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Abstract. Plant growth requires a continuous supply of
intracellular solutes in order to drive cell elongation. Ion
fluxes through the plasma membrane provide a substan-
tial portion of the required solutes. Here, patch clamp
techniques have been used to investigate the electrical
properties of the plasma membrane in protoplasts from
the rapid growing tip of maize coleoptiles. Inward cur-
rents have been measured in the whole cell configuration
from protoplasts of the outer epidermis and from the
cortex. These currents are essentially mediated by K+

channels with a unitary conductance of about 12 pS. The
activity of these channels was stimulated by negative
membrane voltage and inhibited by extracellular Ca2+

and/or tetraethylammonium-CI (TEA). The kinetics of
voltage- and Ca2+-gating of these channels have been
determined experimentally in some detail (steady-state
and relaxation kinetics). Various models have been
tested for their ability to describe these experimental data
in straightforward terms of mass action. As a first ap-
proach, the most appropriate model turned out to consist
of an active state which can equilibrate with two inactive
states via independent first order reactions: a fast inacti-
vation/activation by Ca2+-binding and -release, respec-
tively (rate constants >>103 sec−1) and a slower inacti-
vation/activation by positive/negative voltage, respec-
tively (voltage-dependent rate constants in the range of
103 sec−1).

With 10 mM K+ and 1 mM Ca2+ in the external so-
lution, intact coleoptile cells have a membrane voltage
(V) of −105 ± 7 mV. At thisV, the density and open
probability of the inward-rectifying channels is sufficient
to mediate K+ uptake required for cell elongation. Ex-
tracellular TEA or Ca2+, which inhibit the K+ inward
conductance, also inhibit elongation of auxin-depleted

coleoptile segments in acidic solution. The comparable
effects of Ca2+ and TEA on both processes and the sim-
ilar Ca2+ concentration required for half maximal inhi-
bition of growth (4.3 mM Ca2+) and for conductance (1.2
mM Ca2+) suggest that K+ uptake through the inward
rectifier provides essential amounts of solute for osmotic
driven elongation of maize coleoptiles.
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Introduction

Extension of plant cells is limited by mechanisms which
achieve loosening of the cell walls but also by those
processes which supply solutes for a sufficient turgor
pressure to drive cell expansion (Cosgrove, 1986). The
effects of extracellular ions to stimulate (monovalent cat-
ions) or inhibit (divalent cations) elongation of grass co-
leoptiles (Cooil & Bonner, 1957; Tagawa & Bonner,
1957), stress that ion-specific processes are involved ei-
ther in the mechanism controlling wall loosening and/or
in those supplying solutes for osmotic driven elongation.
Interpretation of the cation effects on the background of
ion interactions with wall-loosening mechanisms have
focused on the differential ability of ions to soften (e.g.,
K+) or stiffen (e.g., Ca2+) the mechanical properties of
the cell wall (Cooil & Bonner, 1957; Tagawa & Bonner,
1957) or on the effect of Ca2+ to promote wall loosening
acidification (Cleland & Rayle, 1977).

The different effects of mono- and divalent cations
on coleoptile elongation can also be explained on the
basis of ion-specific modulations of solute uptake re-
quired to drive expansion. Net K+ uptake into coleop-
tiles directly correlates with tissue elongation (Haschke
& Lü ttge 1973, 1975) and underlines that K+ uptake is a
major source for osmotica necessary for turgor mainte-Correspondence to:G. Thiel
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nance. Furthermore, judging from the sensitivity ofV to
the concentration of extracellular K+ ([K+]o), the relative
K+ conductance of the plasma membranes of coleoptile
cells is high and decreases as the concentration of exter-
nal Ca2+ ([Ca2+]o) is increased (Nelles & Mu¨ller 1975;
Nelles 1976). Hence, the stimulating effect of [K+]o on
elongation could be interpreted as result of increased K+

uptake and a subsequent rise in turgor. The inhibition of
growth by [Ca2+]o would accordingly be caused by a
reduction of K+ uptake.

In the present investigation, we have studied the
electrical properties of the plasma membrane of proto-
plasts from coleoptile cortex tissue and from the outer
epidermis. The passive transport properties of the
plasma membrane are dominated by an inward rectifying
K+ channel, which can serve — in conjunction with an
energizing H+ ATPase — as device for K+ uptake. We
found similar inhibitory constants of [Ca2+]o in the mil-
imolar range both for growth inhibition and for K+-
inward conductance. This finding supports the idea that
[Ca2+]o inhibits cell elongation of coleoptiles by block-
ing the main pathway for K+ uptake in osmotically rel-
evant amounts.

To understand the crucial experimental data of in-
ward K+ currents on physiological grounds, their char-
acteristics with respect to [Ca2+]o dependency and time
course of voltage-dependent changes in activity have
been analyzed in more detail. As a first approach, the
data are consistently described by a straightforward mass
action model (with a unique set of parameters) for acti-
vation/inactivation kinetics of the main K+ conductance
with respect to [Ca2+]o, V and time.

Materials and Methods

PROTOPLASTPREPARATION

Protoplasts from the coleoptile of maize (cv, mutin; KWS Saatzucht,
Einbeck, Germany) seedlings (4–6-days old) were prepared under con-
ditions of minimalized proteolysis as described previously (Diekmann,
Venis & Robinson, 1995). In short, 10-mm-long coleoptile tips were
separated from the primary leaf and from the coleoptile apex (3–5 mm).
The tissue was vacuum-infiltrated with the enzyme mixture for 15 min
and then incubated for 3 hr on a shaker. The enzyme mixture contained
1.5% (w/v) cellulase Onozuka RS (Yakult Honsha, Tokyo, Japan),
0.1% (w/v) pectolyase Y-23 (Seishin, Tokyo, Japan), 0.5% (w/v) ma-
zerozyme Onozuka R10 (Yakult Honsha, Tokyo, Japan), 10 mM Na-
ascorbate, 2% (w/v) BSA-fraction 5 (Sigma) and 0.5M sorbitol).

