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Abstract. Xylem parenchyma cells are situated around
the (apoplastic) xylem vessels and are involved in the
control of the composition of the xylem sap by exporting
and resorbing solutes. We investigated properties of the
K" inward rectifier in the plasma membrane of these
cells by performing patch clamp experiments on proto-
plasts in the whole-cell configuration. Inward currents
were sensitive to the K* channel blocker TEA™ at a high
concentration (20 mm). Barium, another ‘‘classical’”” K*
channel blocker, inhibited K* currents with a K; of about
1.3 mm. In contrast to guard cells, the cytosolic Ca**
level proved to be ineffective in regulating the K* con-
ductance at hyperpolarization. External Ca®" blocked
currents weakly in a voltage-dependent manner. From
instantaneous current-voltage curves, we identified a
binding site in the channel pore with an electrical dis-
tance of about 0.2 to 0.5. Lanthanum ions reduced the
inward current in a voltage-dependent manner and simul-
taneously displaced the voltage at which half of the chan-
nels are in the open state to more positive values. This
finding was interpreted as resulting from a sum of two
molecular effects, an interaction with the mouth of the
channel that causes a reduction of current, and a binding
to the voltage sensor, leading to a shielding of surface
charges and, subsequently, a modulation of channel gat-
ing.

A comparison between the K* inward rectifier in
xylem parenchyma cells, guard cells and KAT1 from
Arabidopsis leads to the conclusion that these rectifiers
form subtypes within one class of ion channels. The in-
effectiveness of Ca®* to control K* influx in xylem pa-
renchyma cells is interpreted in physiological terms.
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Introduction

Xylem parenchyma cells in roots form the inner bound-
ary of the symplastic continuvm that extends from the
cortex into the stele, where long distance transport to the
shoot occurs via the xylem vessels. Radial movement of
salts from the soil solution to the xylem sap is predom-
inantly symplastic and, hence, includes a release across
the plasma membrane of the xylem parenchyma cells as
the final step. In a previous study (Wegner & Raschke,
1994), we characterized two types of outward rectifiers
selective for cations as well as an anion channel that
could serve as a pathway for salt release. Xylem paren-
chyma cells also have the capacity to resorb ions, a func-
tion that prevails in “‘ion consuming’’ parts of the plant
like growing stems. The uptake of K* from the xylem
sap has been postulated to occur by a ‘‘chemiosmotic’’
mechanism (De Boer et al., 1985): A hyperpolarization
of the plasma membrane by H* ATPase activity provides
the driving force for a ‘‘passive’’ K" influx into the
xylem parenchyma cell (The concentration gradient for
K* between symplast and xylem sap depends on the
physiological situation (Clarkson, 1993), but is persis-
tently uphill for K* uptake by the cell.). In the previous
study (Wegner & Raschke, 1994), we reported on a K*-
selective inwardly rectifying conductance (KIRC), active
at voltages more negative than about —110 mV, which
presumably serves the function of K* resorption from the
xylem sap. The rectifier was shown to translocate K*,
and, to a lesser extent, also Rb*, Cs*, Li* and Na*, but
not anions.

Inwardly rectifying conductances selective for K*
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have also been found in the plasma membrane of various
other plant cells, including guard cells and mesophyll
cells, from several species (Hedrich & Schroeder, 1989,
Tester, 1990). From electrophysiological measurements,
it is not yet clear to what extent the properties of these K*
conductances vary among different cell types. Recently,
two genes (KATI and AKT1) with high homology, en-
coding for inwardly rectifying channels, have been iden-~
tified in Arabidopsis (Anderson et al., 1992; Sentenac et
al., 1992). One of the channels (KAT1) was expressed in
oocytes and characterized with respect to its electrophys-
iological properties (Schachtman et al., 1992). Interest-
ingly, AKT1 was predominantly expressed in roots (Bas-
set et al., 1993), indicating that cell-specific variations of
channels among different plant organs and cell types
could have a genetic origin (Jan & Jan, 1990).

The rationale of our work was to provide an elec-
trophysiological basis for a comparison of the inward
rectifier in xylem parenchyma cells with channels of
similar properties and physiological functions in other
cell types, aiming at a better understanding of the com-
plexity of ion channels in plant tissues. In the first place,
we will compare our data to those obtained by others on
guard cells, since this object has captured most attention
by plant electrophysiologists recently, and since the K*
inward rectifier has been characterized thoroughly in this
cell type (Schroeder, Raschke & Neher, 1987; Schroeder,
1988; Blatt, 1992; Fairey-Grenot & Assmann, 19924,b).

Moreover, the blocker studies that were done by us
render information on the mechanism of ion transloca-
tion and on the channel structure (Tester, 1988a,b). Part
of the data has been published elsewhere in preliminary
form (Wegner & Raschke, 1992; Wegner, Raschke, &
De Boer, 1993).

Materials and Methods

PLANT CULTIVATION, PREPARATION OF PROTOPLASTS

Plant cultivation, the isolation procedure for xylem parenchyma pro-
toplasts, and the electrical recordings were described in detail else-
where (Wegner & Raschke, 1994). Briefly, “‘high salt’” barley seed-
lings (Hordeum vulgare cv. Apex) were grown on hydroponics with a
6/18 hr dark/light cycle at 20 and 22°C, respectively. Plants were
harvested after 3—5 weeks. Protoplasts were obtained from isolated
steles of nodal roots 0.7-1.5 cm above the root tip by an enzymatic
digestion with 2% w/v Onozuka R10, 0.02% w/v Pectolyase, 2% w/v
BSA, 10 mMm Na-ascorbate and 1 mm CaCl,, n = 500 mOsmolkg
(mannitol), pH 5.5. The selectivity of the isolation procedure was
based on the time sequence of protoplast release: The cells involved in
xylem loading and unloading are those of the early metaxylem that
forms a ring in the periphery of the stele, alternating with the phloem.
Cell walls in this part of the stele remain unlignified (with the exception
of the early metaxylem vessels themselves), in contrast to the center of
the stele and most of the pericycle. Protoplasts from early metaxylem
are released well ahead of those from other tissues in the stele, as
lignification slows down cell wall digestion (We could show that no
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protoplasts came from the phioem (Wegner & Raschke, 1994)). After
2 hr of incubation, the suspension was poured on a 20 um net, washed
with 500 mM mannitol, 1 mM CaCl,, centrifuged at 700 g and resus-
pended in about 100 ul wash medium.

