl™ electrode. Therefore,
the C1™ recording showed an artifact at the beginning of
each dark period. Except for this artifact, the high Cl~
activity measured at the beginning of the experiment was
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Figure 4. Transmembrane potential (E, middle trace) and intracellu-
lar Ca?* activity (bottom trace) in E. viridis. Two electrodes were
inserted into the cell, a Ca?*-sefective one [E{Ca®"), upper trace} and
a potential-recording one (E, middle trace). The lower trace gives the
logarithmic Ca®™ activity. The y axis values were calculated from the
calibration of the Ca’* electrode after the experiment. A transition
from a high to a low Ca** activity is shown. The low Ca®* activity
could nat be determined reliably, since the small tip diameter of the
Ca®*-selective microelectrode had a decreased slope at fow Ca?™
activities (limit of detection was 260 nm). The voltage trace shows a
transient change of the electrical potential.
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unaffected by the dark period. Afterward, a transition to
smaller values occurred, and darkening and illumination
induced pronounced changes of the C1™ activity. A small
transient hyperpolarization of the membrane was also no-
ticeable, which coincided with the beginning of the transi-
tion of the Cl~ electrode from the higher to the lower
activity. Similar transient potential changes were observed
in two of five pH recordings during a transition of the
electrode tip (of a double-barreled microelectrode) from
the vacuole into the cytoplasm.

Cell Sap Measurements

In parallel to the measurements with ion-selective micro-
electrodes, we analyzed the chemical composition of the
cell sap (Table I). Since 80% of the cell volume of E. viridis
is occupied by the vacuole, the concentrations measured in
the cell sap are dominated by the concentrations inside the
vacuole. We assumed an activity coefficient of 0.716 corre-
sponding to 200 mm KCl to compare concentrations mea-
sured by chemical analysis (ICP and anion chromatogra-
phy) with activities measured by ion-selective
microelectrodes (Table I). The K* and Cl™ concentrations
measured directly in the cell sap were comparable to the
whole-cell concentrations calculated from measurements
with ion-selective microelectrodes. The Ca®* concentration
and the Ca®" activity cannot be compared directly because
most of the Ca®" inside the cell is buffered. Moreover, for
Ca®" a much higher concentration was measured in the
breakdown of dried cells (1.82 = 0.07 mMm; n = 6) compared
to the cell sap (0.43 = 0.02 mm; n = 6). Since the breakdown
of complete cells includes the cell walls, the difference in
the two analyses probably reflected the large amount of
Ca®* bound to the cell wall (Demarty et al., 1984). The most
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Figure 5. Transmembrane potential (€, upper trace) and intracellufar
Cl™ activity (lower trace) in E. viridis. Two electrodes were inserted
into the cell, a Cl™-selective one (trace not shown) and a potential-
recording one (upper trace). The lower trace gives the logarithmic
CI™ activity. The y axis values were calculated from the calibration of
the ClI™ electrode after the experiment. After each darkening a tran-
sient hyperpolarization of the membrane was induced. The rapid
downward deflections of the CI™ trace observed in paraliel with the
hyperpolarizations are artifacts because the time constants of Cl™
electrodes were too high to follow the rapid membrane potential
changes. At the beginning of the experiment a high Cl™ activity was
recorded that was unaffected by light-dark changes. After some
minutes a transition to smaller CI~ activities occurred. The beginning
of this transition (indicated by black downward pointing arrows) was
accompanied by a minor transient hyperpolarization. Light-dark
changes had a pronounced effect on the lower CI™ activity.
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Table 1. Comparison of cytosolic, vacuolar, and whole-cell
concentrations of K¥, Ca®*, and CI~

Cytosolic and vacuolar concentrations were calculated from mea-
surements with ion-selective microelectrodes, assuming an activity
coefficient of 0.716. For calculations of the whole-cell concentration
from ion-selective measurements, a vacuolar volume of 80% of the
cell volume was assumed. The chemical composition of the call sap
was analyzed by anion chromatography (C17) ICP (K*, Ca®"). As-
suming a 20% probability for the K* electrode to impale the vacuole,
we assigned the same K concentration to the vacuole as to the
cytoplasm, since the same K* activity was measured in 33 experi-
ments (Fig. 3). The higher CI~ concentration was attributed to the
vacuole because it was observed in 15% of all measurements,
thereby corresponding to the percentage of successful vacuclar im-
palements with H™ and Ca?" microelectrodes.

lon Cytoplasm  Vacuole  Whole Cell Cell Sap
K*)/mm 182 (182) (182) 189 =7 (n=6)
[Ca®")/um 0.162 200 160 430 £ 20 (n = 6)
[CI7}/mm 2.9 8.2 7.1 50*0.2(n=6)

abundant anions in the cell sap were phosphate (29.3 = 0.2
mM; n = 6) and sulfate (57.6 = 0.7 mM; n = 6). The malate
concentration varied strongly between two identically
grown cell cultures (5.6 = 0.3 mm, n = 3, and 14.2 * 0.6
mm, n = 3). Nitrate was not detectable and thus had a
concentration below 30 umM.