ELECTRICAL

Tight seal (1–10 GV), whole cell and single channel measurements
were made as described by Hammil et al. (1981). Protoplasts were
bathed in a solution containing ( in mM): 500 sorbitol, 20 Mes (2[N-
morpholino]ethanesulfonic acid) /KOH, pH 6.1, giving a K+ concen-
tration of 10. Different amounts of CaCl2 were added as indicated.
The standard pipette solution contained (in mM): 175 K-glutamate, 10

KCl, 5 MgCl2, 4 Na2-ATP, 150 sorbitol, 20 Hepes (N-[2-
hydroxyethyl]piperazine-N8ethanesulfonic acid)/ KOH, pH 7.5 and 100
µM EGTA. The reference electrode (filled with same electrolyte as
patch electrode) was connected with the bathvia a salt bridge (100 mM
KCl in 2% Agar).

Liquid junction voltages were determined for individual combi-
nations of solutions andVs corrected accordingly (Neher, 1992). For
the calculation of equilibrium voltages and cytoplasmic activities the
activity coefficients given by Robinson and Stokes (1968) were taken
into account.

Whole cell and single channel currents were measured with an
EPC-7 amplifier (List Electronic, Darmstad, FRG) interfaced (Tl-1
DMA interface) with an analog digital converter and recorded directly
on a microcomputer (sampling rate 400 Hz for whole cell currents, 5
kHz for single channel currents). Data acquisition and clamp voltage
control was obtained through a microcomputer via the pCLAMP hard-
ware and software facilities (Axon Instruments, Foster City, CA). The
membrane voltage of protoplasts was measured with the patch clamp
amplifier in the current clamp mode (I 4 0) immediately after achieving
the whole cell configuration. To measureV of intact coleoptile cells,
coleoptile segments (without primary leaf and apex) were mounted
horizontally in a perspex chamber after preincubation on distilled water
for 1 hr. Cells of the outer epidermis were impaled with a conventional
microelectrode containing the same solution used in patch electrodes
for whole cell measurements (seeabove). A reference electrode con-
taining the same electrolyte as the voltage recording electrode was
connected via a salt bridge (100 mM KCl in 2% Agar) with the bath.
The electrodes tip-potential in the bath solution (about −10 mV) was
compensated to zero before impalement. The voltage between the cell
interior and a reference electrode in the external perfusion solution (in
mM: 20 Mes /KOH, pH 6.1 and 1 CaCl2) was recorded with a voltage
amplifier (µP, Wye Science, UK).

Protoplast diameters were measured with an eyepiece microme-
ter, and the surface area was calculated assuming a spherical shape.

COLEOPTILE ELONGATION

Approximately 10-mm-long segments of the coleoptile tip were iso-
lated in the same way as for protoplast preparation. After gently abrad-
ing the cuticle with diatomaceous earth, 5 segments per treatment were
thread on a stainless steel rod and stored for 1 hr in distilled water for
depletion of endogenous auxin. Following this preincubation, seg-
ments were transferred to the test medium (15 ml) containing 2 or 10
mM K-acetate (titrated with acetic acid to pH 5) and tetraethylammo-
nium-Cl (TEA) or different concentrations of CaCl2. For elongation
measurements, coleoptile cylinders were magnified 30 times on an
overhead projector and the projection measured directly before and 6 hr
after incubating coleoptiles in test solution in the dark on a shaker.

MODELS USED

The chord conductance (activity) of the investigated K+ inward rectifier
is voltage-sensitive per definition and turned out to be inhibited by
[Ca2+]o. These qualitative properties can be expressed by three differ-
ent models of mass action which can be distinguished quantitatively:

Parallel: Ic − A − Iv

Serial1: A− Ic − ICv

Serial2: A− Iv − IvC

HereA means the active form of the K+ transporter with a max-
imum linear conductanceGmax; IC is the inactive form which results
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from binding of Ca2+ to the active form: thusIC 4 A[Ca2+]/KIC, with
KIC being the inhibition constant for inactivation by Ca

2+; correspond-
ingly, Iv is the inactive form which results from the voltage-sensitivity,
where thecoefficient for the (exponential) effect ofvoltage isCv 4

exp(du) with d being a weighting factor for the normalized membrane
voltageu4 VF/(RT), whereR, TandF have their usual thermodynamic
meanings. ThusIv 4 ACv/KIv with KIv being the inhibition constant for
inactivation by voltage. In theserial model1 the Ca2+-blocked stateIC
can be converted into another inactive stateICV by a voltage–sensitive
transition. Correspondingly, the voltage inhibited stateIV in serial
model2, can change into another inactive stateIVC by Ca2+ binding.
In these terms, the steady-state conductances of the three models are:

Parallel: G 4 Gmax/(1 + [Ca]/KIC + CV/KIV) (1a)

Serial1: G4 Gmax/(1 + [Ca]/KIC(1 + CV/KIV)) (1b)

Serial2: G4 Gmax/(1 + CV/KIV(1 + [Ca]/KIC)) (1c)

Since in our first approachd did not turn out to differ significantly
from 1, it will be more convenient in several places to substitute the
expressionCV/KIV by exp(u − u8), whereu8 4 In(KIV).

For the description of the time course of the current changes upon
voltage steps, individual rate constantskA for activation andkI for
inactivation have to replace the equilibrium constantsKI 4 kI/kA. In our
case, the rates for Ca2+-binding and debinding were too fast to be
resolved in time; thus, only the voltage-sensitive reactionskI and kA
were reflected in the main current relaxations which could be described
with one single exponential due to the conductance changeG(t) 4 G0

+ DG(t), whereG0 is the steady-state conductance before the voltage
step,DG(t) 4 DG`(1 − exp(kt)), DG` 4 G` − G0 is the difference
between the final steady-state conductanceG` andG0, and the velocity
constantk4 kI + kA. Thus, upon a voltage step fromV0 to V, the time
course of the current through a transporter with the equilibrium voltage
E would beI(t) 4 I0 + (V − V0) DG(t), whereIo 4 G0(V0 − E) is the
steady-state current atVo. The target voltageV determines not only the
newG 4 Gmax/(1 + kI/kA)) but also the velocity constantk 4 kI + kA of
the relaxation.

