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Abstract. Two different, simultaneously activated out- 
ward rectifying K + currents were analyzed in the plas- 
malemma of root cortex protoplasts of Plantago media. 
Their gating is dependent on the diffusion potential for 
K + (EK). The threshold potential was more negative than 
EK allowing small inward currents at potentials below E K 
thereby keeping cells with little pump activity in the K 
state (Vogelzang & Prins, 1994). 

Time and voltage dependence of the outward recti- 
fying K + currents have been analyzed with Hodgkin- 
Huxley-like (HH) models. Dynamic responses of whole 
cell currents to pulse potentials were analyzed with two 
voltage dependent functions, the Boltzmann distribution 
for open probability per gate and the transition rate to- 
wards the open state (a). The transition rate in the op- 
posite direction ([3), was calculated from c~ and the Boltz- 
mann distribution. These functions were used for an in- 
tegral analysis of activation and deactivation currents 
measured over a range of pulse potentials. Both whole 
cell and single channel data were used for the determi- 
nation of the number of closed and open states. The 
effects of single channel flickering on time response and 
amplitude of tail currents were added to the model. The 
dominant K + channel present in the plasmalemma of P. 
media has a characteristic nonlinear single channel I-V 

curve reducing the amplitude of whole cell currents at 
positive potentials. To compensate for this nonlinearity, 
a four state translocator model was added to the whole 
cell open probability model. The analysis presented here 
provides a general basis for the study and comparison of 
K + channel kinetics in plant protoplasts. 
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Introduction 

The membrane potential of Ptantago media root cortex 
cells strongly depends on the K + concentration of the 
extracellular solution: in cells of excised roots (Maathuis 
& Prins, 1990) as well as in isolated root cortex proto- 
plasts (Vogelzang & Prins, 1994). This is true for pro- 
toplasts and root cells in the potassium diffusion state (K 
state) and for isolated protoplasts in the pump state (P 
state). By definition cells in the K state have a mem- 
brane potential (Vm) equal to the Nernst potential for 
potassium (EK) and cells in the P state have a V m that is 
more negative than E K (Bisson & Walker, 1982; Beilby, 
1986; Cruz-Mireles & Ortega-Blake, 1991). For proto- 
plasts in the P state V m was about 90 mV more negative 
than E K, within the range of 1 to 100 mN extracellular K + 
(Maathuis & Prins, 1990; Vogelzang & Prins, 1994). 

The K state indicates the presence of a dominant K + 
conductance in the plasmalemma, as was confirmed in a 
detailed study of single channels in the cell-attached- 
patch (CAP) and out-side-out-patch (OOP) configuration 
(Vogelzang & Prins, 1994). The dominant depolariza- 
tion activated ion channel appeared to be highly selective 
for potassium. Unlike most ion channels that conduct 
outward rectifying currents (ORC) it conducted both in- 
ward and outward currents in steady state and its gating 
was Ex-dependent. The ion channel was called outward 
rectifying flickering channel (ORC-f) because of the typ- 
ical flickering of its inward current. The threshold of its 
voltage dependent activation (Vthr), shifted with E K and 
was always more negative. Thereby the ORC-f also con- 
ducts small inward currents. The combination of out- 
ward and inward K + currents around E K tends to clamp 
V m at E K in protoplasts and intact cells with little H +- 
ATPase pump activity. A second outward rectifier was 
detected in OOP. It was named sub-picoSiemens out- 
ward rectifying channel or ORC-sp, because unitary 
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changes in current could not be detected (Vogelzang & 
Prins, 1994). The single channel data predicted a signif- 
icant contribution of  the ORC-sp to outward currents in 
the whole cell  configurat ion.  Start ing point  for the 
present analysis is the hypothesis that these two separate 
K + conducting ORCs dominate also in the whole cell 
configuration. A minimal  model  for the analysis of  
whole cell data of P. media root cortex cells therefore 
must contain these two channels. The outcome of this 
analysis clearly supports this starting hypothesis. Up to 
now K + sensing gating mechanisms in ion channels, con- 
ducting outward rectifying currents, have rarely been re- 
ported in plant cells (Skerret & Tyerman, 1994). Inward 
rectifying K + currents in starfish eggs described by Hagi- 
wara, Miyazaki  & Rosenthal (1976) have a gating mech- 
anism that interacts with K + ions. Inward rectifying cur- 
rents with a K+-sensing gating mechanism were reported 
in guard cells of stomata by Schroeder and Fang (1991) 
and in barley aleurone protoplasts (Bush et al., 1988). 

Schroeder (1989) and Van Duijn (1993) analyzed 
the kinetics of K + selective outward rectifying currents of 
respectively Vicia faba guard cells and tobacco suspen- 
sion cells. Superficially their activation and deactivation 
curves looked very similar. However  Van Duijn re- 
ported that the parameters describing the voltage depen- 
dent kinetics of outward rectifying currents of tobacco 
cells were very different from those of  V. faba guard 
cells if  fitted with the same model  (Van Duijn, 1993). 

In this study, we report on a kinetic analysis of the 
two parallel outward rectifying currents in the plasma- 
lemma of P. media root cortex protoplasts. The kinetic 
model  of the ORC-f  includes five closed and one open 
state and the HH-model  of the ORC-sp one closed and 
one open state. The set of  current data used for the ac- 
tivation and deactivation analysis contained a wide range 
of  pulse potentials to insure an integral analysis of  the 
data (ensemble analysis). Flickering can significantly in- 
crease the time response of deactivation currents (Colqu- 
houn & Hawkes, 1977) therefore flicker kinetics were 
analyzed and incorporated in the kinetic model  for ORC- 
f. The model  was further extended with a four-state 
translocator model  that predicts the K + dependent cur- 
rent-voltage relationship of an open ORC-f  (Vogelzang 
& Prins, 1994). 

