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Abstract. Plant growth requires a continuous supply of coleoptile segments in acidic solution. The comparable
intracellular solutes in order to drive cell elongation. lon effects of C&" and TEA on both processes and the sim-
fluxes through the plasma membrane provide a substaritlar C&* concentration required for half maximal inhi-
tial portion of the required solutes. Here, patch clampbition of growth (4.3 nw C&*) and for conductance (1.2
techniques have been used to investigate the electricaim Caf*) suggest that K uptake through the inward
properties of the plasma membrane in protoplasts fromectifier provides essential amounts of solute for osmotic
the rapid growing tip of maize coleoptiles. Inward cur- driven elongation of maize coleoptiles.
rents have been measured in the whole cell configuration
from protoplasts of the outer epidermis and from thekey words: C&* block — Coleoptile growth — K
cortex. These currents are essentially mediated By Kchannel — Patch clamping Zea mays
channels with a unitary conductance of about 12 pS. The
activity of these channels was stimulated by negative
membrane voltage and inhibited by extracellula’Ca Introduction
and/or tetraethylammonium-CI (TEA). The kinetics of
voltage- and Cﬁ'-gating of these channels have beenExtension of plant cells is limited by mechanisms which
determined experimentally in some detail (steady-stat@chieve loosening of the cell walls but also by those
and relaxation kinetics). Various models have beerprocesses which supply solutes for a sufficient turgor
tested for their ability to describe these experimental dat®ressure to drive cell expansion (Cosgrove, 1986). The
in straightforward terms of mass action. As a first ap-€&ffects of extracellular ions to stimulate (monovalent cat-
proach, the most appropriate model turned out to considens) or inhibit (divalent cations) elongation of grass co-
of an active state which can equilibrate with two inactive leoptiles (Cooil & Bonner, 1957; Tagawa & Bonner,
states via independent first order reactions: a fast inactil957), stress that ion-specific processes are involved ei-
vation/activation by C&-binding and -release, respec- ther in the mechanism controlling wall loosening and/or
tively (rate constants >>Ff0sec?) and a slower inacti- in those supplying solutes for osmotic driven elongation.
vation/activation by positive/negative voltage, respec-Interpretation of the cation effects on the background of
tively (voltage-dependent rate constants in the range ofon interactions with wall-loosening mechanisms have
10° sec?). focused on the differential ability of ions to soften (e.g.,
With 10 mv K* and 1 nu C22* in the external so- K*) or stiffen (e.g., C&) the mechanical properties of
lution, intact coleoptile cells have a membrane voltagethe cell wall (Cooil & Bonner, 1957; Tagawa & Bonner,
(V) of =105 + 7 mV. At thisV, the density and open 1957) or on the effect of Cato promote wall loosening
probability of the inward-rectifying channels is sufficient acidification (Cleland & Rayle, 1977).
to mediate K uptake required for cell e|ongati0n_ Ex- The different effects of mono- and divalent cations
tracellular TEA or C&*, which inhibit the K inward  On coleoptile elongation can also be explained on the

conductance, also inhibit elongation of auxin-depleteddasis of ion-specific modulations of solute uptake re-
quired to drive expansion. Net*Kuptake into coleop-

tiles directly correlates with tissue elongation (Haschke
I & Luttge 1973, 1975) and underlines that #ptake is a
Correspondence tdG. Thiel major source for osmotica necessary for turgor mainte-
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nance. Furthermore, judging from the sensitivitofio ~ KCI, 5 MgCl,, 4 N&-ATP, 150 sorbitol, 20 Hepes (N-[2-
the concentration of extracellular*K[K*]o), the relative  hydroxyethyl]piperazine-fethanesulfonic acid)/ KOH, pH 7.5 and 100

: EGTA. The reference electrode (filled with same electrolyte as
K* conductance of the plasma membranes of coleoptil&™
P P atch electrode) was connected with the hasha salt bridge (100 m

cells is high and decreases as the concentration of extef, ", 50, Agar).

nal C&* ([Ca’"],) is increased (Nelles & Mier 1975; Liquid junction voltages were determined for individual combi-
Nelles 1976). Hence, the stimulating effect of [Kon  nations of solutions ants corrected accordingly (Neher, 1992). For
elongation could be interpreted as result of increaséd Kthe calculation of equilibrium voltages and cytoplasmic activities the
uptake and a subsequent rise in turgor. The inhibition ofctivity coefficients given by Robinson and Stokes (1968) were taken

growth by [C&"], would accordingly be caused by a into account. _ _
reduction of K uptake Whole cell and single channel currents were measured with an

In th . . . h died th EPC-7 amplifier (List Electronic, Darmstad, FRG) interfaced (TI-1
n the present investigation, we have studied t €ma interface) with an analog digital converter and recorded directly

electrical properties of the plasma membrane of protoyn a microcomputer (sampling rate 400 Hz for whole cell currents, 5
plasts from coleoptile cortex tissue and from the outerkHz for single channel currents). Data acquisition and clamp voltage
epidermis. The passive transport properties of theontrol was obtained through a microcomputer via the pCLAMP hard-
plasma membrane are dominated by an inward rectifyingrare and software facilities (Axon Instruments, Foster City, CA). The
K* channel, which can serve — in conjunction with an membrane voltage of protoplasts was measured with the patch clamp

.. o . amplifier in the current clamp modé & 0) immediately after achieving
energizing H ATPase as device for KUptake' We the whole cell configuration. To measuyeof intact coleoptile cells,

found similar inhibitory C0n5tam_s O_f _[C_Z’ao in the mil- coleoptile segments (without primary leaf and apex) were mounted
imolar range both for growth inhibition and for’K  horizontally in a perspex chamber after preincubation on distilled water
inward conductance. This finding supports the idea thator 1 hr. Cells of the outer epidermis were impaled with a conventional

[Caz*]o inhibits cell elongation of coIeoptiIes by block- microelectrode containing the same solution used in patch electrodes

ing the main pathway for Kuptake in osmotically rel- for whole cell measurementsdeabove). A reference electrode con-
evant amounts taining the same electrolyte as the voltage recording electrode was