Voltage-sensitivity enters the system by the expressionskI 4 kI
0

exp(d,u) andkA 4 kA
0 exp(dAu), where the superscript0 denotes the

value of the respective rate constant at zero voltage. The weighting
factorsdA = znDd and dI 4 znD(d − 1) comprise the number,n, of
moved particles with the chargez,which overcome an Eyring barrier
during the switching process; the peak of the Eyring barrier is located
at the distanced (0 < d < 1) of the effective fractionD (0 < D < 1) of
the voltage drop across the membrane. The fits did not significantly
improve fords different fromdI 4 0.5 anddA 4 −0.5. This can be
attributed to a symmetric Eyring barrier (d 4 0.5) and simple unity for
z, n, and D, although larger (integer) values ofz and/or n with a
corresponding smallerD are possible, if not even more likely.

NUMERICAL PROCEDURES

For analysis of a full experiment, typically 14 current traces of 2-sec
duration with sampling intervals of 0.0025 msec (800 data points) were
available for 4 different [Ca2+]o. Steady-state currents were taken from
at least 10 data points at the end of a trace after at least five times of
the relaxation time had passed.

For computing economy in fitting the time courses of the cur-
rents, the 800 data points per tracing have been reduced to 17 in a
logarithmic scale, taking the first two data points individually, the
second ones as means of two original current readings, the third two
reduced points as means of four original points and so on. Data points
during about the first msec (6 data points) have been omitted for the fits
because they were usually contaminated with an uncompensated frac-

tion of capacitive currents. For presentation purposes, the original data
points are shown by their full number, and the fitted curves start from
time zero.

Results

COLEOPTILE ELONGATION

Elongation of abraded and auxin-depleted maize coleop-
tile segments in acidic medium was measured in re-
sponds to extracellular CaCl2 and TEA. Figure 1 shows
that [Ca2+]o ù1 mM inhibits segment elongation in a
concentration dependent manner. Adding 10 mM CaCl2
to a nominally [Ca2+]o free solution decreases the rate of
elongation to 34% in 10 mM K-acetate solution. Elon-
gation of coleoptile segments was also inhibited when
the K+ channel inhibitor TEA was added (20 mM) to the
nominally [Ca2+]o free test solution. The remaining rate
of elongation was 45% compared to the control.

MEMBRANE VOLTAGE OF INTACT COLEOPTILE CELLS AND

OF PROTOPLASTS FROMMAIZE COLEOPTILES

To measureV of intact coleoptile cells, cells of the outer
epidermis were impaled with a conventional voltage re-
cording electrode. In a bathing solution containing 10
mM K+ and 1 mM Ca2+ a stableV of −105 ± 7 mV
(number of experiments,N 4 5, ± SD) was measured.
For comparison,V was also measured in protoplasts im-
mediately after achieving the whole cell configuration.
In 18 protoplasts bathed in a solution also containing 10

Fig. 1. Effect of CaCl2 and TEA on elongation of abraded maize
coleoptile segments. After preincubation for 1 hr in dest. water, seg-
ments were incubated in 10 mM K-acetate buffer, pH 5 without
(<0.0001 mM) or with addition of various concentrations of CaCl2 (d)
or 20 mM TEA (L). Rate of elongation determined from the difference
in coleoptile length before and after 6 hr in acid medium. Mean ±SD of
4 experiments.
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mM K+ and 1 mM Ca2+ (compare intact cells) a meanV
of −53 ± 22 mV (range: −33 to −121 mV) was measured.

WHOLE CELL MEMBRANE CURRENTS

Figure 2A,B shows membrane currents (I) of two pro-
toplasts from the outer epidermis of maize coleoptiles.
In these cases an anatomical identification of the proto-
plasts was possible because of visible anthocyanin red
staining of the vacuoles. In cross-sections of maize co-
leoptiles such anthocyanin stained vacuoles are present
only in the outer epidermis. When bathed in experimen-
tal solution containing low CaCl2 (here 1 mM) negative
steps of clamp voltages evoked a dual current response.
An instantaneous current response was followed by a
slow rising second component. In the present case (Fig.
2A), the time for half maximal current of the slow re-
sponse was 135 msec at −140 mV and decreased with
negativeV to 79 msec at −190 mV. The overall steady-
state current/voltage (I/V) relation (including both com-
ponents) is characterized by pronounced inward rectifi-
cation (Fig. 2C). Another example is treated below in
more detail.

When protoplasts from the outer epidermis were
bathed in the same solution but containing high CaCl2

concentrations (here 10 mM) the inward current was
much smaller; in particular the slowly rising inward cur-
rent seen in low CaCl2 was absent. The resulting steady-
stateI/V relation was essentially linear over theV range
tested.

The sensitivity of the inward current toV and
[Ca2+]o was characteristic for all the protoplasts from
coleoptiles investigated. The standard deviation of the
steady-state currents (V ø −60 mV) from the bulk of
anatomically nonspecified protoplasts tested is shown as
shaded area in Fig. 1C andD. The electrical character-
istics of the classified epidermis protoplasts fall into the
range of theI/V relations obtained for the bulk of the
protoplasts investigated in low and high CaCl2 (Fig. 1;
Table 1). Some of the nonspecified protoplasts con-
tained proplastids. Because proplastids are present in
cortex cells of the coleoptile but not in epidermis cells
(Hinchman, 1972), protoplasts with visible proplastids
were considered to originate from the cortex. Compar-
ing the inward conductances (in 1 and 10 mM CaCl2) of
these protoplasts with those from epidermis protoplasts

Fig. 2. Effect of extracellular CaCl2 on whole cell inward currents and steady-state current-voltage relations in protoplasts from maize coleoptiles.
Currents elicited by hyperpolarizing steps in protoplasts from the outer epidermis bathed in standard solution (in mM): 500 sorbitol, 20 Mes/KOH
pH 6.1 containing either 1 mM (A) or 10 mM (B) CaCl2. Text voltages ranged from +10 to −190 mV (A) or from 0 to −200 mV (B) from a holding
voltage of −5 mV; current zeros indicated on left. (C,D) steady-stateI/V relations from current recorded at end of the test pulses (mean over final
50 msec at test voltages) inA (s) andB (d). Shaded areas represent standard deviation of steady-stateI/V relations obtained from nonspecified
protoplasts in 1 mM CaCl2 (C) (N 4 13) or 10 mM CaCl2 (D) (N 4 10). Mean currents obtained by linear interpolation of individualI/V plots.
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showed no significant difference between both protoplast
types (Table 1).