DISCUSSION
Localization of the Electrode Tips

Measurements with double-barreled, pH-selective mi-
croelectrodes are the most appropriate to determine the
location of the electrode tip (Felle, 1988). Measured pH
values fell into two separate pH categories of approxi-
mately 7.3 and 5.0; the two regions did not overlap. There-
fore, the localization of the electrode tip could be clearly
assigned either to the cytosol or to the vacuole (Fig. 2).
Electrode tips of double-barreled, pH-selective microelec-
trodes could be inserted into the vacuole in only 12% of the
experiments (n = 68). Tips of single-barreled, pH-selective
microelectrodes were located inside the vacuole in 18% of
all measurements (n = 61). This difference is thought to be
due to differences in tip geometry. The separate potential
electrodes had the same shape as the single-barreled, ion-
selective electrodes. Since there is no obvious reason to
explain why two identically pulled microelectrodes should
have different probabilities to impale the vacuole, we con-
cluded that tips of potential electrodes were located in the
cytosol in 80% of all measurements. Despite the fact that
electrodes were pushed deeply into the cells, penetration of
the tonoplast was only rarely achieved. This corresponds to
results of other groups working with ion-selective micro-
electrodes in different plant cells (Felle and Bertl, 1986a;
Felle, 1993; Okazaki et al., 1994).

In some experiments an initial pH value of about 5.0
became unstable and shifted to cytosolic pH values (Fig. 2).
In this case the electrode tip was excluded from the vacu-
ole. This exclusion was not related to a movement of the
pipette but was probably brought about by the tonoplast
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covering the electrode tip. This may also explain why the
exclusion of the pipette tip from the vacuole was a rela-
tively slow process that took 1 to 4 min to be completed.
Similar observations exist for other plant cells (Findlay and
Hope, 1976; Mertz and Higinbotham, 1976; Trebacz et al.,
1994). The transient change of the electrical potential fre-
quently accompanying the exclusion of the electrode tip
from the vacuole (Figs. 4 and 5) was attributed to a minor
Ca®* leakage from the vacuole during this process. With an
increase in cytosolic Ca®* activity K* channels in the
plasma membrane were opened, thus hyperpolarizing the
membrane (Thaler et al., 1989).

Electrical Potential Difference across the Tonoplast

All measurements with ion-selective microelectrodes
presented here point to a common conclusion: The electri-
cal potential difference across the tonoplast of E. viridis was
vanishingly low. This conclusion is based on the following
observations. {a) Use of §-shaped, double-barreled and sin-
gle-barreled ion-selective microelectrodes resulted in ex-
actly the same values for the cytosolic pH, the vacuolar pH,
and the intracellular K* activity. (b) The electrical potential
measured with double-barreled, pH-selective microelec-
trodes in the vacuole (at pH 5.0) did not differ from the
electrical potential measured in the cytoplasm. (c) The
steady-state electrical potential recorded with double-bar-
reled pH electrodes before and after the transition of the
electrode tip from the vacuole into the cytosol showed no
significant potential difference (Fig. 2). This last approach
was probably the most direct and reliable one. Therefore, it
has to be concluded that the tonoplast potential was below
the error limit of our measurements, which was about
2 mV.

A number of studies of tonoplast potentials in different
plants have been conducted. Earlier examinations relied on
conventional microelectrodes, assuming that electrode tips
were Jocated in the vacuole. In these works, relatively high
values between —30 and —65 mV were frequently ob-
served, but values below ~10 mV were reported also
(Ginsburg and Ginzburg, 1974; Littge and Zirke, 1974;
summarized by Gibrat et al., 1985). Only when the tech-
nique of liquid-membrane ion-selective microelectrodes
was applied to a variety of plant cells was it realized that
the impalement of the vacuole is a rare event (Felle and
Bertl, 1986a; Felle, 1993). Studies based on this technique
generally reported tonoplast potentials in the range from
—8 to —27 mV (Rona et al., 1982; Miller and Zhen, 1991;
Zhen et al, 1991). It is interesting that a recent study
reported a value as high as +50 mV (Okazaki et al., 1994).