T derstand th ial . tal dat fi connected via a salt bridge (100vnKCl in 2% Agar) with the bath.
0 understan € crucial experimental data o In'The electrodes tip-potential in the bath solution (about -10 mV) was

ward K" currents on physiological grounds, their char- compensated to zero before impalement. The voltage between the cell
acteristics with respect to [éao dependency and time interior and a reference electrode in the external perfusion solution (in
course of voltage-dependent changes in activity havew: 20 Mes /KOH, pH 6.1 and 1 Caglwas recorded with a voltage
been analyzed in more detail. As a first approach, theamplifier (4P, Wye Science, UK).

data are consistently described by a straightforward mass Protoplast diameters were measured with an eyepiecg microme-
action model (With a unique set of parameters) for acti_ter, and the surface area was calculated assuming a spherical shape.
vation/inactivation kinetics of the main*Kconductance

with respect to [C&],, V and time. COLEOPTILE ELONGATION

Approximately 10-mm-long segments of the coleoptile tip were iso-
Materials and Methods 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
PROTOPLAST PREPARATION depletion of endogenous auxin. Following this preincubation, seg-
. . . ments were transferred to the test medium (15 ml) containing 2 or 10
Protoplasts from the coleoptile of maize (cv, mutin; KWS Saatzucht, my k-acetate (titrated with acetic acid to pH 5) and tetraethylammo-
Einbeck, Germany) seedlings (4-6-days old) were prepared under conyiym-c| (TEA) or different concentrations of CaCIFor elongation
ditio_ns of minimalized proteolysis as described previously (D?ekma”n'measurements, coleoptile cylinders were magnified 30 times on an
Venis & Robinson, 1995). In short, 10-mm-long coleoptile tips were oyerhead projector and the projection measured directly before and 6 hr

separated from the primary leaf and from the coleoptile apex (3-5 MM)4fier incubating coleoptiles in test solution in the dark on a shaker.
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),MopeLs USED

0.1% (w/v) pectolyase Y-23 (Seishin, Tokyo, Japan), 0.5% (w/v) ma-

zerozyme Onozuka R10 (Yakult Honsha, Tokyo, Japan), #ONB-  The chord conductance (activity) of the investigatédrward rectifier
ascorbate, 2% (w/v) BSA-fraction 5 (Sigma) and @.5orbitol). is voltage-sensitive per definition and turned out to be inhibited by
[Ca®"],. These qualitative properties can be expressed by three differ-
ent models of mass action which can be distinguished quantitatively:
ELECTRICAL

Tight seal (1-10 ®), whole cell and single channel measurements Parj':lllel. le= A=l

were made as described by Hammil et al. (1981). Protoplasts were€rall: A=lc = lc,

bathed in a solution containing ( innmi: 500 sorbitol, 20 Mes (2[N-  Serial2: A= 1, = I ¢

morpholino]ethanesulfonic acid) /KOH, pH 6.1, giving & Koncen-

tration of 10. Different amounts of CaCivere added as indicated. Here A means the active form of the*Kransporter with a max-
The standard pipette solution contained (im)m175 K-glutamate, 10  imum linear conductanc6,, . ¢ is the inactive form which results
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from binding of C&" to the active form: thus. = A[Ca2"]/K ¢, with 0.1
K, being the inhibition constant for inactivation by €acorrespond-

ingly, I, is the inactive form which results from the voltage-sensitivity, = %_/_

where thecoefficient for the (exponential) effect afltage isC, = 0.08 + é

exp(u) with d being a weighting factor for the normalized membrane \
voltageu = VF/(RT), whereR, TandF have their usual thermodynamic 0.06 - {
meanings. Thu§, = AC/K,, with K, being the inhibition constant for

inactivation by voltage. In theerial modell the C&*-blocked staté. §

can be converted into another inactive statg by a voltage—sensitive
transition. Correspondingly, the voltage inhibited stajein serial
model2, can change into another inactive sthgg by C&"* binding.
In these terms, the steady-state conductances of the three models are:

0.04 +

elongation/ pym s~

0.02

Parallel: G = G,,,,/(1 + [CalK,c + C/Ky,) (1a) (e s T T T
Seriall: G = G,/(1 + [CalK,c(1 + C/K,)) (1b) <0.0001 01 1 10 100
Serial2: G = G,/(1 + CJ/Ky (1 + [CalK,c)) (1c) [CaZ*],/mM

Since in our first approaathdid not turn out to differ significantly Fig. 1. Effect of CaC} and TEA on elongation of abraded maize

from 1, it will be more convenient in several places to substitute theColeoptile segments. After preincubation for 1 hr in dest. water, seg-
expressiorCy/Kyy *?y _exp@ —u )_' whereu’ = In(Kyy). ments were incubated in 10 vmK-acetate buffer, pH 5 without
For the description of the time course of the current changes uporz<0_0001 nw) or with addition of various concentrations of CaQ®)

yolta_ge ‘steps, individual rate con_s‘tar_ms for activation andk, for or 20 mv TEA (©). Rate of elongation determined from the difference
inactivation have to replace the equilibrium constafjts= k/k,. In our in coleoptile length before and after 6 hr in acid medium. Mean &f

case, the rates for €abinding and debinding were too fast to be 4 experiments
resolved in time; thus, only the voltage-sensitive reactignand k,
were reflected in the main current relaxations which could be described

with one single exponential due to the conductance ch&ige= G, tion of capacitive currents. For presentation purposes, the original data
+ AG(t), whereG, is the steady-state conductance before the voltage P ) P purp ' 9

step, AG() = AG.(1 - expkt), AG, = G. - G, is the difference Er?:gt;;f shown by their full number, and the fitted curves start from
between the final steady-state conducta@ceandG,, and the velocity '

constank = k, + k,. Thus, upon a voltage step frorfy to V, the time

course of the current through a transporter with the equilibrium voltage

E would bel(t) = I + (V - Vo) AG(), wherel, = Go(V, - E) is the  esults

steady-state current &t,. The target voltag® determines not only the
newG = G./(1 +k/ky) but also the velocity constakt= k, + k, of
the relaxation.

