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Summary, The contribution of the major K + channel to the slow 
electrodynamic properties of the Acetabularia membrane has 
been investigated by patch-clamp techniques in the cell-attached 
mode using physiologically intact protoplasmic drops. This study 
comprises recording and statistical analysis of opening and clos- 
ing events over long periods of time at various membrane volt- 
ages V~, as well as measurement and evaluation of individual or 
averaged current responses of single channels upon large voltage 
steps. Although detailed observations reveal a variety of differ- 
ent states (such as bursts or various levels of conductance or 
noise), a serial three-state reaction kinetic model was adequate 
for the description of the channel properties which are relevant 
to the macroscopic electrical behavior. This model consists of an 
open state (o) and two closed states (1 and 2) with the approxi- 
mate rate constants ko, = 1 sec t, k~o = I sec -~, k~2 = 20 - 
exp(-V,,e/2kT) sec -I and kzl = 4 . exp(V,~e/2kT) sec -1. The cur- 
rent-voltage relationship of the open channel and the equilibrium 
ko~/kjo are relatively constant, whereas the (voltage-dependent) 
equilibrium k~z/kzi can spontaneously change within an order of 
magnitude at constant voltage. 
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Introduction 

Among the striking electrical properties of the plas- 
malemma of the giant, green marine alga Ace tabu-  
laria (Gradmann, 1975), there are time constants in 
the range of seconds. There are two major systems 
of ion transport which are possible candidates re- 
sponsible for these slow electric processes: a pri- 
mary CI--ATPase (for review see Gradmann, 1984) 
and potassium-selective cha~nels (Bertl & Grad- 
mann, 1987). While earlier work has focused on the 
electrodynamic properties of the pump (Gradmann, 
1975; Tittor, Hansen & Gradmann, 1983), the role 
of the K + channels is investigated here. 

In a recent patch-clamp study (Bertl & Grad- 
mann, 1987), the basic shape of the macroscopic 
steady-state current-voltage relationship of the pas- 
sive ion pathways has already been assigned to a 

voltage-gated K + channel. The gating reaction has 
been described by a reaction kinetic model with 
three states in series: an open one and two closed 
ones, where only the equilibrium between the two 
closed states is voltage-dependent. 

The present results are used to exclude alterna- 
tives to this model and to specify its two equilibria 
by estimates of the corresponding four rate con- 
stants. In addition, the model was tested for its abil- 
ity to describe the observed slow current responses. 
For the sake of simplicity, actual series of short 
openings and even shorter closures were forced 
here by low-pass filtering (100 Hz) to appear as con- 
tinuous openings. This simplification provides an 
apparently consistent approach, although for a cor- 
rect treatment of the slow phenomena, the fast 
events must not be simply ignored (Roux & Sauv~, 
1985; Blatz & Magleby, 1986). 

Materials and Methods 

PREPARATION AND SOLUTIONS 

Protoplasmic droplets of Acetabularia mediterranea with a di- 
ameter of about 100 p~m were prepared as previously described 
(Bertl & Gradmann, 1987). Possible disturbances from the elec- 
trogenic C1 pump were reduced by using a standard medium 
with little CI (130 mM) compared to normal seawater (about 500 
raM). The ionic composition of this medium was (in mM): 5.5 
CaC12, 5.5 MgCI2, 130 KC1, 1 NaCI buffered with 5 Tris/MES at 
pH 8, If not stated otherwise, this medium was used in the bath 
and in the patch pipette. 

ELECTRICAL RECORDINGS 

The main components of the electrical apparatus for measuring 
and storage of channel currents were a patch-clamp device (List, 
LPC 7), a digital audio processor (PCM-501ES, Sony) modified to 
enable DC-recordings, a video recorder (VS 220 RC PS, Grun- 
dig) for storage, an 8-pole Bessel filter (902LPF, Frequency De- 
vices) and a digital oscilloscope (336, Sony-Tektronix, or 2090-3 
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Nicolet) for on-line monitoring of the experiments, for some pre- 
liminary evaluations (e.g. averaging by TEK336), and for analog 
output of selected data to an x/y plotter. 

The patch-clamp measurements reported here have been 
carried out in the cell-attached mode because, in this configura- 
tion the outer membrane of the protoplasmic droplets does re- 
flect physiologically intact plasmalemma under the conditions 
used (Bertl & Gradmann, 1987). That study has also demon- 
strated that for the conditions used here the transmembrane volt- 
age V,, of these preparations is close to the Nernst equilibrium of 
potassium, Ex+ is about -30 mV with 130 mM K + in the medium 
and about 400 mM K + inside. Voltage data are reported here as 
transmembrane voltages, V~ = EK+ -- Vp, where Vp is the voltage 
between pipette and bath. 

