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Abstract. The electrical properties of protoplasts of
the turgor pressure-regulating giant marine alga
Valonia utricularis were investigated by using the
patch-clamp technique. In the whole-cell configura-
tion, large inward currents were elicited by negative-
going voltage pulses. The time-dependent component
was predominantly carried by Cl ™, as revealed by ‘tail
current’ analysis. When experiments were performed
on protoplasts directly after mechanical release from
the ‘mother cell’, small outward currents were addi-
tionally observed at membrane voltages more posi-
tive than Eq;-. These outward currents disappeared to
a large extent after treatment of the protoplasts with
a mixture of cell wall-degrading enzymes. Plots of the
chord conductance versus the clamped membrane
voltage revealed that enzymatic treatment affected
the gating properties. By fitting Boltzmann distribu-
tions to the data, a midpoint potential of +5 + 5mV
(n = 7) was obtained in symmetrical Cl~ solutions
for mechanically released protoplasts. In contrast,
protoplasts treated additionally with enzymes exhib-
ited a midpoint potential of —13 £ 5 mV (n = 8).
By varying the external and internal CI~ concentra-
tion, gating was also shown to depend on the CI™
gradient across the plasmalemma both in enzymati-
cally treated and untreated protoplasts. Plotting of
the midpoint potential against the Nernst potential of
Cl™ rendered a slope less than 1 (0.70 and 0.64, re-
spectively) indicating that gating did not strictly de-
pend on the electrochemical CI™ gradient. The
voltage- and Cl - dependence as well as inhibition
experiments with 4,4’-diisothiocyanatostilbene-2,2’-
disulfonic acid (DIDS) suggested that the Cl~ con-
ductance of the membrane is dominated by the Va-
lonia Anion Channel 1 (VACI) described by
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Introduction

Giant marine and pond water algae are classical
model systems for the study of ion transport pro-
cesses that are related to turgor and osmotic pressure
regulation phenomena (Zimmermann & Steudle,
1974; Zimmermann, Steudle & Lelkes, 1976; Zim-
mermann, 1978; Bisson & Kirst, 1995). Because of
their size, microelectrode techniques can be applied
without irreversible damage of the cells (Okazaki,
Shimmen & Tazawa, 1984; Okazaki & Iwasaki, 1992;
Beilby & Shepherd, 1996; Shepherd & Beilby, 1999;
Stento et al., 2000; for a recent review, see Findlay,
2001). Due to the large vacuole occupying more than
95% of the cell volume, microelectrodes are posi-
tioned in the vacuole. Thus, the data reflect the
electrical response of both the tonoplast and the
plasmalemma, which are arranged in series. Wang et
al. (1997a) and Ryser et al. (1999) were recently able
to separate the individual electrical properties of both
membranes in the marine giant algae Valonia utricu-
laris and Ventricaria ventricosa. By perfusing the
vacuole or the bath with the pore-forming antibiotic
nystatin, these authors could selectively short-circuit
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the tonoplast and the plasmalemma, respectively,
thus allowing the measurements of the electrophysi-
ological properties of the individual membranes of
turgescent cells. These and other studies (Zimmer-
mann & Steudle, 1974; Zimmermann et al., 1976)
have shown that C1~ and K * ion transport processes
in the plasmalemma play an important role in the
regulation of turgor pressure in V. utricularis and V.
ventricosa.

Complementary information about the electrical
and ion transport properties of the plasmalemma of
turgorless cells can be obtained by patch-clamp
studies after local removal of the cell wall by enzy-
matic digestion (Schroeder, Raschke & Neher, 1987;
Bentrup, 1990; Fairley-Grenot & Assmann, 1992;
Hedrich, 1995). In the case of V. utricularis, protop-
lasts can easily be obtained by mechanical and en-
zymatic means (Wang et al., 1997b). There is a bulk
of evidence that the outer membrane of these pro-
toplasts originates from the plasmalemma. By per-
forming experiments on cell-attached and outside-out
patches, Heidecker, Wegner & Zimmermann (1999)
identified three voltage-gated anion channels (VAC1-
3) and one K * channel (VKC1). From the frequency
of appearance it was concluded that the conductance
of the membrane of the turgorless protoplasts is
mainly dominated by the hyperpolarization-activated
anion channel VACI.

The dominant role of VACI in the conductance
of the plasmalemma of protoplasts could be con-
firmed in the present study by whole-cell configura-
tion measurements. Most importantly, it could be
shown that this channel is gated by Cl™ concentration
gradients. Furthermore, improvements of the for-
mation of protoplasts from ‘mother cells’ by me-
chanical means also allowed the establishment of
gigaseals without subsequent enzymatic treatment.
Comparison of the data obtained on enzymatically
treated and non-treated cells showed that enzymatic
treatment significantly changes the voltage depen-
dence of VACI gating. This finding is not only of
relevance for the extrapolation of the data to tur-
gescent cells of V. utricularis, but may also have far-
reaching implications for the interpretation of patch-
clamp data derived from protoplasts that were pre-
pared by enzymatic digestion of higher plant tissue.

Materials and Methods

PLANT MATERIAL

Cells of Valonia utricularis (collected from the rocky coast of Is-
chia, Gulf of Naples, Italy) were cultivated in 40-1 plexiglas con-
tainers in Mediterranean Sea Water (MSW, 1120 mosmol kg~!, pH
8.1) under a 12-hr light/dark period (2 x 36-W Fluora lamps, Os-
ram, Munich, Germany) at 16°C (289°K). The culture medium was
continuously aerated and cycled through an activated carbon filter.
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PREPARATION OF PROTOPLASTS

For protoplast preparation, cylindrical or elliptical cells with a
length of 10-30 mm and a diameter of 3—5 mm were taken. They
were dried gently with filter paper and plasmolyzed by exposure to
air for about 5 min. Subsequently, the cells were cut by a pair of
scissors and the protoplasmic content was squeezed out into the
same patch-clamp medium that was used later for studies in the
whole-cell configuration. Drying, cutting and squeezing must be
performed in a very controlled manner, in particular for the for-
mation of protoplasts that show giga-seals without further enzy-
matic treatment.