ELECTROPHYSIOLOGY

Patch clamp experiments in the whole-cell configuration (Hamill et al.,
1981) were performed using an EPC7 amplifier (List Electronics,
Darmstadt, Germany). Data were low-pass filtered with an 8-pole
Bessel filter (Frequency Devices, Haverhill, MA) at 500 Hz and digi-
tized with an ITC16 interface (Instrutech, Elmont, NY) with a sample
rate of 2 kHz. For generation of pulse protocols and storing and eval-
uating data, an Atari Mega ST 4 computer (Atari, Sunnyvale, CA) and
software from Instrutech were used. Some of the experiments were
done on a different setup, equipped with an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA). Data were digitized with a CED
1400AD/DA converter and analyzed with a personal computer (HP
Vectra 386), using EPC patch and voltage software (Patch and Vclamp
version 5.0 from Cambridge Electronic Design (CED), Cambridge,
UK).

Liquid junction potentials were corrected for (Neher, 1992). The
reference electrode was connected via a salt bridge; junction potentials
at the tip of the salt bridge resuiting from an exchange of the bath
solution were also corrected for. Equilibrium potentials were calcu-
lated from jon activities according to Robinson and Stokes (1968).

SOLUTIONS

If not stated otherwise, solutions with standard compositions (see be-
low) were used. Blockers were applied by bath perfusion. Solutions
were frozen at —20°C and thawed immediately before experiments
were performed. Pipette solutions were filtered through 0.22 pm fil-
ters. Standard bath medium: 30 mM KCl or —glutamate, 10 mm
HEPES, 2 mm MgCl,, ® = 500 mOsmol/kg (mannitol). The pH was
adjusted to 5.8 using MES. (For Ca®* concentrations, see specifica-
tions below and in the figure legends.) Standard pipette medium: 120
mM KCI, 10 mm Tris, 2 mv ATP, Mg** ... = 2 mm (MgCly), 7t = 530
mOsmol/kg (mannitol). The pH was adjusted to a value of 7.2 by
adding Tris. (For Ca** concentrations, see specifications below and in
the figure legends. If not stated otherwise, the final free Ca*" concen-
tration was 1 pM.)

The Ca®* concentration in the bath was usually 1 mM (exceptions
are mentioned in the legends) with either C1” or gluconate as counte-
rions. For higher concentrations, only Ca®*-gluconate was used. In
pipette solutions, Ca*" concentrations were buffered with either 10 mm
EGTA (150 nM and 1 um Ca®*, respectively) or HEEDTA (10 pm).
Amounts of Ca®* to be added in order to adjust the free Ca®* concen-
tration at the desired level were calculated using a commercially avail-
able computer program (Fithr, Warchol & Gratzl, 1993). Blockers
(Ba?*, La®*, TEA*) were used as CI” salts.

ABBREVIATIONS
E..,., reversal potential; E,, equilibrium potential of the ion species x;

HEEDTA, N-hydroxylethyl-ethylenediamine-triacetic acid; m, osmotic
pressure; TEA™, tetracthylammonium

Results

Inward currents recorded in the whole-cell configuration
were interpreted as ensemble currents resuliing from
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Fig. 1. The normalized chord conductance (G/G,,,,) of the K* inward
rectifier plotted as a function of the membrane potential. Mean of 15
experiments (£sp). Data were fitted with a Boltzmann equation (Eq. 1)
to specify gating characteristics (continuous line, for fit parameters, see
Table 1).

multiple channel activity (compare traces of channel ac-
tivation in Schroeder et al., 1987) and analyzed accord-
ingly. Data analysis was based on the assurmnption that
currents reflected the activity of one type of channel that
dominated the conductance; no inconsistencies emerged
from this approach. Figure 1 shows a plot of the relative
chord conductance as a function of the clamped mem-
brane potential. The voltage dependence of channel gat-
ing could be obtained by fitting these data with the fol-
lowing Boltzman term:

G/G o = 1/(1 + exp(8F(U,,, — U)/RT)) (1)

(Almers, 1978) with 8 being the apparent, minimum gat-
ing charge, U,,, being the voltage of half-maximal con-
ductance and U being the clamped voltage. The other
variables have their usual meaning. The parameters of
the optimal fit, corresponding to the continuous line in
Fig. 1, are summarized in Table 1. In the previous pub-
lication (Wegner & Raschke, 1994), we showed that in-
ward currents are carried by potassium ions (and thus
form a pathway for K* uptake). To evaluate the substrate
dependence of the inward rectifier in the millimolar
range, we recorded inward K™ currents at three different
K* concentrations in the bath. The current-voltage plots
in Fig. 2 clearly show that the ‘‘activation potential”’ did
not shift with the equilibrium potential for K* and that
the voltage dependence was almost identical at 10 and
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Table 1. Gating properties of the inward rectifier in guard cells and
xylem parenchyma cells

& (Minimal
gating charge)

U,,, (half-maximal
gating voltage

in mV)
Xylem parenchyma cell 1.16 £0.22° ~188 £ 20°
Guard cell 1.35£0.04 -188+ 3

?Mean =+ sp for 15 experiments. Gating properties of the inward rec-
tifier at standard conditions with 1 mm Ca®" in the bath. Data (see Fig.
1) were fitted with a Boltzmann term as specified in the text (Eq. 1).
For comparison, data on the guard cell inward rectifier are shown, cited
from Blatt (1992).
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Fig. 2. Substrate dependence of the inward rectifier: Inward currents at
(@) 10 mm; (O) 30 mm and (W) 100 mM K* in the bath. Current-
voltage curves result from pulse protocols like the one shown in Fig,
3A, but the membrane was hyperpolarized from a holding potential of
—60 mV in increments of 10 mV. Inset: Voltage dependence of the K*
chord conductance at 10 and 100 mm K*. The potentials of half-
maximal conductance were —147 and —~145 mV, respectively, indicat-
ing that gating was not affected by varying K gradients across the
membrane.