For relaxation experiments, voltage steps from a function 
generator (Model 166, Wavetek) were fed into the patch-clamp 
device. Since the employed protoplasmic droplets were rather 
large (about 100/xm in diameter), it was not possible to compen- 
sate the capacitive currents at the onset of a voltage step by the 
analog circuitry of the patch-clamp device. This compensation 
was carried out by computer-aided analysis of digital data. 

KI 
-cl 

0.Ss 
Fig. 1. Examples for different channel dynamics, dependent on 
the major anion in the medium; upper and lower trace identical 
conditions, except anions: upper trace 130 mM CI-, lower trace 
130 mM I ; V,~ = +80 mV; vertical bar, 10 pA 

DATA PROCESSING 

For numerical analysis, analog output data from the videotape 
recorder were entered in digital form into a desk computer. Two 
configurations were used: either an AD converter (Labmaster, 
Tecmar) to the computer or intermediate storage (and pretreat- 
ment of the data such as averaging) by a digital oscilloscope and 
subsequent transfer by an IEEE bus to the computer for final 
analysis. 

Apart from marked exceptions, the currents presented here 
are differences between the actual currents and the "baseline," 
i.e. the current when no channel is open. 

If not stated otherwise, the recordings were low-pass fil- 
tered for analysis at a comer frequencyf~ of 100 Hz and sampled 
at a rate of 200 Hz. This filter setting provides a good resolution 
of the slow processes (range of seconds) but eliminates fast pro- 
cesses in the kHz range by time averaging. 

For the detection of channel openings and the measurement 
of dwell times the digitized patch-clamp recordings were pro- 
cessed as proposed by Vivaudou, Singer and Walch (1986). Life- 
time histograms were evaluated by an unweighted least-squares 
fit of exponential functions to the data (cf. Dionne & Leibowitz 
1982). 

Relaxation times were obtained from averaged current sig- 
nals in response to voltage steps by iterative application of linear 
regression. 

Results 

QUALITATIVE OBSERVATIONS 

Effect o f  I -  versus Cl- 

In  a p r e v i o u s  s t u d y  (Bert l  & G r a d m a n n ,  1987) some  
k ine t i c  d a t a  o f  th is  channe l  have  a l r e a d y  been  re- 
po r t ed .  T h o s e  d a t a  w e r e  o b t a i n e d  w h e n  (130 mM) 
C1- was  r e p l a c e d  b y  I - .  The  r e s u l t s  s h o w e d  life- 

t imes  o f  the  o p e n  s ta te  in the  m s e c  range .  The  
p r e s e n t  s t u d y  f o c u s e s  on  s low k ine t ics  which  were  
m e a s u r e d  wi th  (130 raM) C1 in the  m e d i u m  ins t ead  
o f  I - .  The  d i f f e rence  o f  the  b e h a v i o r  o f  the  channe l  
in t h e s e  two  m e d i a  is i l l u s t r a t ed  by  Fig.  1. In  KI ,  the  
channe l  sw i t ches  m o r e  f r e q u e n t l y  as c o m p a r e d  to 
KC1 cond i t i ons .  On  the  o t h e r  hand ,  the  c u r r en t  
t h rough  the  open  c ha nne l  a p p e a r s  to be  indepen-  
den t  o f  the  p r e s e n c e  o f  t he se  an ions .  This  i ndepen-  
d e n c e  app l i e s  for  a w ide  vo l t age  range ,  as  shown  by 
the  c u r r e n t - v o l t a g e  r e l a t i onsh ip  (Fig.  5 be low) .  