K+ SELECTIVITY OF INWARD RECTIFIER

To determine the substrate of the inward rectifier, the
whole cell currents were measured in the presence and
absence of the K+ channel inhibitor TEA in the external
solution. Figure 3 shows that the slow rising inward cur-
rent obtained in the absence of the inhibitor was abol-
ished in the presence of the K+ channel inhibitor leaving
an essentially linear, background conductance.

For determination of the reversal voltage of the in-
ward rectifier, tail current relaxations were recorded
(Fig. 4). For this procedure, the inward rectifier was first
activated by 1.5-sec-long voltage steps to −180 mV in
solutions containing 10 and 50 mM K+. In subsequent
deactivating voltage steps the current relaxation was de-
termined as the difference between the current just after
start of the deactivating voltage step and the steady-state
current reached within 1 sec. These tail currents re-
versed at −63 ± 12 mV (N 4 7) in 10 mM K+ and −25 ±
2 mV (N4 3) in 50 mM K+. For comparison, the Nernst
K+ reversal voltages calculated from the cytoplasmic K+

activity (131 mM, activity coefficient,d: 0.73) is −67 mV
and −29 mV for an extracellular K+ activity of 9.5 mM (d:
0.95) and 42 mM K+ (d: 0.84) respectively.

INWARD RECTIFIER AND TIME-AVERAGED I/V RELATION OF

SINGLE CHANNEL CURRENTS

Figure 5 shows traces of single channel current fluctua-
tions in the plasma membrane of coleoptile protoplast
recorded in the cell attached configuration with 140 mM

KCl, 5 mM Hepes/KOH, pH 7.5 as pipette electrolytes.
To determine the unitary open channel conductance and

Table 1. Impact of extracellular Ca2+ concentration ([Ca2+]0), of cell type and of the concentration of the Ca2+ buffer EGTA in pipette medium
on membrane conductance

Pipette: 100mM EGTA 4 mM EGTA

Cell type: Nonspecified Outer epidermis Cortex Nonspecified

Column A B C D E F G

[Ca2+]o/mM 1 10 1 10 1 10 10
G/Sm2 0.96± 0.8 0.12± 0.08 0.86± 0.37 0.15± 0.14 0.75± 0.78 0.14± 0.09 0.09± 0.07
N 13 10 4 3 5 4 3

Significance/ % B4 A: 98 C4 A: 20 D4 B; 37 E4 C: 19 F4 D: 8 G4 B: 39

Conductance (G 4 (i−180 mV− i−70 mV)/110 mV) measured from cells bathed (in mM): 500 sorbitol, 20 Mes/KOH pH 6.1 with either 1 or 10 CaCl2

in external solution. Currents determined by linear interpolation fromI/V plots. Data grouped by cell types: outer epidermis (anthocyanin red stained
protoplasts; columnC,D), cortex (protoplasts with proplastides, columnE,F) and nonspecified cells (cells without anthocyanin red staining including
cortex cells; columnA,B,G). Conductance obtained either with 100mM or 4 mM EGTA in pipette solution. For selected pairs of interest the
confidence limit (in % from Studentt-test) is given for hypothesis that two columns are different.

Fig. 3. Inhibition of inward rectifier by extracellular TEA. Whole cell
inward currents elicited in absence (A) and presence (B) of 20 mM TEA
in extracellular solution (mM: 500 sorbitol, 20 Mes/KOH pH 6.1, 1
CaCl2 and 40 K-gluconate) by clamping the membrane to voltages
between +20 and −205 mV from −55 mV as holding voltage. Steady-
stateI/V relation (mean over final 50 msec at test voltages) in absence
(s) and presence (d) of TEA plotted inC.
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the open probability at different voltages all-point histo-
grams were plotted from 10-sec-long current recordings
(Fig. 5 right panel). With a minimum of three channels
of the same conductance present in the patch the histo-
grams were fitted byø4 Gaussians. The unitary open
channel current was obtained from the difference be-
tween the distribution peaks. The open probability,Po,
was calculated from the relative areas of the Gaussians
assuming three channels in the patch (Bertl & Slayman,
1990). The data for the unitary open channel current and
for the open probability are plotted in Fig. 6. The linear
I/V relation of the open channel currents (12 pS conduc-
tance) extrapolates to a reversal voltage of about −15
mV. Such an extrapolated reversal voltage would be

measured for a K+ permeable channel if the cytoplasmic
K+ activity was 178 mM.

A time-averaged open channel current (unitary open
channel current *Po) reflects the steady-state whole-cell
current-voltage relation obtained in low [Ca2+]o (Fig. 6).
The time-averaged open channelI/V relation can be de-
scribed with the same function and parameters used to fit
the steady-stateI/V curve from whole cell currents
(Model parallel a, see below,Fig. 7).