Single-Barreled versus Double-Barreled Electrodes

Although we measured the intracellular pH and K*
activity with both single-barreled and double-barreled mi-
croelectrodes, only single-barreled microelectrodes were
used for Ca®” and Cl~ measurements. It has been shown
frequently that both types of electrodes yield reliable data
for plant cells (Felle and Bertl, 1986a; Miller and Sanders,
1987; Felle, 1988; Miller and Zhen, 1991; Thaler et al., 1992).

The important advantage of double-barreled microelec-
trodes is that both tips always measure in the same com-
partment, at the very same point of the cell, and thus
always record the same electrical potential. However, in E.
viridis, even in the rare case that one electrode is inserted
into the vacuole, two separate single-barreled microelec-
trodes still record the same electrical potential, since the
tonoplast potential is vanishingly low. Therefore, the errors
that might arise in other plant cells from a different loca-
tion of two electrode tips could not occur in the case of E.
viridis (see also Thaler et al., 1992). On the other hand,
double-barreled microelectrodes are difficult to fabricate
and also involve a number of additional problems (Felle,
1988, 1989), and a separate variation of the tip diameter of
the ion-selective electrode (Miller and Sanders, 1987) is
hardly possible. Therefore, after having shown with dou-
ble-barreled pH electrodes that the tonoplast potential is
vanishingly low and no errors could arise from the differ-
ent location of two separate electrode tips, we decided to
use single-barreled microelectrodes because they are more
flexible and easier to handle for our Ca®" and Cl~ mea-
surements.

Electrochemical Potential Gradients across the Tonoplast
Proton

We measured a pH gradient of 2.3 pH units across the
tonoplast of E. viridis (Fig. 2). This corresponds to the ApH
range reported for other plants of about 1.5 to 2.0 pH units
(Taiz, 1992). Because of the low tonoplast potential, the
proton motive force across the tonoplast has a chemical
component that only corresponds to 13.1 kJ/mol. This
serves as the energy source for all secondary active trans-
port processes.

Potassium

With double-barreled and single-barreled K*-selective
microelectrodes, an intracellular K™ activity of 130 mm was
measured (Fig. 3). Since the electrode tips were located in
the cytoplasm in about 80% of all impalements (see above),
this indicated a cytosolic K* activity of 130 mwm. This
relatively high value is still in agreement with results from
other plants (Flowers and Lauchli, 1983; Leigh and Wyn
Jones, 1984). Although the sp of our measurements was
small, the K™ activity values, in contrast to all other ions,
did not split into two groups (Fig. 3). This means that either
the vacuole was never impaled, which is unlikely (n = 33),
or the difference between cytosolic and vacuolar K* activ-
ities was very small. Cell sap analysis by ICP, which mainly
reflects the vacuolar jon composition, yielded exactly the
same K™ concentration as measurements with K*-selective
microelectrodes inside the cytoplasm (Table I). This corrob-
orated the view that the K™ activity inside the vacuole is
practically the same as in the cytoplasm. Taking into ac-
count the vanishingly small tonoplast potential, this means
that K* was close to its equilibrium across the tonoplast.
For a measurement with a K*-selective microelectrode it
follows that it is impossible to decide whether the tip of the
electrode is located within the vacuole or inside the cyto-
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plasm, since the electrochemical potentials for K¥ in the
two compartments did not differ within the error limits.

A similar situation was recently proposed for the intra-
cellular K™ activity of the liverwort Conocephalum conicum
(Trebacz et al., 1994). Some reports exist about the K*
concentrations in the cytoplasm and the vacuole of differ-
ent plants (Flowers and Lauchli, 1983; Leigh and Wyn
Jones, 1984; Maathuis and Sanders, 1993) according to
which the vacuolar K" concentration is either the same or
lower than the cytosolic one, depending on the growth
conditions. Only a few data sets have been published that
include tonoplast potentials and K" gradients (Raven,
1967; Vorobiev, 1967; Rona et al., 1982). It is interesting that
in three different plants the tonoplast potentials ranging
from —18 to —27 mV are in each case nearly completely
balanced by opposite trans-tonoplast K* gradients, corre-
sponding to a +22 to +24 mV driving force. Thus, to our
knowledge, all published data indicate an insignificant low
electrochemical potential gradient for K* across the tono-
plast. On this basis it is tempting to speculate that the
electrical potential across the tonoplast might be deter-
mined by the K* concentration gradient across the
tonoplast.

Light-dependent changes of the cytosolic K™ activity in
the millimolar range were reported by Felle and Bertl
(1986b) in the case of the liverwort Riccia fluitans, whereas
Trebacz et al. (1994) observed no light-dependent changes
in the liverwort C. conicum. In E. viridis we did not observe
light-dependent changes of the cytosolic K* activity, but
small changes may have been obliterated by the relatively
high cytosolic K* activity.