100 mm K" (see insef). Absolute chord conductances
increased by about 25% upon increasing the K* concen-
tration in the bath 10-fold.

We investigated the kinetics of the inward rectifier
by fitting the time course of current activation and de-
activation with exponential functions to current traces
like those shown in Fig. 3A. Current activation was best
described with a double-exponential function. The fast
time constant decreased with hyperpolarization, ranging
from about 120 msec at —120 mV to about 30 msec at
—240 mV. The slow time constant, contributing less to
the overall current amplitude, was in the range of 200~
400 msec and voltage independent. In contrast, current
deactivation was single exponential (data presented be-
low to illustrate La>" effects on the time constant).
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Fig. 3. Effects of TEA™ on K" inward currents. (A) Superimposed current traces at pretreatment, after addition of 20 mM TEA™ to the bath and after
removal of TEA* (recovery). Pulse protocols as indicated in the figure close to current traces. Between individual 2 sec pulses, the membrane was
clamped at the holding potential for 4 sec. Standard solutions were used, with 20 mm TEACI added for the treatment. (B) Current-voltage relations
obtained from the experiment shown in A. Currents were normalized with respect to the membrane surface area of the protoplast. (#) Pretreatment;
(@) +20 mm TEA™ (C) Fraction of current blocked by 20 mm TEA™ for five protoplasts (different symbols) as a function of the clamped potential.
Currents were reduced by about 40% in a voltage-independent manner as indicated by the horizontal line.

TEA*

Inward K™ currents were reduced by about 40% after
exposing the plasma membrane to 20 mm TEACI in the
bath (Fig. 3). The external K* concentration was kept at
30 mM. Steady-state currents were recorded by imposing
negative-going voltage pulses in the whole-cell config-
uration prior to and after the addition of the blocker (Fig.
3A,B). Currents recovered fully after perfusion of the
bath with TEA*-free solution (see Fig. 34). The effec-
tiveness of the block varied somewhat among five indi-
vidual cells (see data obtained from five protoplasts in
Fig. 3C). Plotting the fraction of current inhibited by
TEA" as a function of the clamped potential did not
reveal a pronounced voltage dependence of the blockage

(Fig. 30).

C a2+

The activity of the K" inward rectifier in guard cells is
strongly modulated by the cytosolic Ca®" concentration
(Schroeder & Hagiwara, 1989; Blatt, Thiel & Trentham
1991; Fairley-Grenot & Assmann 1992a). For xylem pa-
renchyma cells, current-voltage curves recorded with
150 nm Ca®* (corresponding to the presumed resting
level of cytosolic Ca**, Schroeder & Thuleau, 1991) and
10 pu free Ca®* in the pipette are shown in Fig. 4. Cur-
rent densities were similar at 1 pum Ca** (not shown).
Obviously, the K* inward rectifier in these cells does not
respond to changes of the cytosolic Ca®* level in the
physiological range. The kinetic properties were not af-
fected either (not shown). To facilitate the formation of
‘“‘gigaseals’” with 150 nm Ca" in the pipette, the very tip



L.H. Wegner et al.: The Inward Rectifier in Xylem Parenchyma

Current density
(pA cm?)

—20

Voltage (mV)

-200 -160 -120 -80 -40

—-100

Fig. 4. Current-voltage curves (current densities) derived from whole-
cell experiments with (@) 150 nm and (M) 10 um free Ca*" in the
pipette solution. Mean values + SDs obtained from four and eight
protoplasts, respectively. The Ca®* concentration in the bath was 1 mm.
Pulse protocols were imposed as described in Fig. 3.

was filled with an unbuffered solution containing no
Ca”*, but of otherwise identical composition. To make
sure that the presence of inward currents at ‘‘high Ca**’
in the pipette was not due to poor control of cytosolic
Ca®*, a pulse protocol was imposed directly after seal
formation (about 1 min) and repeated after 15 min. Cur-
rent-voltage curves were almost identical (not shown),
indicating that even after prolonged dialysis of the cyto-
sol with an elevated Ca>* concentration in the pipette, the
magnitude of the inward currents was not reduced.

The effect of external Ca®* on the inward rectifier
was studied by perfusion of the bath with media differing
in Ca®* concentration. Identical voltage clamp protocols
were imposed at each of these concentrations (Fig. 5).
Short pulse times (usually 750 msec) were chosen, as
prolonged hyperpolarization would cause a breakdown
of the plasma membrane. If pulse times were not suffi-
ciently long for a complete activation of whole-cell cur-
rents, the steady-state level was obtained by extrapola-
tion of current traces to infinity. As shown by Fig. 5B,
elevation of the external Ca** concentration about 1 mm
(10 and 40 mm) resulted in a slight, voltage-dependent
reduction of inward currents. The block by Ca" mani-
fested itself at voltages below about —180 mV and in-
creased with hyperpolarization. The effect was fully re-
versible.