CURRENT INHIBITION BY Ca2+

To test whether the inhibition of the K+ inward rectifier
in high CaCl2 was due to [Ca2+]o or Cl

−, [Ca2+]o was

Fig. 4. Deactivation (‘tail’ currents) current-voltage relation in 10 and
50 mM K+. Tail currents recorded in whole-cell mode in protoplasts
form maize coleoptiles bathed (in mM): 500 sorbitol, 20 Mes/KOH pH
6.1 (A, 10 K+) and after addition of 40 K-gluconate (B, 50 K+). Inward
rectifier first activated by 1.5-sec long voltage steps to −180 mV and
subsequently deactivated at test voltages between −17 and −137 mV
(A) and between +22 and −128 mV (B). Current relaxation between
current just after start of the deactivating step and the steady-state
current reached within 1 sec are plotted in (C) for 10 mM K+ (s) and
50 mM K+ (d).

Fig. 5. Single channel currents with unitary conductance of 12 pS
underly K+ inward rectifier. Stimulating effect of negativeV on activity
(left panel). Channel activity in the plasma membrane measured in
cell-attached configuration (pipette solution, in mM: 140 KCl, 5 Hepes/
KOH, pH 7.5, protoplast bathed in 500 sorbitol, 0.5 CaCl2 and 20
Mes/KOH pH 6.1). Membrane voltage (numbers on the left) as the sum
of holding voltage andV of the protoplasts, measured at the end of
channel recording upon achieving whole cell configuration. All point
histograms (right panel) obtained from 10-sec long recordings at test
voltages. Peaks around 0 pA represent baseline noise (4 time with all
channels closed). Other peaks represent the open channel current for up
to 3 channels open. Numbers on the right common scaling for channel
current recordings and histograms with 0 for channels closed.
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increased in one protoplast from 0.5 to 5 mM by adding
Ca-gluconate instead of CaCl2. The resulting inhibition
was comparable to that obtained in CaCl2; it shows that
[Ca2+]o is responsible for the effect (Fig. 9).

Inhibition of the inward rectifier by extracellularly
added Ca2+ could be due to a direct Ca2+ block from the
extrafacial side. Alternatively, Ca2+ may act from the
cytoplasmic side as a consequence of an indirect increase
of cytoplasmic Ca2+ activity. To test the latter possibil-
ity, the internal Ca2+ buffer concentration was increased
by adding 4 mM instead of 100µM EGTA to the pipette
solution. With this higher concentration of the Ca2+

chelator EGTA in the pipette solution the total Ca2+ con-

centration in the cytoplasm would have to increase 24
times more in order to produce a rise in Ca2+ activity
comparable to that with the low buffer concentration
(Föhr et al., 1992). Protoplasts dialyzed for more than 20
min with the higher Ca2+ buffer concentration in the
pipette showed in 10 mM [Ca2+]o the same linearI/V
relation as those tested with the lower buffer concentra-
tion (not shown). There was no significant difference in
the conductance measured in cells with different Ca2+

buffer load (Table 1).

KINETICS

The observed phenomena of [Ca2+]o-modulated inward
conductance for K+ have been analyzed in reaction ki-
netic terms. For the superposition of the effects of
[Ca2+]o and V, three models have been introduced in
Materials and Methods. These three models have been
subdivided again (submodela-c), with respect to the de-
gree of voltage-sensitivity.

Submodela reflects the simplest situation with a
symmetric Eyring barrier (d 4 0.5) over the entire mem-
brane voltage (D 4 1), for the voltage-sensitive gating
reaction of movement of one (n 4 1) particle with the
charge number +1 (z4 1); in this modeldA 4 −0.5 anddI
4 −0.5 (dI − dA 4 dV 4 1) are fixed numbers, resulting in
an ‘‘Nernstian’’ conductance change by a factor 10 per
59 mV voltage change.

In submodelb, this relationship (dV 4 1) is not fixed;
but sub- and super-Nernstian slopes are allowed.
Although this model appears to be more realistic, it did
— compared to modela — not provide a significantly
improved description of the data.

Fig. 6. Single channel current-voltage relation, open probability-
voltage relation and time averaged open channel whole cell relation of
cell-attached single channel measurements. From the Gaussian distri-
butions of all point histograms (Fig. 5) the open channel current (A)
was determined as the difference between the peak means of closed and
open channel current distribution. Open probability (B) determined
from relative areas under the Gaussians corresponding to closed state
and open levels of 3 channels in the patch. The time averagedI/V
relation (C) obtained as product (I* P0) of the open channel current in
A and the open probability inB. The line in (C) is drawn according to
modelparallel a with a gating voltageVga 4 −156 mV (cf. Table 3).

Fig. 7. Steady-stateI/V curves of plasma membranes of coleoptile
protoplasts exposed to various concentrations of Ca2+ in the bath. Ex-
ample of measurements and fits; external solution (in mM): 0.1–5.0
CaCl2 as marked, plus 500 sorbitol, 20 Mes/KOH pH 6.1 (410 K+);
points measured in whole cell configuration as steady-state currents
upon voltage steps from holding voltage of −30 mV; curves fitted by
parallel model a with fixeddV 4 1 anddC 4 0, plus fittedGmax4 4.9 nS,
Gb 4 0.4 nS,Vga4 −121 mV, andKIC 4 0.24 mM CA2+; MEAN |IMEAS −
IFIT| 4 24 PA.
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Submodelc was used to examine whether the Ca2+

block has a voltage-sensitivity of its own, of the formICV
4 A[Ca2+]exp(dCu)/KIV. In the corresponding fits,dV
was fixed to 1.0 anddC was allowed to vary.

The nine models were fitted to each set ofI/V-curves
from an individual protoplast by a least-squares proce-
dure yielding a mean deviationIMEAS − FIT, as a measure
for the quality of the fits. Free parameters were the two
inhibition constantsKIC andKIV for the effects of [Ca

2+]o
andV, a maximum conductanceGmax of the main K+

transporter under investigation, a background conduc-
tanceGb, dV in modelsb anddC in modelsc. For the
global analysis of all data sets from protoplasts of vari-
ous size,Gmax was related toGb by the a ratioR 4
Gmax/Gb. For evaluation of the fits, the relative errors
were multiplied by the number of free parameters (three
for modela, namelyKIV, KIC andR; and four for models
b andcwheredV respectivelydCwere fitted in addition).
These products served as a measure for the quality of the
model description, and were related to the best case
(modelparallel a: 100%). It should be mentioned, that
for the fits the equilibrium voltage of the background
conductance,Eb, was usually fixed at the resting voltage
(Vr about −40 mV), and that fits with a floatingEb did
not result in a better description but converged toEb ≈ Vr
with an accuracy of 10 mV.