Voltage-sensitivity enters the system by the expressiprs k,°
exp@,u) andk, = k. exp(,u), where the superscriftdenotes the ~ Elongation of abraded and auxin-depleted maize coleop-
value of the respective rate constant at zero voltage. The weightindile segments in acidic medium was measured in re-
factorsd, = znAd and ¢ = znA(3 - 1) comprise the numben, of  sponds to extracellular CaCand TEA. Figure 1 shows

moved particles with the charge which overcome an Eyring barrier that [Ca”?] =1 mm inhibits segment elongation in a
o

during the switching process; the peak of the Eyring barrier is located - .
at the distancé (0 <& < 1) of the effective fractiom (0 < A < 1) of concentration dependent manner. Addmg 10 @B'CE

the voltage drop across the membrane. The fits did not significantlyto a nor_nlnally [Cajp free solution decrease_s the rate of

improve fords different fromd, = 0.5 andd, = —0.5. This can be €longation to 34% in 10 m K-acetate solution. Elon-

attributed to a symmetric Eyring barriey & 0.5) and simple unity for ~ gation of coleoptile segments was also inhibited when

z, n,and A, although larger (integer) values afand/orn with a the K" channel inhibitor TEA was added (20vmjto the

corresponding smallek are possible, if not even more likely. nominaIIy [C§+]o free test solution. The remaining rate
of elongation was 45% compared to the control.

COLEOPTILE ELONGATION

NUMERICAL PROCEDURES

) ) . MEMBRANE VOLTAGE OF INTACT COLEOPTILE CELLS AND
For analysis of a full experiment, typically 14 current traces of 2-sec
OF PROTOPLASTS FROMMAIZE COLEOPTILES

duration with sampling intervals of 0.0025 msec (800 data points) were
available for 4 different [C&],. Steady-state currents were taken from
at least 10 data points at the end of a trace after at least five times of 0 measuré/ of intact coleoptile cells, cells of the outer
the relaxation time had passed. epidermis were impaled with a conventional voltage re-
For computing economy in fitting the time courses of the cur- cording electrode. In a bathing solution containing 10
rents, the 800 data points per tracing have been reduced to 17 in fm K¥ and 1 nu Ca2* a stableV of =105 + 7 mV

logarithmic scale, taking the first two data points individually, the number of experimentsy = 5, + so) was measured
second ones as means of two original current readings, the third twg u Xperi = 92, = SD W u :

reduced points as means of four original points and so on. Data point§Or (?omparisonv was glso measured in protoplasts.im—
during about the first msec (6 data points) have been omitted for the fitgnediately after achieving the whole cell configuration.
because they were usually contaminated with an uncompensated fra¢q 18 protoplasts bathed in a solution also containing 10
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Fig. 2. Effect of extracellular CaGlon 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 solutign $i@Onsorbitol, 20 Mes/KOH

pH 6.1 containing either 1 m(A) or 10 nm (B) CaCl,. Text voltages ranged from +10 to =190 m&) (or from 0 to =200 mV B) from a holding

voltage of -5 mV; current zeros indicated on left, D) steady-stat&/V relations from current recorded at end of the test pulses (mean over final
50 msec at test voltages) & (O) andB (®). Shaded areas represent standard deviation of steadylfstatgdations obtained from nonspecified
protoplasts in 1 m CaCl, (C) (N = 13) or 10 nm CaCl, (D) (N = 10). Mean currents obtained by linear interpolation of individdélplots.

mm K* and 1 nu C&* (compare intact cells) a meah When protoplasts from the outer epidermis were
of =53 + 22 mV (range: -33 to —121 mV) was measured.bathed in the same solution but containing high GaCl
concentrations (here 10 nm the inward current was
WHOLE CELL MEMBRANE CURRENTS much smaller; in particular the slowly rising inward cur-
rent seen in low CaGlwas absent. The resulting steady-
Figure 2A,B shows membrane currenty of two pro-  statel/V relation was essentially linear over therange
toplasts from the outer epidermis of maize coleoptilestested.
In these cases an anatomical identification of the proto- The sensitivity of the inward current t& and
plasts was possible because of visible anthocyanin refCa?*], was characteristic for all the protoplasts from
staining of the vacuoles. In cross-sections of maize coeoleoptiles investigated. The standard deviation of the
leoptiles such anthocyanin stained vacuoles are presesteady-state currenty/ (< -60 mV) from the bulk of
only in the outer epidermis. When bathed in experimen-anatomically nonspecified protoplasts tested is shown as
tal solution containing low Cagl(here 1 nm) negative shaded area in Fig. € andD. The electrical character-
steps of clamp voltages evoked a dual current responséstics of the classified epidermis protoplasts fall into the
An instantaneous current response was followed by aange of thel/V relations obtained for the bulk of the
slow rising second component. In the present case (Figorotoplasts investigated in low and high CaQfFig. 1;
2A), the time for half maximal current of the slow re- Table 1). Some of the nonspecified protoplasts con-
sponse was 135 msec at -140 mV and decreased wittained proplastids. Because proplastids are present in
negativeV to 79 msec at -190 mV. The overall steady- cortex cells of the coleoptile but not in epidermis cells
state current/voltagd/¥) relation (including both com- (Hinchman, 1972), protoplasts with visible proplastids
ponents) is characterized by pronounced inward rectifiwere considered to originate from the cortex. Compar-
cation (Fig. ). Another example is treated below in ing the inward conductances (in 1 and 16 1@acCl) of
more detail. these protoplasts with those from epidermis protoplasts
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Table 1. Impact of extracellular G4 concentration ([CH],), of cell type and of the concentration of the®C#uffer EGTA in pipette medium
on membrane conductance

Pipette: 100um EGTA 4 mm EGTA
Cell type: Nonspecified Outer epidermis Cortex Nonspecified
Column A B C D E F G
[Ca?*]/mm 1 10 1 10 1 10 10
GISn? 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/ % B= A: 98 C=A:20 D = B; 37 E=C: 19 F=D:8 G=B:39

Conductance@ = (i_150 mv — i-70 my)/110 mV) measured from cells bathed (imin 500 sorbitol, 20 Mes/KOH pH 6.1 with either 1 or 10 CaCl

in external solution. Currents determined by linear interpolation fifdhplots. Data grouped by cell types: outer epidermis (anthocyanin red stained
protoplasts; columg@,D), cortex (protoplasts with proplastides, coluisr) and nonspecified cells (cells without anthocyanin red staining including
cortex cells; columnA,B,G. Conductance obtained either with 10 or 4 mv EGTA in pipette solution. For selected pairs of interest the
confidence limit (in % from Studertttest) is given for hypothesis that two columns are different.

showed no significant difference between both protoplasiy
types (Table 1).