Pulse protocols like this one were not suitable to
distinguish between a voltage-dependent modulation of
channel gating and a blockade of the pore due to Ca®*
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binding (open channel blockade). Therefore, double-
pulse protocols were imposed as shown in Fig. 6. In-
ward currents were activated by an identical prepulse
and, subsequently, current response to voltage steps of
different magnitude and direction was monitored. A
wide range of potentials (+18 to —262 mV) was applied
in decrements of 10 mV. The instantaneous current-
voltage relation (see arrow [ in Fig. 6a) allows the study
of the Ca®" effect on the channel pore, whereas the in-
fluence of channel gating on the shape of the curve is
eliminated. The finding that the strong voltage depen-
dence of Ca®* blockade, characteristic for the steady-
state currents, is preserved in instantaneous current-
voltage curves, may be interpreted as a rapid (<5 msec)
blockade of the open channel by Ca”'. Instantaneous
current amplitudes at potentials more positive than —60
mV were totally unaffected by external Ca**, indicating
that a constant fraction of channels was activated by the
prepulse (i.e., channel gating was unaffected by Ca")
and that Ca®* was instantaneously expelled from the pore
in this voltage range. Instantaneous current amplitudes
were extrapolated by fitting current deactivation with a
single exponential function. The first 5-10 msec were
omitted from the fit to avoid contamination by capacitive
current spikes. Extrapolation to infinity at potentials
more positive than —100 mV, the ‘‘activation potential”’
of the inward rectifier, rendered the ‘‘leak’ that was
supposed to be linear over the whole voltage range. At
potentials with incomplete deactivation of the inward
rectifier (i.e., below —100 mV), the instantaneous current
amplitude was calculated by adding the current ampli-
tude of the tail and the residual current and subtracting
the ‘‘leak.”” The residual current minus the ‘‘leak’”
yielded the steady-state current carried by the inward
rectifier.

We tested if the Ca®" effect could be interpreted in
terms of an interaction of the blocking ion with a binding
site within the electric field of the membrane (Woodhull,
1973). The ratio of blocked (R,) and unblocked channels
can be described as a function of the membrane potential
(E) with the following Boltzmann equation (for details,
see Discussion):

R/(1 = R,) = ac /Koy *exp(~0zFE/RT) )

where: K,y = dissociation constant for Ca®* at 0 mV, &
= electrical distance of the binding site, a2+ = Ca**
activity; z, F, R and T have their usual meaning. Plotting
the ratio of blocked and unblocked current as a function
of the membrane potential on a logarithmical scale leads
to a linear relation (see Fig. 7), as should be expected if
the model holds. Currents at 0.1 mm Ca?" were consid-
ered to approximate those without Ca>" and were there-
fore taken as a control (eliminating all Ca** would lead
to a seal breakdown). From the slope of the lines fitted
to the data, an electrical distance of about 0.2-0.5 at 10
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Fig. 5. (4) Identical pulse protocols with hyperpolarizing excursions of
the membrane potential were imposed to monitor inward currents at
different Ca®* concentrations in the bath. All currents were recorded on
the same protoplast. The whole-cell configuration was established with
1 mM Ca?' outside, and the bath was then perfused with solutions
containing 0.1, 10, 40 and 1 mM Ca®, in tum. (B) Current-voltage
curves obtained from (A) with (@) 0.1; (O) 1; (A) 10 and (A) 40
mm Ca>*,
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Fig. 6. (A) Performance of the inward rectifier in double-pulse experiments ai different Ca®* concentrations in the bath. The imposed pulse protocol
is shown at the top, right. In the second pulse segment, the potential was varied for each sweep from 18 to —262 mV (10 mV decrements). Between
each sweep, the membrane was kept at —72 mV for 10 sec. The two last sweeps at 40 mm Ca®* were omitted, as the current signal became wasteady
due to membrane breakdowns. (B) Instantaneous current-voltage curves for the experiment shown in A (see arrow 1 at original traces) for () 0.1
mM; +1 md; (<) 10 mu and (@) 40 mm Ca®* in the bath. All curves intersected the voltage axis close to Ey+ (see arrow at reversal potential; 30
mM K7 in the bath). Experiments were started with 1 mm Ca®* (see legend Fig, 5). Currents with [ mm Ca®* are somewhat larger than those with

0.1 mMm probably due to a slight, initial ‘‘randown.” (C) Steady-state current-voltage curves (arrow 2 at current traces) after leak subtraction (+)
0.1 mv; +1 my; (O) 10 mym; (@) 40 mm Ca™"
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Fig. 7. Semilogarithmic plots of the ratio of blocked (R,) to unblocked
channels at 10 mM Ca®* (@) and 40 mm Ca?* () as a function of the
membrane potential. The ratio was calculated from whole-cell currents
at 0.1 and 10 or 40 mM Ca*", respectively, as follows: R,/(1 — R,) =
Up.aca?t — L2 )L a2+ Data were taken from the experiment shown in
Fig. 6. The linear relations were fitted with a Boltzmann function (Eq.
2; see continuous line). From the slope, the electrical distance for Ca?t
binding could be calculated (see Table 2). For this experiment, it was
0.17 and 0.19 at 10 and 40 mm Ca®, respectively.

and 40 mm Ca*' could be calculated (see Table 2), the
values varying somewhat between individual cells. As-
suming the field strength along the pore to be constant,
Ca** would have to penetrate about one-third of the
transmembrane electric field to reach this binding site.
Note that instantaneous current-voltage relations at dif-
ferent Ca®" concentrations intersect the voltage axis at
the same value, the reversal potential for K*. No signif-
icant deviation of tail current reversal potentials from the
Nernst potential for K™ was observed at various gradients
of Ca®" (Table 3), indicating that currents are highly
selective for K* over Ca®* (see also Wegner & Raschke,
1994).