The irregularly shaped, green-coloured protoplasmic aggregates
were incubated for 20 min and were then washed two times with
bath medium to remove cell wall fragments and other cellular
components from the medium. After about 1 hr most of the pro-
toplasts became spherical. Usually, hundreds of protoplasts with
diameters ranging from 30-300 um could be produced from a single
‘mother cell’. The protoplasts regenerated to walled cells after
about 24 hr and grew in the following months despite the un-
physiological media used for their preparation.

Part of the experiments were performed on these mechanically
isolated protoplasts about 0.5 to 2 hr after cutting of the ‘mother
cell’. In other cases, the protoplasts were additionally incubated in
a mixture of cell wall-degrading enzymes as described before
(Heidecker et al., 1999). The mixture was composed as follows (in
% w/v): 0.5 cellulase, 0.1 pectinase, 0.5 hemicellulase, 0.1 lysozyme
and 1.5 bovine serum albumin. The osmotic pressure was adjusted
with 1:3 diluted MSW; the pH was set to 5.5 with MES (2-[N-
morpholino] ethanesulfonic acid). In some experiments pectinase-
free enzyme mixtures as well as a protease inhibitor cocktail (10 or
20 ul Protease Inhibitor Cocktail Set I1I, Calbiochem-Novabio-
chem, San Diego, CA, in 1 ml enzyme solution) were used.

If not otherwise stated, all chemicals and enzymes were pur-
chased from Sigma (Sigma, St. Louis, MO).

ELECTROPHYSIOLOGY

Standard patch-clamp experiments were performed in the whole-
cell configuration (Hamill et al., 1981). The setup used for these
experiments has been described in detail by Heidecker et al. (1999).
Patch-clamp pipettes were fabricated from borosilicate glass cap-
illaries (Hilgenberg, Malsfeld). The external diameter of the capil-
laries was 1.5 mm and the wall thickness 0.25 mm. They were
pulled on a two-stage vertical puller (L/M-3P-A, List-Medical,
Darmstadt, Germany). Pipette resistances were in the range of 5-20
MQ in the media used here. Liquid junction potentials were de-
termined as described previously (Barry & Lynch, 1991; Neher,
1992), and were corrected for if the value exceeded =3 mV. All
experiments were performed at room temperature (25°C).

All solutions were filtered through a 0.22-um filter before use.
The composition of the media is shown in Table 1. The pH of
pipette and bath media was adjusted by using HEPES/BTP [N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)/1,3-bis[tris-(hy
droxy-methyl)-methylamino]propane].

The bath solution Bl and the pipette solution P1 were used in
order to establish nearly symmetrical ClI~ conditions. Unfortu-
nately, the absolute concentrations of CI-, K™, and Na™ in the
cytosol of the intact cell and the bath could not be imitated by
using ASW as bath and pipette media, because no giga-seals were
obtained under these conditions. However, by using B1/P2 the in
vivo concentration gradients between cytosol and bath as well as
the Nernst potentials of the ions could be approximated.

The anion channel blocker DIDS (4,4’-diisothiocyanatostil-
bene-2,2’-disulfonic acid; Fluka, Neu-Ulm, Germany) was dis-
solved in B1 medium at a final concentration of 200 pm.
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Table 1. Composition of the media used in this study (concentrations in mm)

Pl P2 P3 P4 B1 B2 B3
K* 115 110 115 110 10 10 10
Na™* 10 10 10 100 100
Cl- 145 30 135 70 150 50 50
Ca?™" 0.1 0.1 0.1 0.1 10 10 10
EGTA! 1 1 1 1
Free Ca’™" 55%x107° 55%107° 55%x107° 55%x107°
Mg * 10 10 10 10 10 10 10
HEPES 20 20 20 20 10 10 10
Gluconate™ 110 70 100
pH 7.0 7.0 7.0 7.0 8.1 8.1 8.1
Osmolality? 301 291 281 291 290 280 290
Mannitol 190

! Ethyleneglycol-bis(B-aminoethyl ether) N,N,N’,N’-tetraacetic acid
2 in mosmol kg~'

For patch-clamp experiments, spherical protoplasts with a di-
ameter of 40-100 pm were selected. When seal resistances larger
than 0.7-1.0 GQ were established, the patch membrane was broken
by a suction pulse to obtain the whole-cell configuration. The pas-
sive electrical properties of the protoplast membrane were measured
in the current-clamp mode. After elimination of capacitive currents,
current-voltage relations of the protoplast were measured in the
voltage-clamp mode. The actual voltage drop across the membrane
(VM) at a given clamped pipette voltage (Vp) was calculated by
subtracting the voltage difference between pipette and cell interior,
which depended on the series resistance (Rg). Voltages were cor-
rected according to Vv = Vp — ImyRs. Iy is the whole-cell current
flowing across the membrane. Voltages generated in current-clamp
experiments were likewise corrected for series resistance errors. For
generating current or voltage pulse protocols, the program
CLAMPEX (Axon Instruments, Foster City, CA) was used.