Cation channels with flicker kinetics during deacti- 
vation seem present in the plasma membrane of various 
plant cells. Root cells of  P. maritima displayed channels 
with flicker kinetics and conductance identical with the 
ORC-f  in P. media (Vogelzang & Prins, unpublished 
results). Schachtman, Tyermann & Terry (1991) re- 
ported the presence of  flicker channels with an E x de- 
pendent gating in wheat root cells. Terry, Tyermann & 
Findlay (1991) observed flicker channels in the plasma- 
lemma of  protoplasts derived from Amaranthus seed- 
lings. Recently Blom and coworkers (Blom-Zandstra et 
al., 1994) observed flicker channels in tobacco (leaf) and 

sweet pepper (leaf and root). Preliminary data show that 
these cation channels do not share the same kinetics. 

The present analysis provides a general biophysical  
basis for the study of K + channels responsible for the 
stable K-state of  root cells. The maintenance of  this K 
state in root cells may have a function as part of the K + 
transport system in plants. The depolarization activated 
K + conductances in the plasma membrane of P. media 
root cortex cells permit both net influx and net effiux of 
K +. An outward proton current, generated by proton 
pump activity, can hyperpolarize V,,, to potentials more 
negative than EK causing an inward K + current. Com- 
plete deactivation of the K + conductance will only occur 
if the outward proton current is greater than the maxi- 
mum steady state inward K + current. Outward K + cur- 
rents occur if  V m is depolarized to potentials more pos- 
itive than EK, e.g., by the activation of  anion conduc- 
tances. 

Materials and Methods 

ISOLATION OF PROTOPLASTS 

Root-cortex protoplasts of Plantago media L. were isolated using the 
method of Vogelzang and Prins (1992) yielding a rapid isolation of 
protoplasts after minimal exposure of the root tissue to cell wall de- 
grading enzymes. The cortex cells were collected at the bottom of a 
specially prepared culture dish (Ince et al., 1985). Before the start of an 
experiment, the measuring chamber was perfused with the bath solution 
for 15 to 30 rain removing all debris, while the protoplasts remained 
attached to the bottom of the dish. 

SOLUTIONS 

Unless noted otherwise, the solutions had the following composition. 
Bath medium (in raM): 350 Mannitol, 10 KC1, 2 MgC12, 2 CaC12, 5 
MES, adjusted to pH 6.0 with 0.5 M BTP. Pipette medium (in mM): 
230 Mannitol, 100 KC1, 2 MgC12, 0.1 CaC12, 1 K4BAPTA (Sigma), 5 
HEPES, adjusted to pH 7.2 with 0.5 M BTP. When potassium concen- 
trations other than those mentioned above were used, osmolarity was 
kept constant with mannitol to 387 and 446 mOsm for bath and pipette 
solution, respectively. 

PATCH CLAMP EXPERIMENTS 

Conventional patch clamp techniques were applied (Hamill et al., 
1981) in the whole-cell and out-side-out-patch configuration with an 
EPC-7 patch clamp amplifier (List Electronics, Darmstadt, F.R.G.). 
Whole cell configurations were acquired by suction within 1 to 5 min- 
utes after the obtainment of a gigaseal. The whole cell resistance was 
identified by the increase of capacity (0.72 gF/cm2). 

The reversal potential of whole cell I-V curves was determined 
after subtraction of the leak resistance. The leak resistance was as- 
sumed to be ohmic and was determined by linear fitting of the instan- 
taneous currents for a range of pulse potentials starting from a holding 
potential where ion channel activity was minimal. The data were sub- 
sequently corrected for the current through this leak. The leak resis- 
tance typically was higher than 1G~. The ratio membrane conduc- 
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tance at Ex/leak conductance was always higher than 500, therefore 
leak subtraction was not critical for the determination of the reversal 
potential, V r Voltage and current data were transferred via a CED 
1401 A/D-converter controlled by patch clamp software of CED (Cam- 
bridge, UK). Data were sampled at 1 to 12 kHz and stored on a per- 
sonal computer (Olivetti M-24). 

CALCULATIONS 

For analysis of whole-celi channel recordings, (Turbo-Pascal) CED- 
compatible software (ECOpatch) was developed. The parameters of 
the Boltzmann distribution and c~ function were determined by cou- 
pling the simplex algorithm (Caceci, 1984) to Turbo Pascal matrix- 
handling graphical routines, written for this procedure. The standard 
error of the ensemble fit was calculated from the sum of residuals (Zd 2) 
by: ~,~t = ",l[Zd2/n( n - 1)]. Calculated values are expressed as means 
_+ SD. 

RESULTS 

DEPOLARIZATION ACTIVATED INWARD-OUTWARD CURRENTS 

IN WHOLE CELL 

Figure 1 shows typical whole cell recordings of depolar- 
ization activated currents. An increase of the pulse po- 
tential from a holding potential of -100 mV to potentials 
ranging from -50  to +40 mV activated inward currents at 
potentials more negative than Ex (30 to 50 mV) and 
outward currents above E/e The outward current was 
large compared with the inward current. The activation 
curve initially had a sigmoidal shape, thereafter activa- 
tion was slower and a second single exponential increase 
could be identified. Apparently channels with different 
activation kinetics were activated. 

SINGLE CHANNEL ORIGIN OF WHOLE CELL CURRENTS 

Figure 2 shows activation curves of outward rectifying 
currents through ion channels in OOP recordings and an 
ensemble average of 30 of these recordings. Examples 
hereof are displayed in the five upper traces. Earlier sin- 
gle-patch experiments (Vogelzang & Prins, 1994) led to 
our hypothesis that two K + conductances dominate, the 
fast ORC-f and the slow ORC-sp, and carry the outward 
current. In agreement with this hypothesis, the ensemble 
average shows a fast and a slow activation component 
corresponding to time responses in whole cell (Fig. 1). 
Activation of ORC-f at potentials 50 mV more positive 
than E K is completed within a few seconds while activa- 
tion of ORC-sp is five to ten times slower. Unitary cur- 
rent steps could not be detected for ORC-sp. Apparently 
the conductance of an individual ORC-sp channel is be- 
low the detection level of a conventional patch clamp 
amplifier (Vogelzang & Prins, 1994). 
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Fig. 1. Whole cell recordings of a P. m e d i a  root protoplast. Outward 
rectifying currents were activated upon depolarizing pipette potentials. 
Pulses were applied ranging from -50 to 40 mV with 10 mV steps. 
Deactivation tail currents appeared when the voltage was returned to 
the holding potential of -100 mV. A leak subtraction of 12.5 G~ has 
been applied to all tracks. The inset displays the corresponding whole 
cell current voltage curve measured at the end of each applied pulse (4 
sec). Both small inward (-20 pA) and large outward (+750 pA) currents 
were conducted by the depolarization activated channels. The K + con- 
centration of bath and pipette solution was 30 and 108 mM respectively. 