L a3+

Figure 8 shows current traces obtained with different
La®* concentrations and resulting current-voltage rela-
tions. The voltage dependence of inward currents was
modified by La®>" in a characteristic way, including a
shift of the ‘‘activation potential’’ (i.c., the potential be-
low which time-dependent currents could be discerned)
in the depolarizing direction and a slightly voltage-
dependent reduction of the slope conductance. Quanti-
tatively, the effect of La>* on the K* chord conductance
(Fig. 8C) could well be described by a shift of the open
probabilities to more positive potentials (expressed as the
shift of the voltage at which 50% of the channels are in
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the open state) and, simultaneously, an open channel
blockage according to the Woodhull model, combining
the Boltzmann terms in Egs. 1 and 2 (see Appendix).
The modification of channel gating could have been due
to changes of the surface potential near the voltage sen-
sor of the channel (Hille, Woodhull & Shapiro, 1975;
McLaughlin & Harary 1976). From the combined fit, we
obtained an electrical distance for the La>" blockage of
0.10+0.01 at 1 mm La®" and 0.07 £ 0.02 at 10 mm La**
(see Table 2). The validity of our approach could again
be tested by applying double-pulse protocols (Fig. 9).
Instantaneous current-voltage curves lacked the charac-
teristic “‘La**-shift’’ observed with steady-state relations
(compare Figs. 8B and 9B), indicating that this shift was
exclusively due to an effect on channel gating. The re-
versal potential after addition of La** remained close to
the Nernst potential of K*, a good indication that La**
had no effect on the selectivity of the inward rectifier and
did not pass through the pore. Like Ca®", La>" blocked
instantaneous currents at hyperpolarization in a voltage-
dependent manner. Applying the Woodhull model to
these data, we calculated an electrical distance of 0.09
for the La>* binding site (Fig. 10 and Table 2); that was
remarkably close to the values calculated from steady-
state conductances. It seems that La>" action can thus be
explained consistently by a masking of surface charges
and, at the same time, a binding of the ion to a site within
the electrical field of the plasma membrane.

Note, that La** was much more effective in blocking
the inward rectifier than Ca®" (see the dissociation con-
stants at 0 mV, Table 2).

Modulation of channel kinetics by La** was consis-
tent with this model of charge screening. The time
course of current deactivation could well be described
with a single exponential equation. The time constant
was voltage dependent (see Fig. 11), increasing with hy-
perpolarization. In the presence of La>", the 1-U relation
shifted to more positive potentials (Fig. 11) correspond-
ing to the shift of the voltage dependence of gating. This
means that the current deactivation is slowed down at a
given voltage (see inset). Turning to the activation ki-
netics, a similar shift of the T-U curve along the voltage
axis was observed for the fast time constant in most
experiments. This corresponds to a decrease of the time
constant (i.e., the activation was faster with La**, see
current traces in Fig. 5), resulting from the slope of the
T-U relation being positive.

Attempts to restore the current level before addition
of the blocker by perfusing the bath with La*-free so-
lution were only partly successful, probably due to re-
sidual La™*.

B a2+

The effect of Ba”* on inward K* currents is shown in Fig.
12. The experimental approach was similar to that for
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Table 2. Parameters characterizing the blockade of the K* inward rectifier by Ca®" and La™

10 mM Ca%* 40 mm Ca2* 1 mM La** 10 mm La** 1 mm La>*
) 0.37+£0.17 0.32+0.12 0.10+£0.01 0.07 £0.02 0.09 £0.01
Koy (M) >120 >120 2.63+£2.09 1.90+1.23 2.05£0.59
n 4 3 4 3

Characteristic parameters (8 = “‘electrical distance’” of the binding site, K,y = dissociation constant of
the ion at 0 mV) for the blockade of the inward rectifier by Ca®" (see Fig. 6) and La*" (see Figs. 8,9),
calculated from instantaneous current-voltage curves (columns 1, 2 and 5) and, for La*", from conduc-
tance-voltage curves (column 3 and 4). Data were obtained from experiments like the ones shown in Figs.
6, 8 and 9 by applying the Woodhull-model (Eq. 2) of voltage-dependent blockade. (Figs. 7, 10).

Table 3. Reversal potentials of tail currents at different Ca** gradients
across the plasma membrane

[Cal/um [Ca],/mMm E,./mV n Ex+/mV
1 0.1 -39; -36 2 -33.0
1 1 -31+£3 11 -33.0
1 10 -35%£5 8 —34.1
1 40 -32%2 3 -35.8
1 100 -39 1 -37.2
10 40 -35, —40 2 ~35.8

All ““tail’’ currents were recorded at standard K* concentrations (pi-
pette: 120 mwm; bath: 30 mwm). Slight variations in Eg+ result from
differences in the ion strength due to varying Ca®* levels in the bath.
Deviations of reversal potentials of the inward rectifier from the Nernst
potential of K™ were not significant.

Ca®" (as shown in Fig. 5). Barium ions blocked the in-
ward rectifier in a voltage-independent way (Fig. 12C).
To make sure that the interaction of Ba>" with the chan-
nel protein had reached a steady-state (compare Arm-
strong, Swenson & Taylor, 1982) when the pulse proto-
col was imposed (usually about 2 min after the final
concentration of Ba?" in the bath was established), volt-
age ramp experiments (slope: 117 mV/sec) were per-
formed before the pulse protocol was started and about 2
min after its completion. Current traces resulting from
both ramps were almost identical (not shown).

In Fig. 12D, a dose-response curve for the Ba®" ef-
fect on the K* inward rectifier is shown at —220 mV.
Data were fitted with a K, of 1.3 mm for Ba”*-action (see
continuous line).

Barium ions did not affect the kinetics of inward K*
currents. The block of these currents by Ba®" was, at
least, partly reversible (not shown).

Discussion

BrockAGE oF THE K INwarp RecTIFIER BY TEAY, Ba?*
AND La**

Inward currents in xylem parenchyma cells respond to
TEA' and Ba®*, two well-established blockers of K*