Noise 

In gene ra l ,  the  " n o i s e "  o f  the  o p e n - c h a n n e l  cur-  
ren t s  is c o n s i d e r a b l y  l a rge r  t han  the  no ise  o f  the  
base l ine .  In  e x c e p t i o n a l  cases ,  h o w e v e r ,  this  s tr ik-  
ing o p e n - c h a n n e l  no i se  h a r d l y  shows  up.  The  e x a m -  
p les  in Fig .  2 w e r e  r e c o r d e d  f rom the  s ame  pa t ch  at  
t w o  d i f fe ren t  vo l t ages .  T h e  en t i r e  r e c o r d i n g  (not 
shown) r e ve a l s  the  p r e s e n c e  o f  two  i n d e p e n d e n t  
channe l s  in the  pa tch :  one  channe l  wi th  on ly  
s l ight ly  i n c r e a s e d  no ise  c o m p a r e d  to the  base l ine  
and a n o t h e r  n o i s y  one .  E x a m p l e  t rac ings  f rom each  
o f  t he se  two  channe l s  a re  shown  in Fig .  2. S ince  the  
c u r r e n t  and  i ts  vo l t age  d e p e n d e n c e  a p p e a r  to  be  
iden t ica l  for  b o t h  channe l s ,  t he se  two  channe l s  a re  
sugges t ed  to  r e p r e s e n t  two  d i f fe ren t  s ta tes  o f  the  
s ame  c ha nne l  spec ies .  A m o r e  de t a i l ed  i n spe c t i on  
o f  Fig.  2 r e ve a l s  a s k e w  in the  " s c a t t e r "  o f  the  no i sy  
t r a c e s ,  wh ich  e f f ec t ive ly  resu l t s  in s l ight ly  smal le r  
s t e a d y - s t a t e  (mean)  c u r r e n t s  o f  the  open  channe l .  
The  n a t u r e  o f  the  s t rong  and  a s y m m e t r i c  no ise  is 
e l u c i d a t e d  b y  the  fo l lowing  o b s e r v a t i o n s .  
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Fig. 2. Examples for different noise in open-channel current; 
recordings from the same patch at two voltages; similarities in 
open-channel currents at different voltages point to two different 
states (high noise and low noise) of the same type of channel; 
slight differences in mean open-channel currents (in high-noise 
channel about 10% smaller than in low-noise channel) point to 
(about 10%) interruptions during the apparent open time (in fact 
burst duration) of the noisy channel; vertical bar, 10 pA 

Bursts 

Figure 3 shows channel currents at 100 Hz and at 3 
kHz temporal resolution, at Vm = -80  mV and Vm 
= +20 mV, which corresponds to symmetrical volt- 
age displacements by -+50 mV from EK+. At nega- 
tive Vm ( -80  mV), the long-lasting channel open- 
ings (as judged after 100 Hz low-pass filtering) are in 
fact interrupted by short and complete closures. 
This means that a long-lasting, noisy opening actu- 
ally consists of a series of shorter openings sepa- 
rated by very short closures (burst). It can be esti- 
mated that the mean duration of these short 
interruptions is in the range of some 100/xsec and 
that during a burst the channel is closed about 10% 
of the time (pcb -~ 0.1, Pcb being the probability of 
closure during a burst). This estimate ofpcb can be 
based on direct observations with high temporal 
resolution but also by a comparison of the steady- 
state open-channel currents. Moderate low-pass fil- 
tering will cause an asymmetric distribution of the 
open-channel currents with a tail towards zero. 
Stronger low-pass filtering will result in smaller (1 - 
pcb) values for the current of the open state with 
increasingly smaller and more symmetric noise. 
Thus, continuous openings can be distinguished 
from bursts by an elevated steady-state current 
level (see also Fig. 2). 

At Vm = +20 mV there is only little (symmetric) 
open-channel noise. Here, observation with 3 kHz 
bandwidths does not reveal flickering. It may, how- 
ever, well exist beyond the actual limit of temporal 
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Fig. 3. Examples of the effect of the membrane voltage Vm and 
of low-pass filtering (f.: corner frequency) on apparent open- 
channel dynamics; V,, = +20 mV (tracings A and C) and Vm = 
-80  mV (tracings B and D) reflect equal amounts of voltage 
displacement (50 mV) from equilibrium (-30 mV); high-fre- 
quency tracings (,4 and B) show voltage-dependent flickering, 
evident at -80  mV (B) and apparently absent at +20 mV (,4); 
filtering with fc = 100 Hz (tracings C and B) may convert actual 
series of short openings and closings (bursts or flickering, B) to 
apparent long-lasting open states 
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Fig. 4. Examples of intermediate current levels between open 
(100%) and closed (0%); apparent asymmetric noise of open- 
channel current at V,~ = + 130 mV 

resolution, since at more positive Vm, open-channel 
flickering can be observed again at a bandwidth of 3 
kHz (not shown). The asymmetric open channel 
noise in Fig. 4 is the result of low-pass filtering of 
this flickering. 