DATA ANALYSIS

Patch-clamp data were analyzed using the graphic program ORI-
GIN (Microcal Software, Northampton, MA). When a negative-
going voltage step was applied, an instantaneous current compo-
nent, [, was always observed, which was followed by a second,
exponentially increasing component. Thus, the overall current re-
sponse /(t) could be described by the following equation:

I(t) = Linst + 11 (1 — exp(—t/71)) (€]

where 7; is the time constant and 7; the steady-state amplitude of the
exponentially increasing current component. For fitting of Eq. 1 to
the experimental data, the Levenberg-Marquard algorithm was
used. Thereby the first 20-50 data points were omitted to avoid
interference with residual capacitive currents. It has to be noted that
in some cases the data could be more adequately fitted when two
exponential functions with steady-state amplitudes /; and I, and
time constants t; and 7, were assumed. In this case, Eq. 2 was used:

I(t) = Lnst + 11 (1 — exp(=t/71)) + (1 — exp(—1/72)) (2)

Results

Protoplasts of V. utricularis are densely packed with
chloroplasts and additionally contain a dense layer of
vesicles located at the inner surface of the membrane

as revealed by staining with the lipophilic probe DPH
(diphenyl-1,3,5-hexatriene; Wang et al., 1997b). This
layer could affect the charging process of the mem-
brane, in which case a considerable underestimation
of the specific membrane capacity would also be ex-
pected. In order to exclude such artefacts we deter-
mined the area-specific capacity of the outer
membrane in the current-clamp mode. The mem-
brane was charged by injection of a 40-pA current
pulse of 0.26 sec duration into the protoplast while in
the whole-cell configuration. From the relaxation
time of the membrane voltage and the surface area
(estimated from the diameter of the spherically
shaped protoplasts) a specific resistance of
1.09 + 0.52 Qm? (n = 20) and a specific capacity of
0.85 + 0.21 pF ecm 2 (n = 20) were calculated. A
similar value for the specific capacity of the plasma-
lemma of the ‘mother cells’ was determined by charge
pulse-relaxation experiments (0.77 + 0.16 uF cm ™%
n = 10; Wang et al., 1997a). The agreement of the
values was taken as evidence that the dense lipid
vesicle layer did not interfere with clamp experiments
in the whole-cell configuration.

CURRENT-VOLTAGE CHARACTERISTICS OF
ENzZYMATICALLY POST-TREATED PROTOPLASTS

Figure 14 shows a typical whole-cell configuration
experiment performed on an enzymatically post-
treated protoplast. Measurements were performed in
symmetrical 150 mm CI™ solutions (B1/P1) immedi-
ately after the establishment of the whole-cell con-
figuration. The pipette was precharged to + 60 mV by
a l-sec pulse and then clamped successively at in-
creasingly negative voltages for 2 sec. Between two
voltage clamps the voltage was adjusted to 0 mV for
1.1 sec before the pipette voltage was returned to +60
mV (see inset of Fig. 14). In this way, seal problems
were avoided, which regularly occurred when the
voltage was kept at +60 mV throughout the experi-
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Fig. 1. Typical current-voltage characteristics
of an enzymatically treated protoplast of
Valonia utricularis measured in the whole-cell
configuration. Measurements were performed
in 150 mm symmetrical C1I™ media (B1/P1). (4)
Directly after establishment of the whole-cell
configuration, the pipette was charged to + 60
mV by a current pulse of 1 sec duration and
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ment. As indicated in Fig. 14, large inward currents
were induced when the membrane voltage was
clamped at negative values. The currents consisted of
an instantaneous and of an exponentially increasing
component. The time constant 7; of the second
component was voltage-dependent. From the expo-
nential fits of the data in Fig. 14 (by using Eq. 1) 7¢-
values were obtained ranging from 0.21 sec (at —9
mV) to 0.06 sec (at —79 mV). The current-voltage
relations for both components (normalized to the
surface area) are plotted in Fig. 1B.

It is obvious that the current-voltage curve of the
instantaneous component intersected the voltage axis
close to 0 mV. This can be taken as evidence that the
seal was not completely perfect and, in turn, that very
small leaks around the pipette contributed to this
current component (see also below). In contrast, the
current-voltage characteristics of the exponential
component showed strong inward rectification
properties. The activation threshold was around 0
mV. Repeated measurements yielded identical results

e

T then clamped to a range of more negative

voltages. As shown in the inset, pipette volt-
ages were changed in increments of 10 mV and
clamped for 2 sec. Between two successive
clamps the pipette voltage was adjusted to 0
mV for 1.1 sec before the voltage was returned
to +60 mV. As indicated, large, voltage-
dependent inward currents were induced when
the membrane voltage was clamped at values
below zero. The currents were composed of an
instantaneously occurring component (A in B)
and of a component (M in B) exponentially
increasing with time. (B) presents a plot of the
two current components (normalized to the
surface area) versus the clamped membrane
voltage (corrected for the voltage drop across
the series resistance). Data were taken from
(A4). Note that the activation potential of the
exponential component (showing strong in-
ward rectification properties) was subject to
large variations as indicated by corresponding
measurements on other protoplasts (data not
shown). For detailed discussion, see text.

60

(data not shown). Accordingly, similar experiments
with other protoplast preparations yielded a similar
database (not shown), except that sometimes positive
currents of very small amplitude could be recorded.
These measurements also showed that the activation
threshold was subject to large variations. Values
down to —20 mV could be measured immediately
after the establishment of the whole-cell configura-
tion. However, it is interesting that the threshold
usually shifted to more positive values (up to 0 mV)
once the measurement was repeated several minutes
later. After 15 min no further shift was observed (data
not shown). An explanation for this unusual shift of
the activation threshold was yielded by measurements
of the reversal potential, V .y, of the inward rectifier.