EK-DEPENDENT GATING OF WHOLE CELL CURRENTS AND 

K + SELECTIVITY 

Whole cell recordings of depolarization activated cur- 
rents were made at different E x values. In Figure 3A, 
two examples of the resulting I-V curves are depicted. 
Both curves show, besides the large outward going cur- 
rent, a small but significant inward current at potentials 
more negative than their reversal potential (Vr). In Fig- 
ure 3B, the reversal potentials of whole cell I-V curves 
from twelve different protoplasts have been plotted ver- 
sus E x (Correl.Coeff. = 0.99). The Vr of the I-V curves 
almost equalled E K (Fig. 3B). The ratio membrane con- 
ductance at EK/leak conductance was always higher than 
500, therefore the leak had no significant effect on V~. 
Figure 3A also shows that Vth r is close to E~50  mV and 
that Vth r shifts along the abscissa with E x. Apparently 
both conductances, ORC-f and ORC-sp, have a K § 
sensing gating mechanism. This is in agreement with the 
results from single channel analysis of OOP recordings 
(Vogelzang & Prins, 1994). 

Figure 4 shows the effect of the K + channel blocker 
TEA. Addition of 50 gL 2M TEA, final concentration 
100 mM, resulted in a complete block within 10 min (Fig. 
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Fig. 2. Single channel events in the outside out patch configuration 
showing the activation of at least four outward rectifying ion channels. 
The Holding potential was -40  mV, the applied pulse step 80 inV. Note 
the slow increase of the baseline that raises the level of the ion channel 
currents in a single exponential manner. The five upper traces are 
randomly selected from a group of thirty records. The lower trace is the 
result of an ensemble average of these thirty records. It displays a 
biphasic activation of the current followed by a single exponential 
deactivation curve. 
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Fig. 3. (A) Whole cell I-V curves of two P. media root protoplast with 
different Nernst potentials for potassium (EK). The left- and right- 
handed curve are from protoplasts with an E~ of -55 and 0 mV re- 
spectively. Leak was subtracted from both curves (5 & 2 G~2 respec- 
tively). (B) The reversal potential (Vr) of twelve whole cell I-V curves 
from different cells are plotted versus their calculated E K value. 

4B). Earlier OOP experiments showed that a complete 
block of the K + channels could be obtained with 50 rnM 
TEA (Vogelzang & Prins, 1994). In these experiments 
the controle solution was exchanged for a TEA contain- 
ing one. In the whole cell configuration, however, we 
could not use this method without loosing the seal. 
Therefore TEA was added to the solution. To obtain 
nevertheless a complete block within a reasonable time 
period we needed a much higher TEA concentration as it 
diffused only slowly to the protoplast. Even with 100 
rnM TEA it took 10 rain to reach complete inhibition 
(Fig. 4C), The effect of TEA indicates that both the 
ORC-f and the ORC-sp are selective for potassium, as 
was already indicated by V r being equal to E x. Figure 
4C shows the effect of TEA in time. I - V  curves with 
identical pulse protocols were made before and after ad- 
dition of TEA. The currents through both conductances 
were reduced at the same rate. Addition of TEA resulted 
in a single exponential decrease of the nominal outward 

currents while the shape of I - V  curves remained essen- 
tially the same. 

OPEN PROBABILITY AND TRANSITION RATES: VOLTAGE 

DEPENDENCE OF ION CHANNEL GATING 

Ion channels have the capability of undergoing rapid 
conformational changes between conducting (open) and 
nonconducting (closed) states. For many ion channels 
the transition rates are voltage dependent. (z and [3 rep- 
resent rate constants for the transition from respectively 
closed to open and open to closed: 

O~ 

C , ~ O  Scheme 1 

The conformational changes are generally assumed to be 
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Fig. 4. (A) Whole cell recordings of a P. media root protoplast before 
the addition of TEA to the bath solution. Outward rectifying currents 
were activated upon depolarizing pipette potentials. Pulses were ap- 
plied ranging from -90  mV to 30 mV with 20 mV steps. The holding 
potential was -170 InV. (B) The response of the same protoplast ten 
rain after the addition of 50 gl TEA (2 M) to the bath solution, resulting 
in a final concentration of 100 mM TEA. (C) Successive I-V curves 
showing a stable noninactivating response to depolarizing pulse poten- 
tials before the addition of TEA. At t = 0 rain TEA was added to the 
bath solution, the response to depolarizing pulse potentials declined 
exponentially in time. Half time of the block by TEA was approxi- 
mately three min. 

related to the movement of a gating charge (z) causing a 
tiny gating current (Hille, 1984). A conformational 
change moves a gating charge of valence z from one side 
of the membrane to the other across the full membrane 
potential drop E. Let m be the conformational energy 
increase upon opening of the channel in the absence of a 
membrane potential (E = 0). Along with the membrane 
potential the electrical energy of opening increases with 
-zeE, where e is the elementary charge. The total energy 
change thus is co - zeE. The Boltzmann equation gives 
the ratio of open (O) to closed (C) channels at equilib- 
rium in terms of energy change: 

O/C = exp(-(m - zeE)/kT) (1) 

Here k is the Boltzmann's constant and T the absolute 
temperature on the Kelvin scale. Note that the ratio O/C 
is equal to the ratio c~/13. All conformational changes 
must obey the Boltzmann equation of statistical mechan- 
ics. Consequently the transition rates a and [3 are bound 
by physical laws that can be expressed as the relative 
probability of finding a channel in an open (O) or closed 
(C) state at a given potential: 

Popen = O/(C + O) (2a) 

and thus: 

Popen = 0~/(0~ + ~)  (2b)  

combining Eqs. 1 and 2a the probability of finding chan- 
nels, as presented in scheme 1, in an open state is: 

Popen = 1/(1 + exp[{m - zeE}/kT]) (3a) 

If m is equal to zeE then Popen = 0.5. At this potential E 
is equal to m/ze that is defined as V~/2 thereby changing 
Eq. 3a into: 