M' _*

K™ SELECTIVITY OF INWARD RECTIFIER i.‘\,:““mw
r\"'\-\ - .
To determine the substrate of the inward rectifier, the N ‘

gt
ANV R o I L Npi

whole cell currents were measured in the presence and

absence of the Kchannel inhibitor TEA in the external

solution. Figure 3 shows that the slow rising inward cur-  100pa |

rent obtained in the absence of the inhibitor was abol-

ished in the presence of the ikhannel inhibitor leaving

an essentially linear, background conductance. B
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 50MnK™. In subsequent

deactivating voltage steps the current relaxation was de-

300 ms

termined as the difference between the current just afteC I/ Am-=2
start of the deactivating voltage step and the steady-state ~ V/ mV T 002
current reached within 1 sec. These tail currents re- —_— — i
versed at —63 + 12 mVN = 7) in 10 mv K™ and —-25 * -250 50
2mV (N = 3)in 50 nm K*. For comparison, the Nernst L -0.04
K™ reversal voltages calculated from the cytoplasmic K
activity (131 nwm, activity coefficient,d: 0.73) is -67 mV -0.08
and -29 mV for an extracellularKactivity of 9.5 nm (8:
0.95) and 42 m K* (3: 0.84) respectively. r-0.12

r -0.16
INWARD RECTIFIER AND TIME-AVERAGED |/V RELATION OF

SINGLE CHANNEL CURRENTS

Fig. 3. Inhibition of inward rectifier by extracellular TEA. Whole cell
Figure 5 shows traces of single channel current fluctualward currents elicited in absena®)(and presences) of 20 v TEA
tions in the plasma membrane of coleoptile protoplas@ extracellular solution (m: 500 sorbitol, 20 Mes/KOH pH 6.1, 1

. . . ; aCl, and 40 K-gluconate) by clamping the membrane to voltages
recorded in the cell attached configuration with 14@ m oiveen +20 and =205 mV from 55 mV as holding voltage. Steady-

KCI, 5 mv Hepes/KOH, pH 7.5 as pipette electrolytes. statel/v relation (mean over final 50 msec at test voltages) in absence
To determine the unitary open channel conductance an@) and presence®) of TEA plotted inC.
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A v/ mV 1 /pA

Fig. 5. Single channel currents with unitary conductance of 12 pS
underly K" inward rectifier. Stimulating effect of negati%éon activity

Fig. 4. Deactivation (‘tail’ currents) current-voltage relation in 10 and (jeft panel). Channel activity in the plasma membrane measured in
50 mv K*. Tail currents recorded in whole-cell mode in protoplasts cejl-attached configuration (pipette solution, immL40 KCI, 5 Hepes/
form maize coleoptiles bathed (inMjt 500 sorbitol, 20 Mes/KOH pH  koH, pH 7.5, protoplast bathed in 500 sorbitol, 0.5 Caghd 20

6.1 (A, 10 K*) and after addition of 40 K-gluconat8(50 K*). Inward  Mes/KOH pH 6.1). Membrane voltage (numbers on the left) as the sum
rectifier first activated by 1.5-sec long voltage steps to —180 mV andg¢ holding voltage andV of the protoplasts, measured at the end of
subsequently deactivated at test voltages between ~17 and ~137 Mhannel recording upon achieving whole cell configuration. All point
(A) and between +22 and -128 m®)( Current relaxation between hjstograms (right panel) obtained from 10-sec long recordings at test
current just after start of the deactivating step and the steady-stat90|tages_ Peaks around O pA represent baseline neisénfe with all
current reached within 1 sec are plotted @) for 10 mu K* (O) and  channels closed). Other peaks represent the open channel current for up

50 mv K* (@). to 3 channels open. Numbers on the right common scaling for channel
current recordings and histograms with O for channels closed.

EK"’(so | -40

- -80

the open probability at different voltages all-point histo- ) )
grams were plotted from 10-sec-long current recordinggNeéasured for a Kpermeable channel if the cytoplasmic
(Fig. 5 right panel). With a minimum of three channels K" activity was 178 mi. _

of the same conductance present in the patch the histo- A time-averaged open channel current (unitary open
grams were fitted by<4 Gaussians. The unitary open channel currentP,) reflects the steady-state whole-cell
channel current was obtained from the difference becurrent-voltage relation obtained in low [€, (Fig. 6).
tween the distribution peaks. The open probabily, ~ The time-averaged open chani®f relation can be de-
was calculated from the relative areas of the Gaussiangcribed with the same function and parameters used to fit
assuming three channels in the patch (Bertl & Slaymanthe steady-staté/V curve from whole cell currents
1990). The data for the unitary open channel current andModel parallel a, see belowfig. 7).

for the open probability are plotted in Fig. 6. The linear +

I/V relation of the open channel currents (12 pS conduc—CURRENT INHIBITION BY C&f

tance) extrapolates to a reversal voltage of about —190 test whether the inhibition of the'Kinward rectifier
mV. Such an extrapolated reversal voltage would ben high CaC} was due to [C&], or CI", [C&®"], was
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Fig. 7. Steady-statd/V curves of plasma membranes of coleoptile
protoplasts exposed to various concentrations &f @athe bath. Ex-
ample of measurements and fits; external solution (in):n0.1-5.0
CaCl, as marked, plus 500 sorbitol, 20 Mes/KOH pH 6410 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 fixedl, = 1 andd. = O, plus fittedG,,,, = 4.9 nS,

Gy, = 0.4NSV,, = —121 mV, ancK,c = 0.24 ma CA®*; MEAN [lygas —

ler] = 24PA.