To determine the reversal potential, the pulse
protocol shown in the inset of Fig. 24 was applied to
a protoplast clamped in the whole-cell configuration
for 20 min. Starting from a holding potential of + 30
mV, inward currents were activated by adjusting the
pipette voltage to —70 mV. After 1.5 sec the pipette
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Fig. 2. Typical experiment for the determination
of the reversal potential, V., of the exponential
current component by generation of outward
currents. Experimental conditions were identical to
those described in Fig. 14, except that the pulse
protocol shown in the inset was used. (A4) Starting
from a holding potential of +30 mV, inward
currents were induced by clamping the pipette
voltage to —70 mV for 1.5 sec. Then the pipette
voltage was depolarized in steps of 10 mV to + 30
mV. Exponentially decreasing outward currents
were generated once positive membrane voltages
were established. (B) represents the plot of the
inward and outward currents versus the corre-
sponding clamped membrane voltage (corrected
for series resistance error) by using the data of (4).
As indicated, the current of this protoplast
reversed at —4 mV. (C) Cumulative plot of reversal
potentials of various protoplasts determined as
described in (A4) as a function of the time elapsed
between the establishment of the whole-cell con-
figuration and the beginning of the measurement.
Comparison of the ‘short-’ (< 15 min) and ‘long-
term’ (> 15 min) data suggests that the variations
in the reversal potential can be traced back to a
(protoplast-dependent) retarded equilibration of
the cytosol with the pipette solution (see also text).
Thus, only for ‘short-term’ data that agree with
‘long-term’ data can complete equilibration be
assumed. In light of this criterion the reversal
potentials are close to the Nernst potential of C1™
(Eci- = —1 mV), indicating that the ensemble
currents arise from Cl™ channels (see text).
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voltage was depolarized successively up to a voltage
of +30 mV, as indicated in the inset. Once positive
membrane voltages were established, exponentially
decaying outward currents were generated through
the inward rectifier. The time constant of these ‘tail
currents’ was voltage-dependent and ranged from
0.11 sec (at +18 mV) to 0.50 sec (at —1 mV). The
steady-state currents (occurring after the relaxation
process was completed) obviously resulted from tiny
leaks, as discussed above.

From the exponential fit of the ‘tail currents’ the
initial amplitudes were extrapolated. Plotting of
these amplitudes and the amplitudes of the inward
currents (corrected for the extrapolated ‘leak com-
ponent’) versus the corresponding clamped mem-
brane voltage yielded a nearly linear current-voltage
curve (Fig. 2B). From the curve, a reversal potential
of —4 mV was determined. A cumulative plot of
reversal potentials measured on various protoplast
preparations and at different periods of time after
the establishment of the whole-cell configuration is
given in Fig. 2C. It is obvious that the values of the
reversal potential were subjected to quite a large
scatter (ranging from —5 to —25 mV; n = 25) when
the measurements were performed within 15 min
after formation of the whole-cell configuration. This
was apparently not the case for whole-cell configu-
rations that were stable for more than 15 min (—4 to
—12 mV; n = 8).

Considering the shift of the activation threshold
(see above) and of the reversal potential towards more
positive values when time progressed, it seems to be
clear that both phenomena are caused by very slow
equilibration of the cytosol with the pipette solution in
some protoplasts, i.e., that the concentration gradients
across the membrane were not well defined at the be-
ginning of the whole-cell clamp. The equilibration
problem apparently arose from the exceptionally dense
layer of lipid vesicles at the inner surface of the mem-
brane (see above), which can vary from protoplast to
protoplast (Wang et al., 1997b). Therefore, data of
protoplasts in which the ‘short-term’ measurements
differed from the ‘long-term’ ones, i.e., in which
equilibration was obviously retarded, were discarded.
In light of this criterion it is clear that the reversal po-
tentials plotted in Fig. 2C are close to the Nernst po-
tential of ClI™ (Ec- = —1 mV), suggesting that the
currents measured in the whole-cell configuration ap-
parently represent ensemble currents arising from the
hyperpolarization-activated anion channel VACI
(Heidecker et al., 1999).

CURRENT-VOLTAGE CHARACTERISTICS OF
NON-ENZYMATICALLY VERSUS ENZYMATICALLY
TREATED PROTOPLASTS

Due to the improvement of protoplast preparation
(see Materials and Methods) a gigaseal could be ob-
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tained in about 15% of protoplasts that were not
post-treated with enzymes after mechanical prepara-
tion. Even though this rate was significantly lower
than the number of gigaseals obtained with enzy-
matically treated protoplasts, the yield was sufficient
to study the effect of cell wall-degrading enzymes on
the ensemble currents arising from VACI. Non-
treated protoplasts showed a time-dependent shift of
the activation threshold and of the reversal potential
towards more positive values once the whole-cell
configuration had been established, similar to enzy-
matically treated protoplasts (data not shown).
Therefore, only those data were included in the
analysis that met the criteria outlined above. Aver-
aged current-voltage curves (normalized to the sur-
face area) for untreated (n = 7) and treated (n = 8)
protoplasts are given in Fig. 34. Measurements were
performed on the same batches in order to exclude
changes of the protoplast properties because of sea-
sonal variations of the physiological properties of the
‘mother cells’ (see Ryser et al., 1999). Inspection of
the data in Fig. 34 shows that in the case of untreated
protoplasts outward currents occurred. These out-
ward currents were regularly observed and signifi-
cantly larger than the positive currents recorded
occasionally in treated protoplasts (see above). The
positive currents measured in untreated protoplasts
assumed a peak value at about +5 mV and decreased
then again to zero at a potential of about +20 mV.
One explanation for the different behavior of treated
and untreated protoplasts could be that enzymatic
treatment blocks outward currents (which would be
equivalent to Cl™ influx). However, this is not in ac-
cordance with the outward current data measured on
treated protoplasts (see Figs. 24, B). An alternative
explanation would be that the voltage dependence of
gating is affected by enzymatic treatment. Calculation
of the chord conductances, G, which reflect the
voltage dependence of channel activity, supported
this hypothesis, shown in Fig. 3B. The dependence of
the chord conductances [defined by G = I/(Vy—
Viey)] on the corresponding clamped membrane
voltage, V\;, was obtained by using the data shown in
Fig. 34. Comparison of the curves of treated and
untreated protoplasts shows that enzymatic treat-
ment shifts the chord conductance-voltage curve to
more negative potentials (by about —18 mV). When
pectinase-free enzyme mixtures were used, the shift of
the curves was less (by about —11 mV; n = 3),
indicating that this enzyme contributed significantly
to the effect. Addition of a protease inhibitor cocktail
had only an effect on the shift in one out of six
experiments (data not shown), thus leaving the
question open whether protease activity in the com-
mercially available enzyme preparations was re-
sponsible.