The results of the global analysis are listed in Table
2, and can be summarized as follows: (i) Theparallel
model is more appropriate throughout (small mean errors
and little variation) than either of the two serial models
(about 2-fold mean errors and much wider variation).
(ii) Therefore, a reasonable discussion of the submodels
a, b and c can only apply for theparallel model. (iii)

Comparison ofparallel a and parallel b shows, that a
freedV as an additional fit parameter (submodelb) does
not improve the quality of the fit compared with a fixed
dV4 1 (submodela); thereforedV4 1 can be taken as fair
approximation at this level of analysis. (iv) With the
modelparallel c, the resultingdC does not differ signif-
icantly from zero; hence, the assumption of voltage-
gated Ca2+ block is not supported by the results, and the
simplest modelparallel a (with three fitted parameters)
can be used as a good approach.

An example of a set of experimental steady-state
data and fitted curves using the modelparallel a is
shown in Fig. 7; the numerical model parameters for this
example are given in the legend to Fig. 7. Average pa-
rameters from these steady-state kinetics are listed in
Table 3 together with an example of absolute rate con-
stants for voltage-controlled activation (kA) and inactiva-
tion (kI), as obtained by fitting the time courses of the
current responses upon negative voltage steps (Fig. 8).

In principle, the model with the fitted parameters
describes not only the activation kinetics of the inward
rectifier upon negative voltage steps but also the time
course of the inactivation upon positive voltage steps.
Traces of these kinetics can be identified in Fig. 8 in the
upper left corner, where the fitted curves for positive
voltage steps (e.g., from the holding voltage −40 to +90
mV) display fast relaxations,I(t) 4 Io e

−kt, e.g., for a step
fromV8 4 −40mV toV4 90mVwithk(90 mV)4 kA(90 mV)
+ kI(90 mV) 4 kA

0e−u/2 + kI
0eu/2 4 (0.45/5.8 + 130

*5.8)sec−14 753 sec−1, corresponding to a time constant
t 4 1/k of 1.3 msec and a small current amplitudeI0 4
A(−40 mV)Gmax(V−V8), withA(−40 mV)<0.01. These current
relaxations (‘‘tail currents’’) are too small to be resolved
in the measurements with the much larger capacitive
current transients superimposed.

Fits of the analyzed current relaxations for activation
might look much nicer, if each tracing had been de-
scribed by an individual exponential function with its
own set of coefficients; however, the large number of
fitted parameters would render such an approach inferior
to our approach of describing as many as possible phe-
nomena by as few as possible model parameters. In this
context, it should be mentioned, that in high concentra-
tions (about 10 mM) of [Ca2+]o, the inward currents were
too small to be fitted well by the simple model within an
entire ensemble ofI/V curves from (lower) [Ca2+]o.
Since these deviations point to extra processes which are
not investigated here (i.e., Ca2+ induced inhibition of
background conductance), the corresponding data (which
are not very impressive anyway because of their insig-
nificant amounts) are not shown here in detail.

CORRELATION BETWEENCa2+-EVOKED BLOCK OF

K+-INWARD RECTIFIER AND COLEOPTILEELONGATION

To compare the Ca2+-evoked inhibition of the inward
rectifier and the Ca2+-evoked inhibition of coleoptile

Table 2. Resulting global errors from fitting various models to 4 sets
of I/V curves recorded with different [Ca2+]o

Model Mean deviation
/% ± SD

dv dC

Parallel:
IC-A-IV
a 100± 20 1.0 0
b 113± 13 1.0 ± 0.4 0
c 107± 27 1.0 0.11± 0.07

Serial1:
A-IC-ICV
a 167± 100
b 213± 127
c 227± 127

Serial2
A-IV-IVC
a 260± 33
b 173± 80
c 213± 87

Mean deviations (in % ±SD) related to 100% of result of model parallel
a; dV anddC are exponential coefficients in expressionsedu to describe
voltage-sensitivity of voltage-gating and of Ca2+-gating respectively;u
4 VF/(RT).
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elongation, the membrane conductance at −130 mV — a
voltage driving substantial current through the inward
rectifier — and the rate of coleoptile elongation deter-
mined over 6 hr in acidic solution with 10 mM K-acetate

were normalized for data at 1 mM [Ca2+]o. A plot of the
normalized data (Fig. 9) shows a similar decrease of both
parameters as a function of [Ca2+]o. The data sets were
fitted by the Hill-equation:

Fig. 8. Current-relaxations upon voltage steps on the plasma membrane of coleoptile protoplasts; example of measurement and fits; external
solution (in mM): 1.0 CaCl2, 500 sorbitol, 20 Mes/KOH pH 6.1; points: measured in whole-cell configuration as relaxations upon voltage steps from
a common start voltage (−50 mV holding/resting voltage) to various target voltages (from 90 to −190 mV in 20 mV increments); curves: fits by
modelparallel a with fixeddV 4 1 anddC 4 0, plus fittedGmax4 2.7 nS,Gb 4 0.8 nS,kA

0 4 0.05sec−1, kI
0 4 13 sec−1, andKIC 4 7 mM [Ca2+]o;

meanI/meas− /fit I 4 11 pA; experimental data from first 7 msec (capacitive transients) omitted for fits: background currents (Ib 4 Gb(V-50 mV)
subtracted.
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a = amax1 − S 1

1 + (K*lC/[Ca
2]o)

rD (2)

yielding a maximal rate,amax, of 1.3 and 2.8 for the
normalized coleoptile elongation and for the normalized
K+ conductance respectively. ForKIC*, the Ca2+ con-
centration causing half maximal inhibition of coleoptile
elongation or inhibition ofG (see alsoEq. 1), values of
4.3 mM and of 1.2 mM were yielded respectively. The
best fit was obtained with an integer Hill coefficient (r)
of 1.