centration in the cytoplasm would have to increase 24
times more in order to produce a rise in“Cactivity
comparable to that with the low buffer concentration
(Fohr etal., 1992). Protoplasts dialyzed for more than 20
min with the higher C& buffer concentration in the
pipette showed in 10 m [C&?'], the same lineat/V
relation as those tested with the lower buffer concentra-
tion (not show. There was no significant difference in
the conductance measured in cells with different’Ca

Fig. 6. Single channel current-voltage relation, open probability- huffer load (Tab|e 1)_

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 curréjt ( KINETICS

was determined as the difference between the peak means of closed and
open channel current distribution. Open probabiliB) @etermined

from relative areas under the Gaussians corresponding to closed stahe observed phenomena of fCg-modulated inward

and open levels of 3 channels in the patch. The time averdyed

relation C) obtained as product¥ Py) of the open channel current in
A and the open probability iB. The line in C) is drawn according to
modelparallel a with a gating voltage/y, = —156 mV (f. Table 3).

conductance for K have been analyzed in reaction ki-
netic terms. For the superposition of the effects of
[Ca®", and V, three models have been introduced in
Materials and Methods. These three models have been
subdivided again (submodaic), with respect to the de-

gree of voltage-sensitivity.
Submodela reflects the simplest situation with a

increased in one protoplast from 0.5 to Mrhy adding
Ca-gluconate instead of CaClIThe resulting inhibition
was comparable to that obtained in CgG shows that
[Ca®], is responsible for the effect (Fig. 9).

Inhibition of the inward rectifier by extracellularly
added C&' could be due to a direct Eablock from the
extrafacial side. Alternatively, G& may act from the

cytoplasmic side as a consequence of an indirect increas®® mV voltage change.
In submodeb, this relationshipd,, = 1) is not fixed;

of cytoplasmic C&" activity. To test the latter possibil-

ity, the internal C&" buffer concentration was increased but sub- and super-Nernstian slopes are allowed.
Although this model appears to be more realistic, it did
— compared to modeh — not provide a significantly
improved description of the data.

by adding 4 nw instead of 10Quv EGTA to the pipette
solution. With this higher concentration of the a
chelator EGTA in the pipette solution the totalCaon-

symmetric Eyring barrierd( = 0.5) over the entire mem-
brane voltageA = 1), for the voltage-sensitive gating
reaction of movement of onen (= 1) particle with the
charge number +1z(= 1); in this moded, = -0.5 andj,
= -0.5d, - d, = dy, = 1) are fixed numbers, resulting in
an “Nernstian” conductance change by a factor 10 per
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Table 2. Resulting global errors from fitting various models to 4 sets Comparison ofparallel a and parallel b shows, that a
of IV curves recorded with different [€3, free d, as an additional fit parameter (submodgidoes
not improve the quality of the fit compared with a fixed

Model ,':,29:2; eviation % de dy = 1 (submoded); thereforaj\, =1 can be 'gaken as fair
approximation at this level of analysis. (iv) With the
Parallel: modelparallel c, the resultingd: does not differ signif-
lc-Aly icantly from zero; hence, the assumption of voltage-
a 100+ 20 1.0 0 gated C&" block is not supported by the results, and the
b 113+ 13 1.0+ 0.4 0 simplest modeparallel a (with three fitted parameters)
Secriall: 107 27 10 0.11£ 007 -an be used as a good approach. .
Adlerley An example of a set of experimental steady-state
a 167+ 100 data and fitted curves using the modsrallel a is
b 213+ 127 shown in Fig. 7; the numerical model parameters for this
c 227+ 127 example are given in the legend to Fig. 7. Average pa-
Serial2 rameters from these steady-state kinetics are listed in
Alvlve Table 3 together with an example of absolute rate con-
a 260+ 33 M . )
b 173+ 80 stants for voltage-controlled activatiok,f and inactiva-
c 213+ 87 tion (k), as obtained by fitting the time courses of the
current responses upon negative voltage steps (Fig. 8).
Mean deviations (in % %0) related to 100% of result of model parallel In principle, the model with the fitted parameters

a; dy andd. are exponential coefficients in expressi@fisto describe  describes not only the activation kinetics of the inward
voltage-sensitivity of voltage-gating and of €agating respectivelyt rectifier upon negative voltage steps but also the time
= VFARD. course of the inactivation upon positive voltage steps.
Traces of these kinetics can be identified in Fig. 8 in the
Submodek was used to examine whether the?Ca upper left corner, where the fitted curves for positive
block has a voltage-sensitivity of its own, of the folgy,  voltage steps (e.g., from the holding voltage —40 to +90
= A[Ca&'lexp@dcu)/K,,. In the corresponding fits)y, ~ mV) display fast relaxations(t) = I, €™, e.g., for a step
was fixed to 1.0 andl. was allowed to vary. fromV' = -40mV toV = 90 mV WithKgo myvy = Kago mv)
The nine models were fitted to each setdfcurves  + Koo myy = Ka’e? + k%"? = (0.45/5.8 + 130
from an individual protoplast by a least-squares proce+5.8)sec* = 753 sec’, corresponding to a time constant
dure yielding a mean deviatidgzas — 57> @S @ measure 1 = 1/k of 1.3 msec and a small current amplituge=
for the quality of the fits. Free parameters were the tWoA_;g myGmaxV = V'), With A4 m\<0.01. These current
inhibition constant, andK,,, for the effects of [C&],  relaxations (“tail currents”) are too small to be resolved
andV, a maximum conductanc€,,, of the main K in the measurements with the much larger capacitive
transporter under investigation, a background conduceurrent transients superimposed.

tanceG,, d, in modelsb and d. in modelsc. For the Fits of the analyzed current relaxations for activation
global analysis of all data sets from protoplasts of vari-might look much nicer, if each tracing had been de-
ous size,G, .« Was related toG, by the a ratioR = scribed by an individual exponential function with its

Gha{Gy,- For evaluation of the fits, the relative errors own set of coefficients; however, the large number of

were multiplied by the number of free parameters (threditted parameters would render such an approach inferior

for modela, namelyK,,,, K,c andR; and four for models to our approach of describing as many as possible phe-

b andc whered,, respectivelyd: were fitted in addition). nomena by as few as possible model parameters. In this

These products served as a measure for the quality of theontext, it should be mentioned, that in high concentra-

model description, and were related to the best caséons (about 10 m) of [Ca?"],, the inward currents were

(modelparallel a: 100%). It should be mentioned, that too small to be fitted well by the simple model within an

for the fits the equilibrium voltage of the background entire ensemble of/V curves from (lower) [C&],,.

conductancekz,, was usually fixed at the resting voltage Since these deviations point to extra processes which are

(V, about —40 mV), and that fits with a floating, did  not investigated here (i.e., €ainduced inhibition of

not result in a better description but convergeétic= V, background conductance), the corresponding data (which

with an accuracy of 10 mV. are not very impressive anyway because of their insig-
The results of the global analysis are listed in Tablenificant amounts) are not shown here in detail.