channels in the animal kingdom (Hille, 1992). Tetra-
ethylammonium seems to be quite an ineffective blocker
on plant cells in general, in contrast to many animal cells
(Ketchum & Poole, 1990) and has an especially low
affinity for the inward rectifier (see Fig. 3 and Colombo
& Cerana 1991; Blatt, 1992). KAT1, however, appears
to be slightly more sensitive to TEA™ (Schachtman et al.,
1992). The low affinity as well as the voltage indepen-
dence of the blockage in xylem parenchyma cells resem-
ble the characteristics of TEA™ action on the correspond-
ing guard cell conductance (Blatt, 1992). Barium ions
inhibit inward K" currents in xylem parenchyma cells
with a K, of about 1.3 mm (see Fig. 12C). This seems to
be in the same order of magnitude as observed with
guard cells (Schroeder et al., 1987) and the KAT1 ex-
pressed in oocytes (Schachtman et al., 1992).
Remarkably, the K* inward rectifier was also inhib-
ited by La®*. This demonstrates that La®>" is no specific
blocker of Ca®* channels in plant cells. Previously,
Terry, Findlay and Tyerman (1992) had already shown
that La** also partly blocks the outward rectifier in
Amaranthus protoplasts. In Chara, La*" is effective in
suppressing action potentials irreversibly and, likewise,
blocks K* and CI” channels (Tyerman, Findlay & Pater-
son, 1986; Smith, Walker & Smith, 1987; Beilby, 1990).
We did not study effects of organic K channel
blockers on the inward rectifier in xylem parenchyma
cells. Recently, Obermeyer, Armstrong and Blatt (1994)
have presented an elaborate study on the blockage of the
inward rectifier in guard cells by o-dendrotoxin.

MuLtirLE EFFECTS OF DI- AND TRIVALENT CATIONS ON
THE K™ INwARD RECTIFIER: INFERENCES WITH RESPECT TO
THE CHANNEL STRUCTURE

Each of the di- and trivalent cations tested in this study,
Ca®*, Ba®>" and La*", blocked inward K* currents, but
modifications of current-voltage relationships were such
that a different mode of action on the channel protein was
inferred for each of these cations.

In the case of Ca®" and La®*, the blockage became
more effective with a hyperpolarization of the mem-
brane. Woodhull (1973) studied the inhibition of the
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Fig. 8. (A) Whole-cell currents recorded at different La**
concentrations in the bath compared to currents at standard
conditions and after dilution of the ion by bath perfusion with
standard medium. The Ca®" concentration in the bath was kept at 1
mM. (B) Current-voltage curves from the data shown in (A); (@)
pretreatment; () 10 pum La®*; (A) 100 pm La*; (A) 1 mM La;
(@) 10 mmM La*". Simultaneous block and shift of the activation
potential leads to crossings of the curves. (C) Plot of the chord
conductance for K* as a function of the voltage for the same
experiment. Data were fitted with a combined Boltzmann equation
(see Appendix, Eq. A6). Fits are represented by continuous lines.
The fit parameters for this experiment were (La** concentrations in
brackets): S = 1.05 (=); 1.00 (10 pm); 0.96 (100 pm); 0.93 (1
mm); 0.93 (10 mm ); Uy, = ~197 (=); ~178 (10 pm); ~172 (100 pum;
—149 (1 mm); —137 (10 mM); Ky = 0.056 (10 pm); 0.056 (100
um); 1.074 (1 mm); 0.561 (10 mm); ;3 = 0.10 (10 um); 0.11 (100
um); 0.09 (1 mm); 0.06 (10 mm).
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Fig. 10. Semilogarithmic plot of the fraction of blocked to unblocked
channels vs. the clamped potential (compare Fig. 7) for 1 mm La* in
the bath. Data were obtained from instantaneous current-voltage curves
(Fig. 9). For this experiment, the electrical distance for La** binding
was 0.09, the binding constant at 0 mV was 2.64 mM.
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Fig. 11, Effect of La* on deactivation kinetics. The voltage depen-
dence of the time constant is shown at pretreatment (@) and after
addition of 0.1 (A) and ! mm La** (3). Inset: tail current (=70 mV) at
different La** concentrations in the bath. Note that voltages were not
corrected for changes in surface charge in the presence of La*. Lines
were drawn arbitrarily by eye.

Na* channel in frog nerve cells by protons and inter-
preted the voltage dependence of blockage in terms of an
interaction of the inhibitor with a binding site located in
the channel pore, within the electric field of the mem-
brane. The Woodhull model was also applied to giant
algal cells (Tester, 1988%) and to channels in the tono-
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Fig. 12. (A) Effect of Ba?* on the inward rectifier. Various concentra-
tions of Ba?* were applied to one protoplast clamped in the whale-cell
configuration and superimposed current traces recorded at each con-
centration level are shown. Hyperpolarizing stimuli were applied in
decrements of 20 mV (see potentials shown next to the traces). (B)
Current-voltage curves (current densities) obtained from the experi-
ment shown in A. (@) Pretreatment; (A) 1 mm Ba®™; (¢) 3 mu Ba®;
(C1) 10 mm Ba®"; (W) 30 mm Ba®; () 60 mm Ba®". (C) Plot of the
fraction of channels clocked by Ba®* (=inhibition) vs. the clamped
potential. Data from six protoplasts with 10 mm Ba" in the bath are
shown. (D) Dose-response curve (semilogarithmic) for Ba?" action
(five experiments). Fitting a continuous line to the data yielded a value
of 1.3 mm for the K,
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Apoplast Cytosol

Fig. 13. This model of the K* inward rectifier summarizes our obser-
vations concerning Ca®* action on the channel: Ca®* invades the chan-
nel from the bath side and interacts weakly with a binding site in the
pore. However, Ca?" is not translocated and does not act on the channel
from the inside (at least not in the range of concentrations tested here).

plast of higher plants (Weiser & Bentrup, 1993). Al-
though the model seems to have its limitations (see e.g.,
Eisenman & Horn, 1983; Draber, Schultze & Hansen
1992), it provides a means to derive information on the
channel structure from electrophysiological measure-
ments. Our view of the Ca®" action on the K* inward
rectifier, based on the application of the Woodhull model
to our experimental data, is depicted in Fig. 13. Calcium
ion enters the pore from the outside and interacts weakly
with a binding site in the pore (Table 2). However, it
seems not to pass the pore (Fig. 6), as the reversal po-
tential with respect to K™ was Nernstian (Table 3), and it
does not enter the pore from the inside either as long as
the concentration in the cytosol is kept at a physiological
level (Fig. 4). In this model, the selectivity filter of the
channel is located between the Ca®" binding site and the
cytosolic mouth of the channel; the value of 0.2-0.5 for
the electrical distance of the Ca®" blockage may be taken
as an indication that the selectivity filter is positioned
approximately halfway through the pore or beyond (with
bath side as a reference).