Because of the linear relationship between the
‘tail currents’ and the clamped membrane voltage, the
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Fig. 3. Comparison of measurements per-
formed on untreated and enzymatically
post-treated protoplasts. (4) Current-volt-
age characteristics of enzymatically post-
treated versus untreated V. utricularis pro-
toplasts by using the experimental whole-
cell configuration conditions as described in
Fig. 14. Comparison of the data (means

+ sE) of untreated ((J; » = 7) and treated
protoplasts (M; n = 8) shows that outward
currents (with a peak value around +5 mV)
occurred when the enzymatic treatment was
omitted. (B) Plot of the mean chord con-
ductances versus the corresponding clamped
membrane voltage calculated from the data
shown in (A4). Additionally, data are given
from current-voltage characteristics mea-
sured on protoplasts that were treated with
a pectinase-free enzyme mixture (yY¢; n = 3).
The curves represent fits of Boltzmann
distributions (according to Eq. 3). The slope
factors (S; in mV~") and the midpoint
potentials (V;,»; in mV) deduced from the
fits were for untreated protoplasts, —0.19/
+5, for treated protoplasts, —0.17/—13 and
for protoplasts treated with pectinase-free
enzyme mixtures, —0.18/—6. (C) represents
a plot of the chord conductance versus the
corresponding clamped membrane voltage
measured on an individual protoplast before
(O) and after (M) exposure to the enzyme
mixture. The Boltzmann fits yielded slope
factors of —0.20 mV~"' and —0.21 mV~' and
midpoint potentials of +6 mV and —7 mV,
respectively.
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averaged conductance-voltage curves in Fig. 3B could
be fitted by the Boltzmann function:

G — GmaX
1 +exp—(S(m — Vi)

(3)

where V) is the clamped membrane voltage; S is the
slope factor, and V), is the membrane voltage at
which the conductance was 50% of the maximum
value (i.e., the midpoint potential).

As indicated, the three curves exhibited almost
identical slope factors; i.e., —0.19 mV~' (n = 7) for
untreated versus —0.17 mV~' (n = 8) and —0.18
mV ! (n = 3) for protoplasts treated with the com-
plete and with the pectinase-free enzyme mixture,
respectively. This finding can be taken as evidence
that the number of mobile charges involved in voltage
sensing is not affected by enzyme treatment. Simi-
larly, the maximum conductances did not differ sig-
nificantly, indicating that the number of active
channels and the single channel conductance were not
affected. In contrast, the midpoint potentials differed
significantly (+5 mV for untreated protoplasts; —13
mV and —6 mV for the treated protoplasts), sug-
gesting that the voltage sensor was affected by ex-
posure of the membrane to cell wall-degrading
enzymes."

The above findings and conclusions were sup-
ported by measurements in which the current-voltage
characteristic of an individual protoplast was deter-
mined before and after enzymatic treatment. A typi-
cal voltage-dependence of the chord conductance
calculated from such data is shown in Fig. 3C. In
accordance with the data depicted in Figs. 34 and B,
the maximum conductance and the slope factor re-
mained unaffected upon enzymatic treatment,
whereas the midpoint potential shifted from +6 mV
to —7 mV. On average, the shift of the midpoint
potential was —18 = 5 mV (n = 4).

The results demonstrate that artefact-free iden-
tification of the channel contributing to the ensemble
currents recorded in the whole-cell configuration can
only be expected if enzymatic post-treatment is
avoided. Thus, if not otherwise stated, the following
measurements were performed with untreated pro-
toplasts.

"From the fits of the individual conductance-voltage curves the
following average values +sp for the slopes (S in mV ') and the
midpoint potentials (V,,, in mV) were obtained: —0.21 + 0.07/
+5 £ 5 for untreated protoplasts (n = 7); —0.19 £ 0.02/
—13 £ 5 with the complete enzymc mixture (n = 8) and
—0.21 £ 0.06/ —6 £ 3 for protoplasts treated with pectinase-free
enzyme mixture (n = 3).
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VAC1 DOMINATES THE MEMBRANE CONDUCTANCE
AND IS GATED BY CI™ CONCENTRATION GRADIENTS

Support for the above conclusion that VAC1 con-
tributed mainly to the current in the whole-cell con-
figuration came from measurements on untreated
protoplasts in the presence of Cl™ concentration
gradients, as well as after addition of the Cl™ channel
inhibitor DIDS. As described in Materials and
Methods, CI™ gradients were established by using 150
mwM Cl™ in the bath and 30 mm CI™ in the pipette (B1/
P2). As shown in Fig. 4 for a representative mea-
surement (O), the CI~ gradient shifts the reversal
potential to more negative values in comparison to
the symmetrical conditions. On average, the reversal
potential was —37 £ 3 mV (n = 7) and thus close to
the Nernst potential of C1I™ (—41 mV), supporting the
above view that the current in the whole-cell config-
uration is dominated by this anion (see also Heidec-
ker et al., 1999). Consistently, after addition of 200
pm DIDS to the bath, the amplitude of inward cur-
rents decreased almost linearly (Fig. 4) until after 37
min final values were reached that corresponded to
10-20% of the original values. The inhibition was
voltage-independent. Similar results were obtained in
four other independent experiments. Control mea-
surements in which the current-voltage characteristics
were determined repeatedly over a period of at least
20 min gave no indication that the reduction of cur-
rent was due to a rundown effect. Artefacts arising
from the exchange of the bath medium against the
DIDS-containing medium could also be excluded
(data not shown).