Popen = 1/(1 + exp[{ 1/1/2 - E} �9 ze/kT]) (3b) 

This equation yields open probability values between 
zero and one, however the open probability may in re- 
ality vary over a smaller range (e.g., between 0.2 and 0.8) 
in which case one should u s e  P'open defined as: 

P'open = P m a x '  [Pmin + (1 - Pmin) ' Popen] Oc) 

with 0 ~< Pmin and Pmax ~ 1. 
Hodgkin and Huxley (1952) formulated the voltage de- 
pendence of a as: 

o~ = c%. (V,x - E)/(exp[{ V,~ - E } / S j  - 1) (4) 

Where c% is the scaling factor, Vc~ determines the voltage 
dependence and Sc~ the steepness of the voltage depen- 
dence of o~. According to Eq. 2b [3 can be calculated 
from c~ and Popen by: 

= ~/Popen - ~ (5)  

Ion channels with simple kinetics (scheme 1) re- 
spond to changes in potential by a change in the ratio o~/[3 
resulting in a single exponential increase or decrease in 
current. The time dependence ('~) of whole cell activa- 
tion and deactivation of these ion channels can directly 
be obtained by analysis of the corresponding curves. ~ is 
voltage dependent because it is a fraction of a and [3 by: 

"c = 1/(cz + ~) (6a) 
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Eqs. 2b and 6a permit the expression of'c as a function of 
Popen and 0~: 

= P o p e n ] a ;  (6b) 

Eqs. 6a and 6b are only valid for channels represented by 
Scheme 1. Note that the open probability of the ion 
channel (Popen,ch) and the gate (eopen,g) are the same if 
only one gate is involved in the opening of an ion chan- 
nel. 

STEADY STATE OPEN PROBABILITIES FOR LINEAR 
HH MODELS 

The deactivation curves in Figs. 1 and 2 follow single 
exponential curves suggesting that the activated ion 
channels have only one open state. The sigmoidal acti- 
vation curves show that the rapidly activated channel, 
ORC-f, must have more than one closed state. Usually 
ion channels have one open state and many closed states 
(Gradmann & Bertl, 1989). For the analysis of such ki- 
netics linear HH-models with p closed states are gener- 
ally used (Hodgkin & Huxley, 1952). 

po~ (p-1)a 2a (~ 
C1 ~- C2 ~ C3 . . . Cp< a Cp ~ O 

1~ 2[3 (p-1)~ 
Scheme 2a 

As will be discussed further on Scheme 2a with four 
closed states (p = 4) describes best the rapidly activated 
ORC-f and with one closed state (p = 1, =Scheme 1) the 
slowly activated ORC-sp. 

The open probability of an ion channel with p closed 
states (Popen,cb(p)) as depicted in scheme 2a can be cal- 
culated from the Boltzmann distribution (Eq. 3b) that 
determines the ratio of ~ over ~. The open probability of 
an ion channel with p gates (Popen,ch(p)) is equal to 
[Popen,g] p. Alternatively Popen,ch(p) can  also be calculated 
from the transition rate ratio's (see be low) .  This ap- 
proach allows for the calculation of Popen,ch(p) if the lin- 
ear HH-model is extended with one state that has differ- 
ent gating constants, here cz' and ~' (Scheme 2b). 

p a  (p-1)a 2a  o~ o( 
C1 ~ C2 a C 3 . . .  Cp_ 1 ~ Cp ~- 0 ~,, Cx 

[3 2~ (p-1)[~ p[3 l -  

Scheme 2b 

As follows from Scheme 2a the sequence of the ratio's 
between the states CI:Cz: . . . .  :Cp:O is given by: 

I : C  1 �9 [pD~/~]:C 2 �9 [(p - 1)O~/213]: . . . .  : 
c,,_~. [2~(p - 1)[3]:c,,. [o@13] (7) 

In steady state Pop .... h(p) is equal to the ratio of [cz/p~] 
over the sum of the ratios: 

Pop . . . .  h(p) = Cp.  [alp[3]~(1 x C  1 . [p(z/[3] + . . . .  
+ o .  [cVpN) (8) 

A change in potential (from V 1 to V2) causes a change of 
the steady state Popen,ch(p) value by: 

~Popen,ch(p,V1,V2) = Popen,ch(p,V2) -- Popen,ch(p,V1) (9) 

DYNAMIC CURRENTS; ACTIVATION AND DEACTIVATION 

Changing V m may cause an increase in current in time 
resulting in a final value of Popen,ch(p) (Eq. 8). For linear 
HH-models an increase in current can accurately be de- 
scribed with the activation variable nPct (Hodgkin & 
Huxley, 1952): 

nPct = [1 - exp(-tfiCact] p (10) 

This equation is only valid if the holding potential (Vh), 
preceding the activating pulse potentials, forced all chan- 
nels in the Cl-state (Scheme 2). For channels with one 
open state %ct is identical with z (Eq. 6). 

The time dependence of whole cell deactivation or 
tail currents (%ca) are determined by p .  [3 if [3 >> 
(Scheme 2). Again p represents the number of closed 
states: 

"Ode a = 1/p . ~3 (11) 

A decrease in conductance caused by deactivation can be 
described with a single exponential curve: 

nae ~ = exp(--t/'Cdea) (12) 

When potassium currents are activated in whole cell 
the K + conductance (GK(act)) depends on the total amount 
of K § channels present in the membrane (N), the con- 
ductance of the individual K + channels (GK(sc)), the ac- 
tivation variable nPct and Popen,ch(p)i 

GK(act) = aK(sc ) �9 N '  Popen,ch(p) " /~Pact (13) 

If the maximum conductance GK(max) is the product of N 
and GK(sc ) then: 

GK(act) = Gg(max) "Pop . . . .  h(p)' nPact (14) 

Current passing through G K is driven by 8V K, defined as 
the difference between the Vm and E K and thus: 

IK(act) = ~VK" GK(act) (15) 

The initial open probability of the K § channels upon 
deactivation is equal to the open probability after the 
preceding activation pulse. The total activation time (at) 
thus determines the initial conductance at the start of 
deactivation. The final conductance after deactivation is 
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determined by Pop .... h(p,Vdea) (Eq. 8). The deactivation 
potential causes a decrease in conductance by: 