Changes in the current-voltage characteristics were
more complex when La>* was added to the bath. They
could be explained satisfactorily with a cooperation of
two ‘‘independent’” molecular effects: (i) a voltage-
dependent blockade similar to that by Ca*" (Fig. 9, com-
pare also Fig. 6) and (ii) a shift in the voltage depen-
dence of gating due to charge screening. The value for
the electrical distance of La®* blockage was 0.09,
whereas the one for Ca*" was about 0.2-0.5, indicating
that both ions were acting on different binding
sites. Lanthanum ion appeared to hardly enter the elec-
trical field of the membrane; probably it binds to the
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Fig. 14. Displacement of the voltage at which half of the channels are
in the open state (U, ,) for the inward rectifier after addition of La** to
the bath as a function of the La>" concentration (semilogarithmic plot).
Data from three experiments are shown as indicated by different sym-
bols. Uy, was obtained by fitting the voltage dependence of the chord
conductance in the presence and absence of I.a*>" as described in the
Appendix (see Fig. 8C). An apparent binding constant for La>* to the
membrane of 0.034 mM was estimated (see continuous line).

mouth of the channel. Lanthanum ion is excluded from
further penetration into the pore either as a consequence
of electrostatic repulsion due to the high charge density
of this ion or due to its high dehydration energy; for
translocation through K* channels, ions need to be partly
dehydrated (Yellen, 1987).

Further insight into the structure of the pore may be
obtained from the permeability sequence of the channel
and current-voltage relations in the presence of perme-
ating ions other than K*. Wegner and Raschke (1994)
determined a selectivity sequence for the inward rectifier
running K™ > Rb* = Cs* > Li" = Na*. This sequence was
obtained from reversal potentials of tail currents under
bi-ionic conditions. A comparison of instantaneous cur-
rent-voltage relations, however, indicated that Rb™ and
Li* would change places in a sequence based on the
conductance for these ions. This observation indicates
that the channels involved acted as multi-ion file pores
with several ions occupying the pore at different binding
sites at a time. For Ca?*, only one binding site was
found; probably this is because Ca®" has sole access to
the outer part of the pore and, hence, is excluded from the
occupation of additional sites that are located more
closely to the inner face of the membrane.

Besides blocking the pore, La>" caused a positive-
going shift in the voltage dependence of gating (Fig. 14).
A comparable effect, known as charge screening, is well
established for action potentials in animal cells (Gilbert
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& Ehrenstein, 1969; Hille et al., 1975) and has been
described for the K" inward rectifier in guard cells (Blatt,
1992; Fairley-Grenot & Assmann 1992b) in the presence
of elevated Ca®" concentrations in the bath. According
to the Guy-Chapman-Stern theory (McLaughlin, Szabo
& Eisenman, 1971), adsorption or binding of cations to
the outer membrane surface neutralizes negative charges
that contribute to the transmembrane potential. The volt-
age shift for gating observed with La** occurred at con-
centrations as low as 10 uwm (Figs. 8 and 14), whereas no
such effect was seen with Ca®* or Ba®", even if these ions
were applied at concentrations about 1,000-fold higher.
Charge screening in guard cells (Fairley-Grenot & Ass-
mann, 1992h) and nerve cells (Hille et al., 1975) is less
ion selective. The specificity of the effect in xylem pa-
renchyma cells indicates that charge screening is exclu-
sively due to binding of the ion, possibly to a domain of
the channel protein that is involved in voltage sensing.
Putative charge screening solely affected gating and had
no effect on the reversal potential of the tail currents
(Fig. 9).

The blockage of inward currents by Ba®* was volt-
age independent; obviously, this ion does not penetrate
into the channel pore. Binding seems to take place at a
domain exposed to the outer membrane surface. The es-
timated binding constant of 1.3 mm is likely to be an
underestimation, as the Ba®* concentration close to the
membrane surface is probably several times higher than
the concentration in the bulk phase.

A TeNTATIVE COMPARISON OF THE K™ INWARD RECTIFIERS
IN XYLEM PARENCHYMA CELLS AND IN GUARD CELLS:
EVIDENCE FOR A VARIATION AMONG K CHANNELS IN
DirrereENT CELL TyPES OF HIGHER PLANTS

Here, we compare properties of the inward rectifier in
guard cells, which has been studied extensively by sev-
eral groups (Schroeder et al., 1987; Schroeder, 1988;
Schroeder & Hagiwara, 1989; Blatt, 1992; Fairley-
Grenot & Assmann, 1992a,b), and, as far as data are
available, of KAT1 (Schachtman et al., 1992) with our
findings on a similar inward rectifier in xylem paren-
chyma cells.

Gating properties of all three rectifiers appear to be
analogous (Fig. 1 and Table 1). For the minimum gating
charge and the potential at which 50% of the channels are
in the open state, we obtained values for xylem paren-
chyma cells corresponding to those Blatt (1992) reported
for guard cells. In both cell types, gating seems to be
independent of the external K* concentration (compare
Fig. 2 with data from Schroeder (1988) on guard cells).
These observations seem to be in conflict with kinetic
properties in whole-cell recordings: the inward rectifier
in xylem parenchyma cells activated in a double-
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exponential manner (see also Findlay et al.,, 1994),
whereas Fairley-Grenot and Assmann (1993) report on a
single exponential time course in guard cells of Vicia
faba. However, the time course for the inward rectifier
is clearly multi-exponential in recordings on guard cells
from the same species presented by others (compare cur-
rent traces shown in Blatt (1992) (Fig. 14); Schroeder et
al., 1987). Activation kinetics was voltage dependent in
intact guard cells (Blatt, 1992), but not in protoplasts
(Fairley-Grenot & Assmann 1993). This variability, per-
haps resulting from different experimental conditions,
precludes a comparison of the kinetic properties of in-
ward rectifiers in different systems at present.