2, and can be summarized as follows: (i) Therallel

model is more appropriate throughout (small mean errorg€orreLATION BETWEEN Ca&&t-EVOKED BLOCK OF

and little variation) than either of the two serial models K*-inwaRD RECTIFIER AND COLEOPTILE ELONGATION

(about 2-fold mean errors and much wider variation).

(i) Therefore, a reasonable discussion of the submodel§o compare the Ca-evoked inhibition of the inward

a, b andc can only apply for theparallel model. (i)  rectifier and the C#-evoked inhibition of coleoptile
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Table 3. Fitted parameters of model parallel a for dynamic- and steady-state kinetics of [Ca®*],- and V-controlled K* channel

kA C a2+
Ae“/Kpy =1y : A+ [.=A[Ca® VK e
/4

From relaxation fit (Fig. 8): rate constants for slow

activation ky = k**exp(d,,u); kQ:x  0.45sec’!; d,: 05
inactivation k= K *exp(du); K2: 130.5sec’); d;: +05
Resulting inhibition constant for voltage-gating:
I, = A(K/kQ)exp((d; — d,)u) = exp(du)/Kyy: Kw:  0.0035; d: 1
Corresponds to Gating voltage V,, = (RT/F)In(Kyy): Vea:  —142mV
From n = 4 sets of steady-state I/V curves with different [Ca“]o (cf. Table 2)
Mean gating voltage corresponds to inhibition constant for voltage gating Vea: 156 £ 30 mV
Ky = exp(Vg FART)); K. 0.002%#/3.3
Mean inhibition constant K;c for Ca®* inhibition Kt 1.5%/4.5 mm
Mean of maximum K* inward conductance Goa: 6.5+£3.3nS
Mean ratio R = G,,,/Gy car’ R: 74+34
1/ pA
OF&
-100f.
200 0 N e et e T e
-300%-
L 1 1 1 1 |
0 05t/s

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 CaCl, 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 fixedd,, = 1 andd. = 0, plus fittedG,,,,, = 2.7 NS,G, = 0.8 nSk,% = 0.05sec?, k° = 13 sec?, andK,. = 7 mm [C&],;
meanl/..s— /i]l = 11 pA; experimental data from first 7 msec (capacitive transients) omitted for fits: background curgeat&((V-50 mV)
subtracted.

elongation, the membrane conductance at -130 mV — avere normalized for data at 1nm{Ca?*],. A plot of the
voltage driving substantial current through the inwardnormalized data (Fig. 9) shows a similar decrease of both
rectifier — and the rate of coleoptile elongation deter-parameters as a function of [€%,. The data sets were
mined over 6 hr in acidic solution with 10nmK-acetate  fitted by the Hill-equation:
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w
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ward rectifying K* channel appears to be universal in
plant cells for passive bulk Kuptake (reviewed in
Schroeder, Ward, Gassmann, 1994). Accordingly, the
K™ inward rectifier found in the coleoptile protoplasts
shares many qualitative similarities with"Knward 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
_ [Ca®], (reviewed in Schroeder et al., 1994).
K. < o The mearV of coleoptile protoplasts was positive of
q\ - Ex but could in a few cases polarize well negative (max-
- v imum —-120 mV) of all equilibrium voltages for passive
o 6 ion distribution. These data point to the operation of a
H*-ATPase in the plasma membrarse¢ alsoRick et
al., 1993) which probably adds here to the apparent back-
ground currents.
Intact coleoptile cells from maize in solutions with
_ _ , 10 mv K* and 1 nu [Ca®"],, display aV of —106 mV Gee
Fig. 9. Rate of cpleoptlle elongatlon.aria"-chor.d cpnductance at 5150 Nelles & Miller 1975) and hyperpolarize by ap-
-130 mV as function of [C&],. Coleoptile elongation in 10 mK-ac- . . .
etate (closed symbols), crossreference to data in Fig. 1 dncoK- prox]matgly 10 mV in the p(esence of TOu indole
ductance @, open symbols) obtained from whole cell currents in pro- &Cetic acid (IAA) (Nelles & Miler, 1975). Further on,
toplasts bathed in standard solution (im)n500 sorbitol, 20 Mes/KkOH  these two values (-106, and -116 mV) will be consid-
pH 6.1) as a function of G4 added as Ca-gluconat€lf or CaC,  ered as “characteristic’V to estimate K currents and

(remaining symbols). Different symbols represent different cells. Dataf|yxes atVs relevant for intact coleoptiles with and with-
normalized for values measured in Mr€a*. Dashed and dotted lines out auxin.