Discussion

THE INWARD RECTIFIER ASPATHWAY FOR K+ UPTAKE

In maize coleoptiles the plasma membrane of the cells of
the outer epidermis and of the cortex cells contain a K+

channel with a significant open probability only at neg-
ative Vs. With an active proton ATPase in coleoptile
cells, which polarizes the membrane, these channels can
mediate passive K+ influx. A stoichiometric (1:1) ex-
change of H+ and K+ measured inAvenacoleoptile seg-
ments (Haschke & Lu¨ttge 1973, 1975) renders this mech-
anism likely.

A parallel operation of a proton ATPase and an in-

ward rectifying K+ channel appears to be universal in
plant cells for passive bulk K+ uptake (reviewed in
Schroeder, Ward, Gassmann, 1994). Accordingly, the
K+ inward rectifier found in the coleoptile protoplasts
shares many qualitative similarities with K+ inward rec-
tifiers present in various other plant cells namely with
respect to small single channel conductance, slow rising
kinetics and sensitivities to extracellular TEA and
[Ca2+]o (reviewed in Schroeder et al., 1994).

The meanV of coleoptile protoplasts was positive of
EK but could in a few cases polarize well negative (max-
imum −120 mV) of all equilibrium voltages for passive
ion distribution. These data point to the operation of a
H+-ATPase in the plasma membrane (see alsoRück et
al., 1993) which probably adds here to the apparent back-
ground currents.

Intact coleoptile cells from maize in solutions with
10 mM K+ and 1 mM [Ca2+]o display aV of −106 mV (see
also Nelles & Müller, 1975) and hyperpolarize by ap-
proximately 10 mV in the presence of 10−5

M indole
acetic acid (IAA) (Nelles & Mu¨ller, 1975). Further on,
these two values (−106, and −116 mV) will be consid-
ered as ‘‘characteristic’’V to estimate K+ currents and
fluxes atVs relevant for intact coleoptiles with and with-
out auxin.

The measured [Ca2+]o sensitive whole-cell K+ in-
ward current in coleoptile protoplasts at both voltages
(±IAA) corresponds to net K+ fluxes,

FK 4 I/F (3)

where I is the density of the membrane current andF
the Faraday constant. The mean inward current in 10
mM external K+ (I in in 1 mM [Ca2+]o minus background
currentI in in 10 mM [Ca2+]o) measures 8 mA m−2 and 15
mA m−2 at −106 and −116 mV respectively. These K+

currents convert to fluxes of 0.08µmol m−2 sec−1 at −107
mV and about twice as much (0.16µmol m−2 sec−1) at
−116 mV.

The net K+ influx at −106 mV estimated from the
mean currents at this voltage are approximately 6 times
higher than those determined from42K tracer fluxes into
auxin depletedAvenacoleoptile tissue kept in 10 mM
external K+ (Pierce & Higinbotham, 1970). Thus, the
conductance of the K+ inward rectifier can account for
the entire unidirectional K+ tracer influx measured in
grass coleoptiles. A plausible explanation for the 6-fold
deviation between fluxes and currents is that fluxes were
assayed (Pierce & Higinbotham, 1970) in the presence of
high Mg2+ concentration (10 mM). Mg2+ may block the
K+ channels in a manner similar to Ca2+.

K+ INWARD RECTIFIER AND COLEOPTILEELONGATION

In growing tissue cell elongation would decay if the tur-
gor was not maintained by providing relevant amounts of

Fig. 9. Rate of coleoptile elongation andK+-chord conductance at
−130 mV as function of [Ca2+]o. Coleoptile elongation in 10 mM K-ac-
etate (closed symbols), crossreference to data in Fig. 1 and K+ con-
ductance (G, open symbols) obtained from whole cell currents in pro-
toplasts bathed in standard solution (in mM): 500 sorbitol, 20 Mes/KOH
pH 6.1) as a function of Ca2+ added as Ca-gluconate (h) or CaCl2
(remaining symbols). Different symbols represent different cells. Data
normalized for values measured in 1 mM Ca2+. Dashed and dotted lines
from fitting data sets with Eq. 2 (seeResults) yielding a half maximal
inhibition for coleoptile elongation and forG in 4.3 mM and 1.2 mM
[Ca2+]o respectively.
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osmotic solutes (Cosgrove, 1986). The present data pro-
vide quantitative and pharmacological evidence for the
hypothesis, that the K+ inward rectifier is a main pathway
for K+ uptake during elongation and that the imported K+

is crucial to maintain a turgor high enough to osmotically
drive elongation.

First, the above-estimated doubling of unidirectional
K+ influx as a consequence of IAA-induced hyperpolar-
ization roughly matches the 1.6-fold increase of net K+

uptake intoAvena coleoptiles in 10 mM external K+

(Haschke & Lüttge, 1975). In this case, comparison of
net influxes and unidirectional influxes is legitimate be-
cause of the small unidirectional efflux from expanding
coleoptile cells. (Pierce & Higinbotham, 1970).

Main support for the idea that the K+ inward rectifier
is crucial for osmotic-driven elongation comes from the
sensitivity of both cell elongation and K+ conductance to
[Ca2+]o and TEA: The [Ca2+]o sensitivity of the K+ in-
ward rectifier in coleoptile protoplasts can explain pre-
vious data which indirectly show a Ca2+-induced inhibi-
tion of the K+ conductance in intact coleoptile cells
(Nelles & Müller, 1975; Nelles, 1976). In coleoptile tis-
sue, a Nernstian response ofV to extracellular K+ in
absence of [Ca2+]o was decreased as [Ca2+]o was in-
creased (Nelles, 1976). On the background of the
present data, the Nernstian voltage response in intact
cells can readily be explained by the substantial K+ con-
ductance of the inward rectifier in the relevant voltage
range. Furthermore, the measured decrease in conduc-
tance of the K+ inward rectifier in response to elevated
concentrations of [Ca2+]o explains the sub Nernstian volt-
age response following elevation of [Ca2+]o in coleoptile
tissue. In conclusion, the electrical responses measured
in coleoptile protoplasts reflect those obtained in intact
coleoptile tissue. Thus, effects measured on the cellular
level are likely to correspond to processes measured in
the whole tissue.