Calcium

The cytosolic Ca®" activity of 164 nm reported here for E.
viridis (Fig. 1) corresponds to other measurements in plant
cells that range from less than 100 to 350 nm (Felle, 1989,
1993; Evans et al., 1991; Bush, 1993). This is the first value
reported for a unicellular green alga. The vacuolar Ca**
activity was 200 um (Fig. 4), which is more than 1000-fold
higher compared to the cytosol. The few other reported
measurements of vacuolar Ca*>" activities are 2.3 mm in
Riccia fluitans, 1.5 mm in Zea mays (Felle, 1988), and 0.3 to
1.6 mM in Nitellopsis (Miller and Sanders, 1987). Obviously,
there is a large variability in the vacuolar Ca®* activity
among different plants, and E. viridis is at the lower end of
reported values. This might be an adaptation to a natural
environment of slightly acidic bog waters, in which Ca®* is
in very small supply. Comparison of the vacuolar Ca*>*
activity with the Ca®" concentration of the cell sap (Table I)
indicates that more than 50% of the vacuolar Ca®* is buff-
ered. This buffering capacity is much smaller than the
cytosolic one with which normally more than 95% of the
Ca?* is bound to buffering groups (Neher and Augustine,
1992). The identity of the buffering compounds inside the
vacuole is not completely clear. Organic acids such as
malate and citrate bind Ca®>* with a high affinity. Another
possibility is the binding to specialized Ca**-binding pro-
teins, which have been shown to occur in plant vacuoles
(Randall, 1992). The calculated amount of Ca?>* bound to
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malate was approximately 60 um in E. viridis (10 mm
malate at pH 5.0). This is considerable but not sufficient,
however, to explain the whole buffering capacity of the
vacuole. The solubility products of the hardly soluble salts
CaHPO, and CaSO, were compared with the vacuolar
concentrations of the respective ions. A precipitation of
these salts can be ruled out. Calcium oxalate crystals were
never observed in E. viridis.

Light-dependent changes of the cytosolic Ca®" activity
were detected in 50% of all measurements. In most cases
these changes were transient (Fig. 4), and the dark-induced
increase of cytosolic Ca®" (about 75 nm) was normally
more pronounced than the light-induced decrease. This
transient increase of the cytosolic Ca®" activity is probably
related to the transient hyperpolarization of the membrane
(Fig. 5) frequently observed with E. viridis after darkening
(Kohler et al., 1983; Sauer et al., 1994). It was shown that
this transient hyperpolarization is due to the transient
opening of Ca’*-dependent K* channels in the plasma
membrane (Thaler et al., 1989). Trebacz et al. (1994) could
not detect any light-dependent changes of the cytosolic
Ca”* activity in the liverwort C. conicum , whereas there
was an obvious increase of cytosolic Ca** during action
potentials. With the same method, using ion-selective mi-
croelectrodes, Miller and Sanders (1987) found strong light-
induced changes of the cytosolic Ca®* activity in the Nitel-
lopsis. A 6- to 7-fold permanent decline was observed
during intense illumination, and it was proposed that this
depletion of cytosolic free Ca®>* constitutes a fundamental
signal that enables the rate of extrachloroplastic metabo-
lism to be geared to photosynthetic processes in the chlo-
roplast (Miller and Sanders, 1987). This does not seem to
hold for green plant cells in general since light-dependent
changes of the cytosolic Ca** activity are markedly differ-
ent in various plant cells.

Chloride

Measurements with Cl -selective microelectrodes
yielded two distributions of activities, a lower one of about
2.1 mm and a higher one of about 5.9 mm (Table I). We
assigned the lower activity to the cytoplasm and the higher
one to the vacuole for the following reasons. (a) Only 15%
of the measurements showed activities of about 5.9 mwm,
and as discussed above, this corresponded to the probabil-
ity of impaling the vacuole. (b) We observed transitions
from the high to the low activity (Fig. 5) (but never the
other way around), probably caused by an exclusion of the
electrode tip from the vacuole. (c¢) Light-dependent
changes of the Cl™ activity were measured only at lower
steady-state activities (Fig. 5), and these changes were at-
tributed to C1™ fluxes across the chloroplast envelope (Tha-
ler et al., 1992). (d) Measurements of the C1™ concentration
in the cell sap by anion chromatography confirmed the
higher CI™ concentration inside the vacuole (Table I). Our
measurements thus indicated a CI™ activity of 2.1 mwm for
the cytosol and 5.9 mmMm for the vacuole.