P 
GK(dea) ---- GK(max) " ([Popen,ch(p,Vact) " nact(at) 

-- Popen,ch(p,Vdea)] " Xdea -1- Pop . . . .  h(p,Vdea)) (16) 

If the preceding activation time is long enough for the K + 
conductances to reach steady state ( s e e  Eq. 9) Eq. 16 
becomes: 

GK(dea, ss) = GK(max) " (~Popen,ch(p,Vact,Vdeac) " ndea 
-t- Popen,ch(p,Vdea)) (17) 

Where ss refers to the preceding steady state condition 
during activation. The deactivation current follows: 

IK(dea) = 8VK" aK(dea) (18) 

Eqs. 15 and 18 predict the changes in current after a 
pulse potential and combine the kinetic model with the 
Boltzmann Distribution (Eq. 3b) and (z (Eq. 4). This 
makes it possible to fit a set of activation and deactiva- 
tion curves over a wide range of potentials (ensemble 
fit). In order to fit the experimental data using these 
equations the instantaneous changes in whole cell cur- 
rent, following the pulse potential are assumed to be 
conducted by leak conductances and were ignored for the 
analysis of channel kinetics. 

DETERMINATION OF THE KINETIC MODEL OF ORC-f 
AND ORC-sp 

Activation curves from single channel and whole cell 
data were used to find the p value for ORC-f and ORC- 
sp. From a V h of -120 mV pulses of +160 mV were 
applied in the OOP configuration. This depolarization 
activated both ORC-f and ORC-sp conductances. From 
six recordings the datapoints originating from the base- 
line of the activation curve were collected (Fig. 5A). Us- 
ing only datapoints from the baseline and not from single 
channel openings ( s e e  Fig. 2) ensures that the current is 
not carried by ORC-f but only by ORC-sp. The baseline 
current is conducted by the ORC-sp and corresponds 
with the activation variable m p. Eq. 15 was fitted to the 
activation current. The best fit yielded a p-value of 
0.927 _+ 0.093. As p represents the number of closed 
states, p value can only be a whole number. A p value of 
0.927 thus indicates one closed state for ORC-sp. Imax(m~ 
was 4.08 + 0.07 pA and '~act(m) 533 + 32 msec. 

Figure 5B shows three activation curves of a single 
whole cell. Their high signal/noise ratio and large am- 
plitude, made them suitable for testing the p value of 
ORC-f in whole cell. The activation currents were fitted 
with the equation: 
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Fig. 5, (A) Baseline shift in outside-out patch configuration resulting 
from a depolarizing pulse of 160 mV, the holding potential was -120 
mV. The data result from six similar pulse potentials applied to the 
same patch. All data corresponding to channel (ORC-f) openings were 
omitted. The curve was best fitted with a HH-model containing one 
closed state (ml). (B) Three whole cell recordings from one cell of the 
depolarization activated K § current. The applied pulse was 135 mV 
more positive than the holding potential (-100 mV). The curves were 
best fitted with a double HH-model containing two conductances with 
one open and four closed states (m ~ + n4). 

I=/max(m)' [1 -- exp(--t/'~act(m))] 1 +/max(n)" [1 
-- exp(--t /Zact(n))  ] p (19) 

with ORC-sp represented a s  m 1 and ORC-f as n p. The 
free running p value was 4.01 + 0.020, indicating four 
closed states. The values of/max(n) and/m~(m) were 550 
+ 17 pA and 300 + 14 pA respectively indicating a sig- 
nificant contribution, here 35%, of the ORC-sp to the 
total outward current. The time constants Zact(n) and 
"l~act(m) w e r e  76.3 + 2 msec and 578 + 59 ms respectively. 
At this membrane potential the ORC-f time response is 
7.5 times faster than that of the ORC-sp. 

The deactivation curves (Figs. 1 and 2) are clearly 
first order, indicating that both conductances have only 
one open state. We conclude that Scheme 1 is the best 



kinetic model for ORC-sp consisting one open and one 
closed state. The kinetic model for the ORC-f consists 
one open and four closed states (Scheme 3). 

4c~ 3c~ 2cr c~ 
C 1 ~ C 2 ~ C 3 ~ C 4 ~ O 

2[3 3[3 4[3 
Scheme 3 

| V 

EFFECT OF O R C - f  CHANNEL FLICKERING ON WHOLE 

CELL CURRENTS 

Examples of flicker activity are depicted in Fig. 2 (OOP) 
and Fig. 6A (CAP) and have been reported before (Vo- 
gelzang & Prins, 1994). Flickering was observed with 
inward currents but not with outward currents. The 
flickering behavior conflicts with the five state model 
proposed in Scheme 3. When flickering was observed 
the open and closed times were of the same magnitude 
and very small, between 1 and 6 msec (Fig. 6A), much 
smaller than can be expected from "Cde a in whole cell 
(between 70 and 500 ms). Also if 4[3 = c~ (Scheme 3) 
than, in steady state, Pop . . . .  h(4) would be greater then 0.3 
(calculated for a five state HH-model), b u t  Popen,ch was 
less than 0.05 under whole cell steady state conditions. 
Clearly the introduction of an additional closed state is 
required as shown in Scheme 4: 

4c~ 3c~ 2 a  o~ o( 

Ca ~ C2 2~ ~ C3 3~ ~ C4 ~-0 ~ " Scheme 4 

Therefore, where a '  and ~' are transition rates between 
the open and the fifth closed state (Cf). The Cf- state 
may be positioned on either side of the open state. Nei- 
ther whole cell nor single channel data could provide an 
indication of which position Cf is most likely, we have 
arbitrarily chosen for the right-side position. 

The total time spent in open and closed state du- 
ring flickering was used to calculate the Boltzmann dis- 
tribution from six CAP experiments, Ztime(open) and 
Ztime(olosed) during periods of flicker were estimated by 
fitting the frequency histograms of the corresponding 
flicker currents with gaussian functions (Fig. 6B). The 
ratio of Etime(open) over Etime(open+c]osed ) was calculated 
at potentials ranging from 20 to 100 mV more negative 
then V r (Fig. 6C). The values of the open probability of 
the flicker gate, Popen,g(f), parameters were (Eq. 3): z = 
1.2 + 4, V]/z = -22  + 4 (mV) and Pmi, = 0.44 + 0.05, 
assuming a Pmax value of one. 