Further support for the hypothesis that current
in the whole-cell configuration is mainly carried by
Cl™, arrived from current-voltage characteristics
measured at various Cl™ gradients (Fig. 54). When
Cl™ in the bath was kept at 150 mm and CI™ in the
pipette was adjusted to 30, 70 and 145 mwm, re-
spectively (solutions P2, P4 and P1; see Table 1)
large inward currents were observed at clamped
membrane voltages being more negative than the
reversal potential (comparable to Fig. 1B). Inde-
pendent of the imposed CI~ gradients, outward
currents always occurred (up to membrane voltages
of about Vy = Vi + 30 mV; Fig. 54). These
currents exhibited peak values, as already shown in
Fig. 34.

The values of the reversal potentials for these
combinations of bath and pipette solutions were de-
termined to be —37 £ 3 mV (n = 7), =23 £ 6 mV
(n=4) and -9 =+ 3 mV (n = 12), respectively.
These values were close to the corresponding Nernst
potentials of CI™ of —41, —19 and —1 mV. Satisfac-
tory agreement between the reversal potential and the
Nernst potential of ClI~ was also obtained when CI1™
in the bath and in the pipette solution was adjusted to
50 mm and 135 mMm, respectively (B2/P3;
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View = +13 £ 3 mV, n = 10; Eci = +25 mV).
These results strongly suggest that CI~ was the main
but possibly not the only permeant ion. A few ex-
periments with media in which K" or Na® were
omitted showed that these ions did not contribute
significantly to the whole-cell currents. Thus, the
reason for the deviation of the reversal potential from
the Nernst potential of CI” remains unresolved.

Fig. 5B shows the chord conductances (nor-
malized to the maximum value) in dependence of
the clamped membrane voltage for the various CI™
gradients. Since the ‘tail currents’ depended linearly
on the clamped membrane voltage around the
midpoint potential (data not shown) the data could
be fitted by Boltzmann distributions. Inspection of
the fitted curves indicated that the slope was gra-
dient-independent, but that the midpoint potential
was apparently correlated with the Nernst potential
of CI™. Combinations of pipette and bath solutions
were chosen in such a way that dependence of
gating on the internal or external Cl~ concentra-
tions alone could be excluded. In Fig. 5C the
midpoint potentials are plotted as a function of the
Nernst potential of Cl™. Simultaneously, the cor-
responding midpoint potentials measured on enzy-
matically treated protoplasts in the same manner as
described above (data not shown) are presented in
dependence on the Nernst potential of Cl™. Linear
relationships were obviously obtained for both
protoplast preparations. The slopes of both curves
were with 0.64 + 0.06 (untreated) and 0.70 £+ 0.08
(treated) nearly identical. However, exposure of the
membrane to cell wall-degrading enzymes appar-
ently resulted in a strong shift towards negative
values (by about —18 mV). Taking into account the
data obtained under symmetrical ClI- conditions
(see Fig. 3), it is clear that the effect of enzymatic
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Fig. 4. Effect of DIDS on current-voltage char-
acteristics of an untreated protoplast in the
presence of a 150/30 mm Cl™ gradient. Current-
voltage curves were recorded before (O) and 15
min (I>), 29 min () and 37 min (<) after addi-
tion of 0.2 mm DIDS to the bath. The same
experimental conditions were used as described
in Fig. 1 except that the control currents were
scanned in 5-mV increments. The voltage values
were corrected for the junction potential, which
was determined to be —7 mV in this experiment
and for the voltage drop across the series resis-
tance. Note that the reversal potential of the
control curve (—35 mV) shifted upon addition of
DIDS to a value of —41 mV, which corresponds
to the Nernst potential of CI™.

Current [pA]

treatment on the voltage gating of VACI is inde-
pendent of the imposed CI™ gradients.

Discussion

By employing the whole-cell patch-clamp technique
we have demonstrated here that the membrane
conductance of protoplasts isolated from the uni-
cellular marine alga Valonia utricularis is dominated
by a CI™ selective inward rectifier. This is supported
by the magnitude of the reversal potential (Fig. 2)
and by the ClI™ -gradient dependence (Fig. 5). This
finding is in agreement with a previous study on CI™
channel activity in cell-attached and outside-out
patches of enzymatically treated protoplasts of V.
utricularis (Heidecker et al., 1999). Furthermore, the
whole-cell data strongly suggest that inward Cl™
currents result predominantly, if not entirely, from
the activity of the Cl- channel VACI previously
characterized in cell-attached and outside-out
patches of V. utricularis protoplasts (Heidecker et
al., 1999). As in the case of VACI, whole-cell CI~
currents were inhibited by the anion channel blocker
DIDS and were activated by a hyperpolarization of
the protoplast membrane. In addition, the Boltz-
mann analysis gave clear-cut evidence that this re-
sulted from a strong voltage-dependence of gating.
Estimation of the macroscopic current-voltage
curves by using VACI parameters (extracted from
current fluctuations in outside-out patches; Heidec-
ker et al., 1999) show very good agreement with the
whole-cell data measured on enzymatically treated
protoplasts (for details, see legend to Fig. 6). This
can be taken as further evidence that whole-cell C1™
currents resulted from VACI activity. This allows a
rough estimation of the channel density in enzy-
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Fig. 5. Influence of Cl™ gradients on the mid-
point potential. (4) Effect of C1™ gradients on
the current-voltage characteristics of untreated
protoplasts. Pulse conditions were identical to
those described in Fig. 14. Gradients were
established by using the media listed in Table 1.
Data represent means + SE. Voltages were
corrected for junction potentials and series
resistance errors. Symbols: A (B2/P3;
Ec = +25mV;n = 5), 0 (B1/Pl; Eq =
—1mV;n =7),V BLl/P4 Ec; = —19 mV;
n = 3) and O (B1/P2 media; Ec; = —41 mV;
n = 8). Note the gradient-independent occur-
60 rence of outward currents. (B) represents
G/Gax, 1.€., the chord conductances normal-
ized to the maximum conductance at each
gradient, in dependence on the corresponding
membrane voltage. From the fits of Boltzmann
distributions to the averaged data, slope factors
(in mV 1) of —0.16 (A),—0.19 (00),—0.17 (V)
and —0.18 (O) were derived. The corresponding
midpoint potentials, V> (in mV, mean val-
ues =+ sp) are given in (C) as a function of the
Nernst potential of ClI™. Additionally, the cor-