The estimated [Ca2+]o concentration for half maxi-
mal inhibition of coleoptile elongation and K+ conduc-
tance differ by a factor of 4. This does not necessarily
prove that the [Ca2+]o-evoked inhibition of the K+ con-
ductance is responsible for the inhibition of elongation.
However, both K+ conductance and elongation can also
be inhibited by TEA, a monovalent cation, which bears
no chemical similarities to Ca2+.

Both results add up as conclusive evidence that the
inward rectifier is a main pathway for K+ uptake to drive
elongation. An implication for the control of K+-uptake
is that the latter is under direct control ofV. Thus,
growth promoting hormones such as IAA and gibberellic
acid can stimulate K+-uptake under conditions of in-
creased growth simply by their ability to polarize the
membrane through stimulation of the H+-ATPase activ-
ity (Nelles, 1977). However, a modulation of the K+

inward rectifier in guard cells by auxins (Blatt & Thiel,
1994) implies additional control sites for K+ uptake un-
der hormonal control.

The data also show that the long-known inhibition of
coleoptile elongation by extracellular Ca2+ (Cooil &
Bonner, 1957; Tagawa & Bonner, 1957; Cleland &
Rayle, 1977) can be understood — significantly if not
mainly — by the sensitivity for the K+ inward rectifier to
Ca2+. The difference between the estimated [Ca2+]o con-
centrations for half maximal inhibition of K+ conduc-
tance and elongation could have statistical reasons. But
it can also be postulated that a [Ca2+]o induced block of
the inward rectifier causes a hyperpolarization of the
membrane (Nelles & Mu¨ller, 1975) because of a de-
creased load of the pump. Hence, the inhibition of the
K+ conductance may partially be balanced by a concom-
itant increase in driving force. This could be the reason
for the lower apparent [Ca2+]o sensitivity to K+ import.

Notably, the inhibition of the inward rectifier by
[Ca2+]o does not explain the entire Ca2+ sensitivity of
coleoptile elongation. Although 10 mM [Ca2+]o and 20
mM TEA completely block the inward rectifier, Ca2+ is
significantly more potent as an inhibitor of elongation.
It may therefore be concluded, that Ca2+ interferes in the
intact tissue with additional processes that determine cell
elongation (Cooil & Bonner, 1957; Cleland & Rayle,
1977). Furthermore, complete inhibition of the K+ in-
ward rectifier by TEA or [Ca2+]o is not accompanied by
complete block of elongation. Hence, cells must have
additional mechanisms for the accumulation of osmoti-
cally active solutes (Rubinstein & Light, 1973; Haschke
& Lü ttge, 1975).

TISSUESPECIFICITY

The outer epidermis of coleoptiles has been suggested as
the cell layer whichmechanicallylimits growth of co-
leoptiles and exhibits a unique auxin sensitivity (Kut-
schera, Bergfeld & Schopfer, 1987). The present com-
parison of the inward rectifying K+ channels in the
plasma membrane of epidermis and cortex protoplasts
bears no significant differences between cells from either
tissue which would discriminate both cell types. Thus
the data further add support to the notion, that a proposed
prominent role of the outer epidermis is not related to the
electricalproperties of these cells as already proposed by
Peters, Richter & Felle (1992).

KINETICS

The kinetic analysis of the voltage- and Ca2+-controlled
K+ conductance renders theparallel model more likely
to apply compared to either of the two serial models.
In physiological terms, this result means that voltage and
[Ca2+]o act on the activity of the channel by independent
modes. Whereas many K+ channels in plants and fungi
are blocked by [Ca2+]o as a competing cation in a strik-
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ingly cooperative mode with the voltage (Klieber &
Gradmann, 1993, Bertl et al., 1993), this coupling seems
to be weak in coleoptiles or even absent.

As for the absolute amounts of the rate constantskI
and kA, which determine the velocity of the voltage-
controlled activation/inactivation, Gradmann et al.
(1993) have demonstrated — at least for guard cells —
that plant cells with effective turgor control alternate
appropriately between a state of ion uptake and a state of
ion release, and that these switching kinetics are deter-
mined by the absolute rate constants of voltage-gated
activation/inactivation. Correspondingly, coleoptiles un-
der physiological conditions cannot be assumed to oper-
ate in a steady-state of ion uptake (where absolute rate
constants are irrelevant), rather than in a sophisticated
mode of turgor control when photo- and gravitropic
growth responses are considered. In this context, deter-
mination of the absolute rate constants is important. One
has to keep in mind, however, that these dynamic prop-
erties of ion channels can differ considerably depending
on the physiological state of the membrane (e.g., in
whole-cell measurements or in measurements with per-
forated patches, Oleson, De Felice & Donahoe, 1993).
It would therefore, be premature to assign a physiologi-
cal meaning to the absolute values of the rate constants
determined under our experimental conditions.

On the other hand, the above comparison of mea-
sured steady-state K+ currents and physiological K+ up-
take points to similar steady-state properties of the K+

inward rectifier under experimental and physiological
conditions. Under these circumstances, the model is ex-
pected to provide realistic estimates under physiological
conditions with very low (<1 mM) external K+ concen-
trations when K+ uptake is hardly measurable.

CONCLUSIONS

Osmotically driven cell elongation in growing coleop-
tiles is inhibited by [Ca2+]o via a voltage-independent
Ca2+ block of voltage-gated K+-channels that mediate
substantial uptake of K+.

This study was supported by grants of the Deutsche Forschugnsge-
meinschaft (Gr 409/12–2, and Th 558/1–2).
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