from fitting data sets with Eq. 2geResults) yielding a half maximal

N
«
1

™

[N
1

b
I
1
3

o
1

closed symbols: segment elongation/ rel. units
- wv
1 1
O

open symbols: G/ rel. units

T T I ! T I
0 2 4 6 8 10

[Ca2+]p/mM

inhibition for coleoptile elongation and fd& in 4.3 mv and 1.2 nw The meas.ured [éé].o sensitive whole-cell K in-
[Ca2"], respectively. ward current in coleoptile protoplasts at both voltages
(£IAA) corresponds to net Kfluxes,
a=a. . 1- 1 @) o, = IIF 3)
T\ 1+ (Ki/[Ca)

wherel is the density of the membrane current dnd
yielding a maximal ratea,,., of 1.3 and 2.8 for the the Faraday constant. The mean inward current in 10
normalized coleoptile elongation and for the normalized™v external K’ (Ij, in 1w [C&®"], minus background
K* conductance respectively. Féfic*, the C&* con-  currentl;, in 10 mu [Ca*'],) measures 8 mA nf and 15
centration causing half maximal inhibition of coleoptile MA m 2 at =106 and 116 mV respectively. Thesé K
elongation or inhibition oG (see alscEq. 1), values of ~ currents convert to fluxes of 0.G8nol m 2 sec™ at ~107
4.3 mv and of 1.2 m were yielded respectively. The MV and about twice as much (0.38nol m™ sec”) at
best fit was obtained with an integer Hill coefficiem) (  ~116 mV.
of 1. The net K influx at —106 mV estimated from the
mean currents at this voltage are approximately 6 times
higher than those determined fréfiK tracer fluxes into
Discussion auxin depletedAvenacoleoptile tissue kept in 10 m
external K (Pierce & Higinbotham, 1970). Thus, the
conductance of the Kinward rectifier can account for
the entire unidirectional K tracer influx measured in
) . rass coleoptiles. A plausible explanation for the 6-fold
In maize coleoptiles the plasma membrane of the cells Ogeviation between fluxes and currents is that fluxes were
the outer epidermis and of the cortex cells contain"a K gssayed (Pierce & Higinbotham, 1970) in the presence of
ch_annel W|th a S|gn|f|c_ant open probablllty.only at Neg- high Mg?* concentration (10 m). Mg2* may block the
ative Vs. With an active proton ATPase in coleoptile K+ channels in a manner similar to ta
cells, which polarizes the membrane, these channels can
mediate passive Kinflux. A stoichiometric (1:1) ex-
change of H and K" measured irAvenacoleoptile seg- K* INwARD RECTIFIER AND COLEOPTILE ELONGATION
ments (Haschke & Litige 1973, 1975) renders this mech-

anism likely. In growing tissue cell elongation would decay if the tur-
A parallel operation of a proton ATPase and an in-gor was not maintained by providing relevant amounts of

THE INWARD RECTIFIER AS PATHWAY FOR K™ UPTAKE
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osmotic solutes (Cosgrove, 1986). The present data pro- The data also show that the long-known inhibition of
vide quantitative and pharmacological evidence for thecoleoptile elongation by extracellular €a(Cooil &
hypothesis, that the Kinward rectifier is a main pathway Bonner, 1957; Tagawa & Bonner, 1957; Cleland &
for K* uptake during elongation and that the imported K Rayle, 1977) can be understood — significantly if not
is crucial to maintain a turgor high enough to osmotically mainly — by the sensitivity for the Kinward rectifier to
drive elongation. Cé&". The difference between the estimated{Gacon-
First, the above-estimated doubling of unidirectionalcentrations for half maximal inhibition of Kconduc-
K™ influx as a consequence of IAA-induced hyperpolar-tance and elongation could have statistical reasons. But
ization roughly matches the 1.6-fold increase of nét K it can also be postulated that a fCh induced block of
uptake into Avenacoleoptiles in 10 m external K the inward rectifier causes a hyperpolarization of the
(Haschke & Litge, 1975). In this case, comparison of membrane (Nelles & Mier, 1975) because of a de-
net influxes and unidirectional influxes is legitimate be- creased load of the pump. Hence, the inhibition of the
cause of the small unidirectional efflux from expanding K™ conductance may partially be balanced by a concom-
coleoptile cells. (Pierce & Higinbotham, 1970). itant increase in driving force. This could be the reason
Main support for the idea that the'Knward rectifier ~ for the lower apparent [G4], sensitivity to K import.
is crucial for osmotic-driven elongation comes from the Notably, the inhibition of the inward rectifier by
sensitivity of both cell elongation andkconductance to  [Ca®*], does not explain the entire €asensitivity of
[C&?"], and TEA: The [C&"], sensitivity of the K in-  coleoptile elongation. Although 10 m[C&?*], and 20
ward rectifier in coleoptile protoplasts can explain pre-mm TEA completely block the inward rectifier, Ehis
vious data which indirectly show a €ainduced inhibi-  significantly more potent as an inhibitor of elongation.
tion of the K conductance in intact coleoptile cells It may therefore be concluded, thatCianterferes in the
(Nelles & Miller, 1975; Nelles, 1976). In coleoptile tis- intact tissue with additional processes that determine cell
sue, a Nernstian response Wfto extracellular K in  elongation (Cooil & Bonner, 1957; Cleland & Rayle,
absence of [CH], was decreased as [€%, was in- 1977). Furthermore, complete inhibition of the" k-
creased (Nelles, 1976). On the background of theward rectifier by TEA or [C4"], is not accompanied by
present data, the Nernstian voltage response in intactomplete block of elongation. Hence, cells must have
cells can readily be explained by the substantialckin-  additional mechanisms for the accumulation of osmoti-
ductance of the inward rectifier in the relevant voltagecally active solutes (Rubinstein & Light, 1973; Haschke
range. Furthermore, the measured decrease in condu&-Llittge, 1975).
tance of the K inward rectifier in response to elevated
concentrations of [G4], explains the sub Nernstian volt-
age response following elevation of [€}, in coleoptile  TiISSUE SPECIFICITY
tissue. In conclusion, the electrical responses measured

in coleoptile protoplasts reflect those obtained in intact.l.he outer epidermis of coleoptiles has been suggested as

coleoptile tissue. Thus, effects measured on the cellula " ., layer whichmechanicallylimits growth of co-
level are likely to correspond to processes measured 'Peoptiles and exhibits a unique auxin sensitivity (Kut-

the whole tissue.
; . . schera, Bergfeld & Schopfer, 1987). The present com-
The estimated [Cd], concentration for half maxi- parison of the inward rectifying K channels in the

gﬁ!:ienzz?fzi?gyogﬁgggftgf 4el?rﬁsti?gegnnd(;ﬁzggg;m yplasma membrane of epidermis and cortex protoplasts
prove that the [C4].-evoked inhibition of the K con- bears no significant differences between cells from either

ductance is responsible for the inhibition of elongation tissue which would discriminate both cell types. Thus
P . 9 ‘the data further add support to the notion, that a proposed
However, both K conductance and elongation can also

e . . prominent role of the outer epidermis is not related to the
be |nh|b|t'ed by ‘IfEA.,'a monovalent cation, which bearselectricalproperties of these cells as already proposed by
no chemical similarities to Ca. Peters, Richter & Felle (1992)