-50 -40 -30

' 30

responding data for enzymatically post-treated
protoplasts are presented (filled symbols).
These data were extracted from measurements
performed as described in (4). Symbols: A (B2/
P3; Eci = +25mV;n = 3), B (B1/P1;

EC] = —1 mV, n = 8), v (B3/P2, EC] =
—13mV; n = 3) and @ (B1/P2; Ec; = —41
mV; n = 5). The data points were fitted by
linear regression. The slope of the curves was
0.64 and 0.70 and the ordinate was intersected
at +2.3 mV and —16.0 mV respectively,
indicating that enzymatic treatment shifts the
function V), = f(Ec;-) to more negative
values.
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matically treated protoplasts. By dividing the aver-
aged maximum whole-cell conductances by the
mean single-channel conductances in the outside-out
configuration, channel densities of 29100 mm 2 for
symmetrical (B1/P1 media) and 50900 mm > for
asymmetrical Cl~ conditions (B1/P2 media) are ob-
tained. Even though the order of magnitude is
similar, the difference in the values is somewhat
large. The reason for this is not known, but may be
related to unknown regulation processes of Cl™
transport.

Despite the good agreement with the whole-cell
and outside-out data, there are small inconsistencies
with the data deduced from cell-attached patches
made from enzymatically treated protoplasts (Hei-
decker et al., 1999). Whereas VACI carried outward
currents at membrane voltages more positive than the
Nernst potential of C1™, significant outward currents
were not observed in the whole-cell configuration.
Such currents occurred only when enzymatic treat-
ment was omitted. This may be due to the loss of
cytoplasmic factors during preparation of the outside-
out and whole-cell configuration from enzymatically
treated protoplasts. The explanation is supported by
previous findings of Heidecker et al. (1999) that C1™
channel activity in the intact protoplast was enhanced
in comparison to outside-out patches. Enzymatic ef-
fects can be excluded as a possible explanation for the
controversial results because they stand in contrast to
the finding that outward currents occurred in the
whole-cell configuration of untreated cells (see Fig.
34). However, the Boltzmann analysis of the con-
ductance-voltage curves of untreated protoplasts gave
evidence that the enzyme mixture modified the mid-
point potential and, therefore, the voltage sensor re-
sulting in an activation of the CI™ currents at more
negative potentials. Since other electrical properties
remained unaffected, this finding shows that the effect
of the enzymes on the channel protein was highly
specific. Therefore, it is quite conceivable that these
interactions of the enzymes with VACI may lead oc-
casionally to the formation of VAC3 recently de-
scribed by Heidecker et al. (1999) for attached and
outside-out configurations. The frequency of appear-
ance of this channel was quite low, but VAC3 exhib-
ited the same conductance as VACI. Pectinase (or
rather the commercially available, enriched pectinase
preparation) was apparently one of the main enzymes
that interacted specifically with VACI, because the
shift of the midpoint potential was less dramatic when
pectinase was omitted in the enzyme mixture. Even
though the voltage dependence of the chord conduc-
tance was not affected by addition of a protease-in-
hibitor cocktail to the enzyme mixture in a
reproducable way, protease contaminations within
the enzyme mixture cannot definitely be excluded as
further candidates for the observed shift of the chord
conductance upon voltage.
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To our knowledge there is no literature dealing
with the effect of cell wall-degrading enzymes on
channel properties of plant protoplasts. However,
some indirect information is available. For exam-
ple, whole-cell measurements on intact guard cells
(Blatt, 1991; Grabov & Blatt, 1998) and on guard
cell protoplasts (Schroeder et al., 1987; Fairley-
Grenot & Assmann, 1992; Hedrich, 1995) gave re-
sults that agreed remarkably well. On the other
hand, patch-clamping of intact guard cells in which
the cell wall was locally removed by laser micro-
surgery (De Boer et al., 1994) contrasted the results
obtained on protoplasts (Henriksen et al., 1996).
Therefore, whether the findings reported here for
protoplasts arising from a marine alga have a
general impact for patch-clamp studies on plant
protoplasts cannot be decided at the present state
of the art.