A general problem with the application of Cl™ -selective
microelectrodes is the low discrimination among different
organic and inorganic anions (Kondo et al., 1989). NO;™ is
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especially preferred 5- to 15-fold (Kondo et al., 1989; Tre-
bacz et al., 1994) by the Cl™-selective microelectrodes used
here (Fluka No. 24902). Taking into account the anion
composition of the cell sap as measured by anion chroma-
tography (with [NO;™] = 30 um) and based on the pub-
lished selectivity coefficients (Kondo et al., 1989), we over-
estimated the Cl™ activity, as measured by Cl™-selective
microelectrodes, by 0.8 mm at worst. This may explain the
deviation between the Cl~ concentration measured in the
cell sap and the whole-cell concentration calculated from
C1™ activities measured in the cytoplasm and in the vacu-
ole (Table I). In any case, our data clearly showed a C1~
concentration gradient across the tonoplast. The equilib-
rium potential of this gradient was larger than —20 mV. A
tonoplast potential of this magnitude would have been
easily detected in E. viridis but was absent here. A tonoplast
potential close to 0 mV and a remarkable anion gradient
across the tonoplast at the same time are in obvious con-
trast to the common assumption (Blumwald and Poole,
1985; Hedrich et al., 1988; Martinoia, 1992; Taiz, 1992) that
the tonoplast potential is responsible for the accumulation
of anions inside the vacuole. Until now, direct measure-
ments of the cytosolic and vacuolar Cl™ activity by means
of ion-selective microelectrodes were only performed for
one plant species other than E. viridis. In C. conicum a 5- to
6-fold concentration gradient for C1~ across the tonoplast
was measured. Although not measured directly, there were
some indications that the tonoplast potential was negligible
(Trebacz et al., 1994). Measurements with NO; ™ -selective
microelectrodes were performed in Chara and in barley
roots (Miller and Zhen, 1991; Zhen et al., 1991). Despite the
high accumulation of NO;~ inside the vacuole in both
plants, the measured tonoplast potential was low. Active
transport of Cl” is believed to occur at the tonoplast of
Chara (MacRobbie, 1970). There is some experimental evi-
dence for H* -coupled C1™ and NO;™ transport in tonoplast
vesicles (Blumwald and Poole, 1985; Schumaker and Sze,
1987b). Therefore, we conclude that CI™ transport into the
vacuole is not accomplished by the tonoplast potential via
anion channels. Instead, C1™ uptake into the vacuole is an
active process probably involving a C17/H™ antiporter.

We observed significant light-dependent changes of the
Cl™ activity in the cytoplasm but not in the vacuole (Fig. 5).
Thaler et al. (1992) showed that the light-dependent H*
and CI™ activity changes in the cytoplasm are caused by
light-driven H" and Cl~ uptake across the chloroplast
envelope into the thylakoid lumen. There are probably no
corresponding light-dependent H" and CI~ fluxes across
the tonoplast, since neither the pH nor the CI™ activity
inside the vacuole changed significantly upon illumination
or darkening.

CONCLUSIONS

The electrochemical potential gradients for H*, K7,
Ca?*, and C1™ across the tonoplast of E. viridis are depicted
in Figure 6. The electrical potential difference across the
tonoplast was negligibly small. As in other plant cells,
there were considerable driving forces for H* and Ca®" in
the direction of the cytoplasm, the Ca®" gradient being

r100 mM
r 10 mM
F1mM
- 100 HM
L 10 uM
- 1M
r 100 nM
10 nM
- 1nM

Cytosol Tonoplast Vacuole

Ap=0 mV

Figure 6. Schematic presentation of the electrochemical potential
gradients of H*, K*, Ca®*, and C}™ across the tonoplast (in black) of
E. viridis. lon activities are given by the heights of the columns on a
logarithmic scale. Differences in height directly reflect the chemical
gradients, which are also indicated by the steepness of the black
intermediary area. At the bottom a trans-tonoplast electrical potential
(Ag) close to 0 mV is indicated. For lucidity error bars have been
omitted. For the exact values (means * SE) see text.

slightly larger than the pH gradient. There were no obvious
light-dependent changes of the cytosolic Ca®>" activity. Ap-
proximately 60% of the vacuolar Ca®>* was bound to buff-
ering groups. K™ was in equilibrium across the tonoplast.
Cl™ accumulated inside the vacuole in the absence of a
significant tonoplast potential. It is proposed that the tono-
plast potential is determined by the K* concentration gra-
dient and that C1~ actively accumulates inside the vacuole
by a proton-coupled transport.
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