Furthermore, rectifiers in guard cells and xylem pa-
renchyma cells shared a sensitivity to TEA* and Ba**
with KAT1 (Schachtman et al., 1992).

Clearly, the inward rectifiers differed in their Ca**
dependence and selectivity. In guard cell protoplasts, K*
inward currents were strongly reduced if the internal free
Ca®* concentration was raised from 100 nm to 1.5 pm
(Schroeder & Hagiwara, 1989). No such effect was ob-
served in xylem parenchyma protoplasts (see Fig. 4).
Moreover, the inward rectifier in xylem parenchyma
cells appears to be less permeable to Ca®* than the one in
guard cells (compare reversal potentials of tails in Table
3 with data reported by Fairley-Grenot and Assmann
(1992b). A voltage-dependent blockage by externally
applied Ca?* seems to be common to both cell types (for
guard cells, see Busch, Hedrich & Raschke, 1990; Fair-
ley-Grenot & Assmann, 19925, for xylem parenchyma
cells, see Figs. 5, 6, 7 and Table 2). Although no detailed
study is available for guard cells yet, the affinity for
external Ca®" appears to be considerably higher than in
xylem parenchyma cells (see data shown by Busch et al.,
1990). Both channels also differed in their permeability
to Cs* (Wegner & Raschke, 1994). The selectivity of
KAT1 was found to be similar to that of guard cells
(Schachtman et al., 1992).

Conspicuously, properties related to channel gating
seem to be common to all K* inward rectifiers, while
channels differed in ion permeation, indicating a differ-
ent topology of the pore. Genetic studies will bring to
light whether the inward rectifiers form a gene family
with tissue-specific expression, as preliminary results in-
dicate (Schachtman et al., 1992), or if ‘‘fine-tuning”’ of
properties occurs on a post-transcriptional level (Jan &
Jan, 1990).

We admit that our studies on xylem parenchyma
cells and those of others on guard cells were performed
on different plant species. The possibility remains that
variations are those between plant species rather than cell
types. However, Fairley-Grenot and Assmann (1992a,b;
1993) compared K* currents in a dicot (V. faba) and a
monocot (Zea mays) with respect to control by Ca** and
found no differences between the K* inward rectifiers in
both species.
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CaLciuM AND THE ResorpTioN oF K* FROM THE
XYLEM SaP

Variations in External Ca®*

Though we could demonstrate an effect of the external
Ca?* concentration on the K inward rectifier, the effec-
tive concentrations were well above those that have been
reported to occur in the xylem sap, indicating that the
blockage by Ca®* is not of major physiological impor-
tance. Atkinson, Ruiz and Mansfield (1992) determined
Ca** concentrations in the exudation sap of various
monocots and dicots and obtained values ranging from
0.2 to 13.6 mm. Even at the maximum concentration
measured, currents would only be reduced by 10 to 20%
(see Figs. 5,6) and K* uptake into the xylem parenchyma
would hardly be affected. The inward rectifier in guard
cells is more sensitive to the external Ca®" concentration,
and circumstantial evidence has been obtained for a di-
rect response of K* uptake to varying Ca** concentra-
tions in the apoplast (Schwartz, 1985; Atkinson et al.,
1992). The differences between K* uptake mechanisms
in both cell types concerning external Ca** may be cru-
cial in physiological terms.

Variations of Internal Ca®*

In xylem parenchyma cells, potassium inward currents
seem to remain unaffected by the cytoplasmic Ca** con-
centration within the physiological range. This observa-
tion is of major importance, as Ca?* is known to act as a
second messenger in guard cells and regulates the K*
inward rectifier in these cells (Schroeder & Hagiwara,
1989). Signal transduction in xylem parenchyma cells
may be organized in a different way, meeting their dif-
ferent function within the plant.
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Appendix

The following formalism was developed to test the hypothesis that La>*
modulates inward K* currents by a combination of two ‘‘independent’’
molecular effects, namely a shift in the voltage sensitivity of the gate
due to a screening of surface charges and a voltage-dependent blockage
of the open channel within the electrical field of the membrane. It is
assumed that charge screening only affects channel gating and has no
bearing on ion permeation through the pore.

The K* chord conductance of the membrane resulting from cur-
rents passing through the inward rectifier can be described as follows:

G () =n*P, (U)*gmean (U) (AD

with n being the total number of channels, P, (U) being the open
probability and g,,... (U) being the mean conductance of all channels
in the open state.

The open probability of the inward rectifier can be described with
the following Boltzmann term:

P(U) = V(1 + exp[8,ueF{ Uy, — UYRT]) (A2)

(Bgare = minimum equivalent gating charge, U, = voltage where 50%
of the channels are in the open state; F, R and T have their usual
meaning). The mean conductance of the open channels is a product of
the unitary conductance g and the fraction of channels that is in the
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unblocked state (i.e., without binding of La*"). The unitary conduc-
tance is supposed to be ohmic:

Smean (l]) = g*(l - Rb(w) (A3)
with R,(U) being the fraction of channels blocked by La**. The rela-
tion of blocked to unblocked channels is expressed by the following
relation according to the Woodhull model (Woodhull, 1973):

R/(1 = R,) = ay 3/ Koy *exp(—0, 3+ zZFU/RT) (A4

(Komy = dissociation constant for La** at 0 mV, § 3 = electrical
distance of the binding site for La®*, a; 3+ = La>" activity; z, F, R and
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T have their usual meaning.) Inserting (A4) in (A3) and rearranging
results in:

g
8mean = 1+ aLa”/KOmV* exp(—SLa3+zFU/RD

(A5)

Inserting (A5) and (A2) into (A1) renders an expression for the voltage
dependence of the K* chord conductance:

n* g
GK‘(U) = (A6)
(1 + exp[agateF{Ul/z - U}/RT]) ®

(1 + ap /K,y # expld, 2-zFU/RTY)