A further interesting feature of the Cl™ currents
carried by VACI in V. utricularis protoplasts is that
they were gated by Cl™ concentration gradients. Such
a gradient dependence of CI™ channels is not reported
for algae (Coleman, 1986; Tyerman, Findlay & Pa-
terson, 1986a.,b; Beilby & Shepherd, 1996; McCul-
loch, Laver & Walker, 1997; Shepherd & Beilby,
1999) and for higher plant protoplasts (Elzenga &
Van Volkenburgh, 1997; for a review, see Barbier-
Brygoo et al., 2000). To our knowledge, there is only
one report on guard-cell protoplasts that describes an
activation of inward Cl~ currents by external Cl™
(Hedrich & Marten, 1993; see also the review of
Hedrich, 1994); however, this was shown to be due to
an increase of the single-channel conductance rather
than a modulation of gating. From extensive studies
on CI™ channels of mammalian cells belonging to the
CIC family, it is also not known that voltage depen-
dence of gating is controlled by Cl™ gradients, but in
most experiments, gating was studied by variation of
either the internal or external Cl~ concentration
(Pusch et al., 1995, 1999; Jordt & Jentsch, 1997,
Friedrich, Breiderhoff & Jentsch, 1999; for a review
see Jentsch et al., 1999). For example, for the CI™
channel C1CO in Torpedo electropax, Pusch et al.
(1995) showed that the midpoint potential of the
‘fast’ gate activated by depolarization depended on
the external, but not on the internal CI~ concentra-
tion. In contrast, voltage dependence of the hyper-
polarization-activated ‘slow’ gate of C1CO0 as well as
gating of CIC2, which is almost ubiquitously ex-
pressed in mammalian cells (Jordt & Jentsch, 1997),
was modulated by internal but not external Cl™
(Pusch et al., 1999). Thus, gating by Cl~ gradients
appears to be a unique property of VACI1. Due to the
gradient- and voltage-dependence of the gating of
VACI, the ClI™ fluxes are not affected significantly by
changes in the concentration gradients, but dramati-
cally by changes in the membrane potential around
the Nernst potential. This is in agreement with results
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Fig. 6. Current-voltage characteristics (normal-
ized to the surface area) calculated from VACI
currents measured in the outside-out configura-
tion at symmetrical B1/P1 (#) and asymmetrical
(<€) B1/P2 CI™ conditions in comparison to the
corresponding whole-cell current-voltage char-
acteristics (ll and @, respectively). Data were
taken from Fig. 34 in Heidecker et al. (1999) and
from the whole-cell measurements on treated
protoplasts used in Fig. 5C for the calculation of
V1), respectively. The data were fitted by using
the equation IM(V) =n PQ(V) g (VMerev)a
where n = number of channels per surface area,
Po = open probability, and g = single channel
conductance. For the ensemble currents in the
whole-cell configuration, the open probability as
a function of membrane voltage was calculated
from G/Gax = f(Vwm) by using Eq. 3. From the
fit of the outside-out data, the midpoint poten-
tials (in mV) and slope factors (in mV~') were
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-
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Current Density [nA/mm?]

%
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calculated to be —12/—0.23 for symmetrical and
—54/—0.12 for asymmetrical Cl~ conditions. The

L-70

corresponding values for the whole-cell data were —13/—0.22 and —43/—0.25, respectively. The very good agreement of the data supports
the view that whole-cell currents are dominated by VACI. For further discussion, see text.

obtained on the ‘mother cells’ (Heidecker et al.,
manuscript in preparation).

However, it has to be pointed out that the gating
of VACI is apparently not under tight control of the
electrochemical CI™ potential gradient because plot-
ting of the midpoint potentials against the Nernst
potentials of CI™ did not yield a slope of one (as
expected for tight coupling); rather smaller values of
0.64 (untreated protoplasts) and 0.70 (treated pro-
toplasts) were found (Fig. 5C). This means that a
tenfold increase in external or internal CI™ concen-
tration was only equivalent to a change of about +40
mV (and not of £59 mV) of the membrane potential.
An explanation for this could be that other ions (e.g.,
K ™) interfere with the gating of VAC1 (see below). It
is, however, also possible that tight coupling exists,
but that the high density of chloroplasts and/or lipid
vesicles within the protoplasts (associated with large
unstirred layers) results in the formation of internal
CI™ gradients. In this case, it is conceivable that the
internal Cl~ concentration at the membrane is
smaller than assumed, leading to an underestimation
of the slope of the midpoint potential versus the
Nernst potential of ClI™. A plot of the midpoint po-
tentials versus the reversal potential yields (data not
shown) a slope value closer to 1 (0.93 for treated and
0.84 for untreated protoplasts). This finding is con-
sistent with both explanations.

Independent of the correct explanation, the
question is, how can concentration gradients gate
the CI™ channel. A possible mechanism is suggested
by the models of Richard & Miller (1990) and Pusch
et al. (1995). In light of experimental evidence on

CIC channels, these authors assume that the channel
gate is under control of a Cl™ binding site within the
pore. Therefore, concentration gradients can come
into play if two binding sites exist, one accessible for
internal and the other one for external Cl™. This
hypothesis shows that one of the next steps in the
elucidation of the mechanism of turgor pressure
regulation must include cloning of VAC1 and site-
directed mutagenesis of the channel as well as
studies on the role of Cl™ gradients in turgor pres-
sure regulation of walled protoplasts and the ‘mo-
ther cells’.

Finally, a surprising result is that the membrane
barrier of the ‘mother cells’ (from which the proto-
plast membrane originates) was shown to conduct K *
in dependence on turgor pressure, in particular upon
approaching a turgor pressure of zero MPa (Gutkn-
echt, 1968; Zimmermann, Biichner & Benz, 1982). C1™
fluxes were only weakly pressure-dependent despite
the coupling of CI~ and K™ fluxes due to the re-
quirement of electroneutrality. Different from other
algae (Bentrup, 1990), in V. utricularis protoplasts we
have not found any evidence for K™ channel activity
in the whole-cell configuration with the media listed in
Table 1 nor with solutions lacking Na ™. The reason
for this is unknown, but it is conceivable that the
pressure dependence of the K™ fluxes may arise from
the electromechanical and kinetic interplay of the to-
noplast with the plasmalemma (see Coster, Steudle &
Zimmermann, 1978).

This work was supported by a grant from the Deutsche For-
schungsgemeinschaft (Zi 99/13-1) to U. Z.
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