For a set of data from one experiment the voltage 
dependence of a '  and [3' was examined at potentials 
ranging from 20 to 85 mV more negative than V,. The 
corresponding mean open and closed times during flick- 
ering are depicted in Fig. 7. The reciprocal of mean open 
and closed time are equal to [3' and c( respectively. 
Clearly both a" and [3' were voltage dependent. The or" 
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Fig. 6. (A) Single channel current in cell attached patch configuration 
displaying the opening of an ORC-f at 0.1 sec (arrow upward) before 
a byperpolarizing pulse potential (90 mV) was applied. This byperpo- 
larizing potential caused a flickering inward current. After 0.3 see, the 
flickering stopped completely (arrow downward). According to the 
six-state model (Scheme 4) this flickering is caused by fast transitions 
between the open and the Cf state. (B) Frequency histograms of flicker 
currents. The data were collected within periods of channel flickering. 
The Ztime(open) over Ztime(olosea) was estimated by fitting the frequency 
histograms with two gaussian functions. (C) The ratio of Ztimewpe. ) 
over Ztime(ope.+dosea) was plotted versus the difference between V r and 
the pipette potential (gpip) for six different protoplasts. The data were 
fitted with a Boltzmann distribution function (Eq. 3). 

curve was described with an arbitrary equation similar to 
Eq. 4 but with two modifications. At negative going 
potentials o( reached a steady value that was well above 
zero and [3' reached a steady value of about 0.5. There- 
fore a minimum value for c((O~'min) had to be added to 
Eq. 4. The second modification was the exclusion of Vco 
The parameters of the a '  and Boltzmann equation were 
fitted separately (Boltzmann's points were calculated 
from 15' and c~', see Eq. 5) resulting in a" o = 0.07 _+ 0.04 
(mV-Imsec-1), S a, = 13 + 5 (mV), C(mi n = 0.36 + 0.06 
(mV-lmsec -1) and for Popen,g(f):Z = 1.49 + 0.15, V1/2 = 
-28 _+ 1 (mV) and Pmin = 0.40 +-- 0.02. 
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Fig. 7. Mean open and closed times during channel flickering were 
determined at potentials ranging from -85 to -15 mV for one cell in the 
cell attached patch configuration. The reciprocal values, respectively c( 
and 13' were calculated and plotted versus the difference between V r and 
the pipette potential (Vpip) together with the corresponding Boltzmann 
distribution (Eq, 2). 

saturates with increasing ion activity. The conductance 
of some K § channels in plant cells is strongly voltage 
dependent. This complicates the behavior of GK(s~), As 
a result the corresponding I -V curves are nonlinear. 
Such I-V curves can be accurately described with four- 
state translocator models for a variety of ionic gradients 
(Bertl, 1989; Gradmann, Klieber & Hansen, 1987; 
Hansen et al., 1981). These models describe the current 
as a function of voltage and ion activity�9 For the ORC-f 
the parameters of a four-state model were determined 
earlier (Vogelzang & Prins, 1994). K + currents in whole 
cell are predicted by Eq. 15 describing changes during 
activation. It includes GK(~o) and 8V K that are substi- 
tuted, for ORC-sp, by the current predicted by the trans- 
locator model (IK(~,t~)): 

1 
/K(act) = IK(~,t~) " N(oRc-sp) ' Popen,ch(1,Vact) " l'lact (22) 

and for ORC-f: 

4 (23)  IK(act) = /K(sc,tr) " N(ORC-f) " Popen,ch(4+l,Vact) " nact 

Even at activation potentials with a small ~act value 
(76 + 2 ms, Fig. 5B) c~' was about 60 times greater than 
o~. Apparently at potentials more positive than E K, the 
Cy-state had no effect on the shape and time response of 
the activation curves and the model proposed in Scheme 
3 was still valid for activation curves. However, if, ~ >> 
o~, then ~dea will increase proportional to the (cy,' + [Y)/c( 
ratio (Colquhoun & Hawkes, 1977), for Scheme 4: 

"~dea = [((X' + ~')113('] " [1/[3" ~] (20) 

A similar reasoning is valid for deactivation currents (Eq. 
18) for ORC-sp: 

IK(dea = IK(sc,t~) ' N(oRc-~p) " (~Popen,ch(l,Vact,Vdeac) ndea 
+ Pop . . . .  h(1,Vdea)) (24) 

and for ORC-f: 

IK(dea,n) = IK(sc) " N(ORC-t) " (~Popen,ch(4+l,Vact,Vdeac 
�9 Hde a "t- Popen,ch(4§ (25) 

Extension of the linear model from Scheme 2 with an 
additional closed state (Cf) requires a reformulation of 
Eq. 8: 

Popen,ch(4+l) =- C "  [[Y/a']/(1 + C 1 �9 [ p o ~ / ~ ]  

+ . . . .  C4. [~/4p] + O .  [p'/c(]) (21) 

Figures 6C and 7 show that Pmin c a n  vary between 0.3 to 
0.5 resulting in an increase of zaea by 3.3 and 5 respec- 
tively. 