Both results add up as conclusive evidence that the ' '

inward rectifier is a main pathway for’kuptake to drive
elongation. An implication for the control of Kuptake

is that the latter is under direct control &f. Thus,
growth promoting hormones such as IAA and gibberellic
acid can stimulate Kuptake under conditions of in- The kinetic analysis of the voltage- andCaontrolled
creased growth simply by their ability to polarize the K™ conductance renders tiparallel model more likely
membrane through stimulation of the tATPase activ- to apply compared to either of the two serial models.
ity (Nelles, 1977). However, a modulation of the"K In physiological terms, this result means that voltage and
inward rectifier in guard cells by auxins (Blatt & Thiel, [Ca?*], act on the activity of the channel by independent
1994) implies additional control sites for'Kiptake un- modes. Whereas many‘'Khannels in plants and fungi
der hormonal control. are blocked by [C#], as a competing cation in a strik-

KINETICS
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ingly cooperative mode with the Voltage (Klieber & Cosgrove, D.J. 1985. Biophysical control of plant cell grow&hnu.
Gradmann, 1993, Bertl et al., 1993), this coupling seems  Rev. Plant Physiol37:377-405 o
to be weak in coleoptiles or even absent Diekmann, W., Venis, M.A., Robinson, D.G. 1995. Auxins induce

clustering of the auxin-binding protein at the surface of maize co-
As for t.he abSOIUt? amounts of Fhe rate constdxnts leoptile F?rotoplastsProc. NatI.gAt)cad. Sci. U.S.Ain presg
and kA' which _detgrmnje th.e VQIOCIty of the VOItage' Fohr, K., Warchol, W., Gratzl, M. 1992. Calcium and control of free
controlled activation/inactivation, Gradmann et al.  givalent cations in solutions used for membrane fusion studies.
(1993) have demonstrated — at least for guard cells — Methods EnzymoR21:149-157
that plant cells with effective turgor control alternate Gradmann, D., Blatt, M.R., Thiel, G. 1993. Electrocoupling of ion
appropriately between a state of ion uptake and a state of transport in plants. Membrane Biol136:327-332
ion release, and that these switching kinetics are detefdamil, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.
mined by the absolute rate constants of voltage-gated Improved patch-clamp techniques for high resolution current re-

L . s . - cording from cell and cell-free membrane patcheffuegers Arch.
activation/inactivation. Correspondingly, coleoptiles un- 5, 4c" 100

der _phy5|olog|cal condlthns cannot be assumed to Opelgaschke, H.-P., Iige, U. 1973.p-Indolylessigsare-(IES)- abfia-

ate in a steady-state of ion uptake (where absolute rate giger k*-H*-Austauschmechanismus und Streckungswachstum bei

constants are irrelevant), rather than in a sophisticated AvenaKoleoptilen.Z. Naturforschung8:555-558

mode of turgor control when photo- and gravitropic Haschke, H.-P., Liige, U. 1975. Stoichiometric correlation of malate

growth responses are considered. In this context, deter- accumulation with auxin-dependenti* exchange and growth in

mination of the absolute rate constants is important. One Avenacoleoptile segmentslant Physiol.56:696-698

has to keep in mind, however, that these dynamic prc.pl_-hnchman, RR 1972..The ultrastructutal morphology and ontogeny of

. . . . . oat coleoptile plastidsAm. J. Bot.59:805-817

erties of ion ghanr_lels can differ considerably depend'ng(lieber, H.-G., Gradmann, D. 1993. Enzyme kinetics of the prinie K

on the physiological state of the membrane (€.9., IN channel in the tonoplast oEhara: selectivity and inhibition.J.

whole-cell measurements or in measurements with per- Membrane Biol132:253-265

forated patches, Oleson, De Felice & Donahoe, 1993)Kutschera, U., Bergfeld, R., Schopfer, P. 1987. Cooperation of epider-

It would therefore, be premature to assign a physiologi- mis and inner tissues in auxin-mediated growth of maize coleop-

cal meaning to the absolute values of the rate constants files. Planta170:168-180

determined under our experimental conditions. Neher, E._ 1992. Correction for liquid junction potentials in patch clamp
On the other hand, the above comparison of mea. SPerimentsMethods Enzymo07:123-130 . .

) N . . KUD- Nelles, A. 1976. Das Membranpotential von Zellen der Maiskoleoptile
sured Steady ste}te. Keurrents and physmloglcal p unter dem EinfluR von Kalium- und Kalzium-lone®iochem.
take points to similar steady-state properties of tHe_ K" Physiol. Pflanzer169:385-391
inward rectifier under experimental and physiological Nelles, A. 1977. Short-term effects of plant hormones on membrane
conditions. Under these circumstances, the model is ex- potential and membrane permeability of dwarf maize coleoptile
pected to provide realistic estimates under physiological cells Zeamays. d) in comparison with growth respons@anta

conditions with very low (<1 m) external K concen- 137:293-298

trations when K uptake is hard|y measurable. Nelles, A., Miler, E. 1975. loneninduzierte Depolarisation der Zellen
von Maiskoleoptilen unter dem Einflul3 von Kalzium ugédndoly-

CONCLUSIONS lessigsare (IES).Biochem. Physiol. Pflanzel67:253-260

. . . . . Oleson, D.R., DeFelice, L.J., Donahoe, R.M. 1993. A comparison of
Osmotically driven cell elongation in growing coleop- k- channel characteristics human T cells: perforated-patch versus
tiles is inhibited by [C4"], via a voltage-independent whole-cell recording techniques. Membrane Biol132:229-241
Ca* block of voltage-gated Kchannels that mediate Peters, W., Richter, U., Felle, H. 1992. Auxin-inducetptimp stim-
substantial uptake of K ulation does not depend on the presence of epidermal cells in corn

) coleoptiles.Planta 186:313—-316
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