INCLUSION OF SINGLE CHANNEL 

CURRENT-VOLTAGE RELATIONSHIP 

Ensemble fits must be corrected for the current-voltage 
relationship of the corresponding ion channels, unless 
this relation is linear within the pulse potential range and 
the applied ion activity on either side of the membrane. 
The actual K § current flowing through the ion channels 
in whole cell measurements depends on the conductance 
of individual ion channels and ~)V x. The conductance of 
a single channel (GK(s~)) usually follows a curve that 

ENSEMBLE FIT OF SIMULTANEOUSLY DEPOLARIZATION 

ACTIVATED K + CURRENTS 

ORC-f currents were predicted with Eq, 23 and Eq. 25 
that contain five parameters originating from cz and the 
Boltzmann function for open probability. Two extra pa- 
rameters were required for the ensemble analysis of 
ORC-f: N(oRc_f~ for the number of ORC-f channels and 
P,mn for the flicker open probability. Eq. 22 and Eq, 24 
were used for the simulation of the ORC-sp. Initially it 
was assumed that the shape of the single channel I -V 
curve was the same for both the ORC-sp and ORC-f, 
because both channels share ion selectivity, voltage sen- 
sitive activation and voltage dependent gating. How- 
ever, stable fits were only obtained if the inward current 
through ORC-sp was increased by a factor qb. This to- 
gether with N(oRc_sv ) for the number of ORC-sp channels 
makes the total number of parameters for ORC-sp seven. 
Note that qb > 1 makes the single channel I-V curve of 
the ORC-sp more asymmetric than that of ORC-f, i.e., 
the ratio between inward and outward conductance is 
increased, favoring the inward current. N(oac_t~ and 
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Table 1. Results of ensemble fit 
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Parameters ORC-f ORC-sp 

(Yfit = DtJ tJfi, = Dr5 
Mean Miu Max Mean Min Max 

o~ o (mV -~ sec -~) 2.1E-1 1.2E-1 3.5E-1 3.3E-2 2.1E-2 5.4E-2 
V~ - EK (mV) -1.0El -3.9E1 -4.0E0 -1.7El -2.2E1 -1.4El 
S,~ (mV) 8.5E0 6.6E0 1.4E1 5.5E0 5.0E0 6.1E0 
z 1.gE0 1.4E0 2.8E0 3.7E0 3.4E0 4.2E0 
Vl/2 - -  EK (mV) -1.9El -3.1El -7.3E0 -1.1El -1.5El -7.3E0 
N 4.3E2 3.6E2 4.7E2 1.4E2 1.0E2 1.6E2 

3.1E0 2.3E0 3.6E0 
Pmln 3.4E- 1 0.0E0 7.9E- 1 

The standard error, eyrir, of the best fit from one cell was 0.43 pA. D~ is the double value of the minimal t~fu. The values of the parameters were 
decreased or increased until t~t equalled Dts. The sensitivity of the fit per parameter is thus indicated by the minimal (min) and maximal (max) 
values. 329 datapoints were used for the ensemble analysis of one cell. 

N~oRC.sp ~ have a s l ight ly  different  meaning.  Where  
N(oac_ ~ is the absolute number of ORC-f  channels in one 
cell  (430 for the data shown in Table 1), N(oRC_sp ) 
is defined relative to N(ORC_ o. The value of  140 for 
N(oRc_sp ) indicates in fact that 140 ORC-f  channels 
would be required to match the conductance through the 
ORC-sp channels. It was assumed that all c~ and  eopen,g 
functions depend on E K, therefore E/~ was added to E in 
Eq. 33 and Eq. 4. 

Whole  cell recordings from three cells with equal E K 
values ( -55  mV) were fitted simultaneously to estimate 
the value of the fourteen parameters.  Each cell was 

given its own N(oRc_~p ), N(ORC_f ~, q5 and Pmin value. The 
values obtained for the different parameters are given in 

Table 1. The N(oRc_sp), N(ORC_ ~, q5 and Pmin values orig- 
inate from the whole cell recording shown in Fig. 8. For 
the sake of  clarity, in this figure the datapoints of only 
one recording are shown. The activation and deactiva- 
tion curves generated by the ensemble model  (of these 
cells) are shown by the drawn lines in the same picture. 
The standard error of the best fit, (Ynt, was 0.43 pA. The 
sensitivity of  the fit for each single parameter was ex- 
amined by testing to what value it had to be increased, or 
decreased, to double the originally observed (Yfit. The 
therefore required parameter values are given in the col- 
umn (Table 1) indicated by Dcy ("double  s igma") .  

As expected, the transition rate ~ or the ORC-f  is 
greater than that of  the ORC-sp, both the scaling factor 
(%)  and steepness (Se,) of the ORC-sp are smaller. The 
gating charge of the ORC-sp (3.7) was almost twice that 
of ORC-f  (1.9). For both, ORC-f  and ORC-sp, V~ and 
V1/2 were not significantly different. Also V~ of  ORC-f  
and ORC-sp differed not significantly, this was also 
true for V~/2. Pmin from the ensemble fit was 0.34. Anal- 
ysis of single channel data of channel flickering (see 
above) also yielded Pmin values higher than zero. The 
Pmin value obtained from the analysis of  the ratio of  
Y~time(open) over  ~time(open+closed ) was 0.40, the Pmin 

3OO 

0 

0 

-300 
o . . . . .  

/-110 mV 

I 

0 
I t 

2 4 
time (s) 

-20 mV 

-30 mV 

-40 mV 

-50 mV 

-60 mV 

-90 .mY 

-80 mV 
-70 mV 

Fig. 8. Datapoints used for the ensemble fit are plotted in the upper and 
lower graph. Datapoints corresponding with activation curves are plot- 
ted as closed circles, those of deactivation curves as open circles. The 
inward currents of the activation curves are multiplied by five for 
clarity, the deactivation data are not. The lines represent the result of 
the ensemble fit of three different cells. 

v a l u e  f rom the a and  B o l t z m a n n  a n a l y s i s  was  
0.44. N(oRc_t) was 3.1 times greater then N(oRc.sp ). It is 
remarkable that this difference is almost fully compen- 
sated for inward currents by q~ that increases the inward 
current of  ORC-sp by 3.1. 
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Discussion 

The starting hypothesis for the present analysis was the 
presence of two separate K + conducting ORC's with an 
EK dependent activation. The outcome of this analysis 
shows that the data can indeed be described best by a 
model containing two ORCs: ORC-f with a rapid sig- 
moidal activation and four plus one closed states, and 
ORC-sp with a slow exponential activation with one 
closed state and both with one open state. The analysis 
thus supports the starting hypothesis. 

Sigmoidal-activation and exponential-deactivation 
outward potassium currents have been observed in most 
plant protoplasts studied so far (Schroeder, Hedrich & 
Fernandez, 1984; Schroeder, Raschke & Neher, 1987; 
Moran, Fox & Satter, 1990; Colombo & Cerana, 1991; 
Fairley-Grenot, Laver & Walker, 1991; Ketchum & 
Poole, 1991; Schachtman et al., 1991; Van Duijn et al., 
1992 etc.). A quantitative analysis of outward rectifying 
currents in plants was first described by Schroeder 
(1989) for guard cells of V. faba. A similar analysis was 
reported by Van Duijn (1993) for outward rectifying cur- 
rents of tobacco cultured cells. Van Duijn compared 
both currents and concluded that both can be described 
with a similar n 2 HH-model but that the parameters 
showed important quantitative differences. Clearly the 
kinetics of the ORC-f (n 4) and ORC-sp (m 1) in the 
present study differ from the n 2 channels of Schroeder 
(1989) and Van Duijn (1993). 

The ensemble analysis reported here is based on a 
model that uses two voltage-dependent functions that 
describe ion channel kinetics in whole cell. These func- 
tions are the Boltzmann equation and c~. The analysis 
reported here is different from the original work of 
Hodgkin and Huxley (1952) in that the process of anal- 
ysis is reversed. Hodgkin and Huxley analyzed activa- 
tion and deactivation currents showing that the corre- 
sponding time responses were voltage dependent. 
Firstly, they calculated the parameters of the Boltzmann 
equation and the functions describing the voltage depen- 
dence of activation and deactivation times separately. 
From these three functions, the voltage-dependent rate of 
ion channel state transition from respectively closed to 
open state (c0 and open to closed state ([3) were calcu- 
lated. In the present work, the Boltzmann equation and 
the (z function were used as a starting-point for the char- 
acterization of the outward rectifying currents. The com- 
bination of these functions creates a model that generates 
both activation and deactivation curves. Single channel 
recordings of the ORC-f revealed fast channel kinetics 
(flickering) that affect the time constants of whole cell 
tail currents and thus the kinetic of deactivation (Eq. 20). 
Therefore the gating properties responsible for flickering 
were added to the ORC-f model. To describe the whole 
cell data adequately the functions describing single chan- 
nel I-V curve characteristics were added to the model. 

Therefore the ORC-f translocator model was used (Vo- 
gelzang & Prins, 1994). An ensemble analysis is com- 
plex but attractive because it reduces the number of pa- 
rameters required to describe channel kinetics. In addi- 
tion, it is a test for the HH-models presented for ion 
channels in general. Finally, it allows fitting of two par- 
allel outward rectifying currents which are difficult to 
separate. 

The asymmetrical shape of the single channel I-V 
curve of the ORC-f, favoring inward currents, had to be 
adapted for the ORC-sp. To further increase the inward 
going current of the ORC-sp �9 was introduced. The 
preference of the ORC-f for inward currents, e.g., 40 pS 
inward versus 25 pS outward (Vogelzang & Prins, 1994), 
can be expressed as the inward/outward ratio. For the 
ORC-f this ratio is 1.6. For the ORC-sp this value has to 
be multiplied by �9 (Table 1) resulting in an inward/ 
outward ratio of 5.0. 

The low sensitivity of the model for some of the 
parameters (Table 1) may indicate that either the model 
is incomplete or that the data used for the ensemble fit 
should be collected over a greater voltage domain, espe- 
cially at more negative potentials. The ensemble model 
will be used for simulations of dynamic electrical behav- 
ior of inward and outward rectifying currents in whole 
cell current and voltage clamp configurations. Such en- 
semble models are required for the analysis the dynamics 
of V m, I m or gm which can change significantly if proton 
pump activity is stimulated by addition of hormone like 
compounds (e.g., fusicoccine) or by changes in light con- 
ditions (Blom et al., 1994). Preliminary experiments in- 
dicate that the ensemble model produces realistic behav- 
iour of V,n in current clamp and I m in voltage clamp but 
that slightly higher values are required for S,~ (ORC-f and 
ORC-sp). 

In Table 2, the data of P. media root cells are given 
together with those from Hodgkin and Huxley (1952), 
Schroeder (1989) and Van Duijn (1993). The transition 
rate constants for gating of plant ion channels are much 
smaller than those found for K + channels in nerve cells. 
The c% parameter of both P. media ORCs are comparable 
with those of tobacco and much smaller than % of ion 
channels in nerve cells. Vc~ of the ORC-sp and ORC-f of 
Plantago are more negative than the Vc~ values of the 
ORC of tobacco (>90 mV) and of nerve cells (>70 mV). 
In contrast the Sc~ values are very close varying between 
6 and 10 inV. The gating charge of the ORC-sp and 
ORC-f are respectively four and two times that of to- 
bacco and Vicia ORCs. The !/1/2 values of the P. media 
ORCs are more negative than those of Vicia (>50 mV), 
tobacco (>90) and nerve cells (>70). Both the ORC-f 
and the ORC in nerve cells have four closed states. The 
ORC-sp is the only channel with one closed state. 

The physiological function of the K-state created by 
E K gated K + channels in root cells might be to maintain 
a constant K + conductance over a wide range of E K val- 
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Table 2. Comparison of parameters of the ct function and the Boltz- 
mann distribution 

mV -1 sec -1 mV mV z mV gates 

ORC-sp 0.03 -72 6 3.7 -66 1 
ORC-f 0.21 -65 9 1.9 -74 4 a 
Vicia faba b - -  - -  - -  1.2 -7  2 

Tobacco ~ 0.112 29 9 0.9 28 2 
Nerve a 10 10 10 1.5 14 4 

Parameters of c~-function and the Boltzmann distribution of outward 
rectifying currents of different origin are presented with the number of 
identified gates. For comparison E k (here -55 mV) has not been sub- 
tracted from the V~/2 and Va val;ues of ORC-sp and ORC-f. 
a The gate responsible for flickering is not included. 
b The a function used by Schroeder (1989) is not suitable for compar- 
ison. 
~ Van Duijn (1993). 
d Hodgkin and Huxley values for the K § conductance n in nerve cells. 
V~/2 and z have been calculated from the given parameters for the c~ and 

functions (Hodgkin & Huxley, 1952). 

ues. Variations of the apoplastic K + concentration may 
cause E K, and therefore V,~, to change without large ef- 
fects on the K + conductance. For cells in the K-state any 
efflux of protons by the H+-ATPase pump causes a slight 
hyperpolarisation of V m thereby driving K § ions from 
apoplast into the cytosol. 
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