Partial Openings 

The example tracing in Fig. 4 shows partial closings 
to two different intermediate current levels, which 
were occupied for many sampling intervals and 
could thus clearly be distinguished from brief spikes 
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Fig. 5. Current-voltage relationship of the 
open channel; data (points) from seven 
different experiments, each represented with a 
separate symbol; open: 130 mM KCI, filled: 
130 mM KI (see Fig. 1); curve fitted to all data 
by Eq. (6) with parameters (in 106 sec -1) o~~ 
154;/3~ 67; y: 78; and ~: 54 
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Fig. 6. Experimental frequency density histograms (discrete lev- 
els) and fitted probability density function (smooth curve) of 
open (left, 0.5-sec bins) and closed (right, 1.0-sec bins) times: 
one channel in patch, Vm: 40 mV, fc: 100 Hz, sampling rate: 200 
Hz; total time of observation: 1.5 ksec, total number of events: 
184; fitted curves: % = 1.8 sec from all events; ~c = 4.6 sec 
without 55 events in first bin 

which are due to low-pass filtering of short com- 
plete openings/closures. Such incomplete openings/ 
closures can be detected most easily at Vm ~> 0 (see 
Fig. 3) where the frequency of events is high; how- 
ever, they can also be observed at negative volt- 
ages. 

QUANTITATIVE EVALUATION OF SLOW EVENTS 

Steady State 

The macroscopic (steady-state) current Im through a 
particular channel is 

I m =  L ' po (1) 

where both the current Io through the open channel 
and the open probability Po may be voltage and time 
dependent. The voltage dependence of the current 
through the open channel Io(Vm) is illustrated by 
Fig. 5. Experiments from different patches yield 
very similar curves. Even substitution of C1- by I- 
has no apparent effect on lo(Vm), although these 
conditions clearly affect the channel (by changing 
the switching frequency, cf. Fig. 1). In contrast, Po 
and its voltage dependence varies considerably 
from one experiment to another. Even spontaneous 
fluctuations in Po can be observed (see Fig. 9 be- 
low). 

As a result of an observation of a single channel 
over 1.5 ksec, the lifetime histograms of openings 
and closures are shown by Fig. 6. Due to the ex- 
tremely long apparent lifetimes, there is only a 
small number of events during long periods of ob- 
servation. Therefore, and because of the fluctua- 
tions in po (see also below), the statistical signifi- 
cance of these data is limited. Fitting simple 
probability density functions (with one exponential 
only) to these data, resulted in fair compatibility 
which could not significantly be improved by intro- 
duction of another exponential component. It 
should be recalled, however, that the distribution of 
an unlimited number of observations will deviate 
from this simple pattern, for instance, due to the 
existence of slow fluctuations of the open probabil- 
ity (see Fig. 9) or due to the ignored flickering. 

Fits, such as illustrated in Fig. 6, were carried 
out at different Vm (10, 40 and 70 mV). The results 
are summarized in Fig. 7. The apparent mean life- 
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Fig. 7. Apparent  state lifetimes versus Vm; data for 10, 40 and 70 
mV same experiment  as in Fig. 6, open time ro at - 8 0  mV (1.2 
sec) from exper iment  in Fig. 10 (average), closed time rc at - 8 0  
mV (193 sec): calculated by Eqs. (2a) and (7) with ro = 1.2 sec, 
and the average K1 = 1.6 and K~ = 4; dashed line: voltage- 
independent  mean of  open time; dotted curve: expectation for 
the large time constant  to2 from Eqs. (17a,b) with rounded values 
of  k~o = 0.5 sec -I, k~ = 20 sec -t ,  k~ = 4 sec -I 
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Fig. 8. Example of  open probability po as a function of  the mem- 
brane voltage V,;  semilogarithmic plot; curve fitted by Eq. (7a) 
with KI = 2.0 and K2 ~ = 1.1, approaching Ki for V,, >> 0 and 
Nernst  slope (factor 0.1 per  - 5 8  mV) for V,  ~ 0 

times ro and re of the open and the closed state(s) 
are very large. Furthermore, the apparent mean 
lifetime of the open state appears to be rather inde- 
pendent of Vm, whereas the apparent mean lifetime 
of the closed state(s) rc increases from positive to 
negative Vm. The dotted curve in Fig. 7 is a subject 
of the Discussion. 

The fitted parameters ro and r~ and their volt- 
age-dependence (Fig. 7) can be used to calculate a 
mean open probability 

Po = ro/(ro + rc) 

and the voltage-sensitivity po(Vm) of po. On the 
other hand, from the total open time To and the total 
closed time Tc the fractional open time 

Po = Tol(To + TO 

can be determined, which corresponds to the mean 
open probability Po. The changes in Po can be traced 
(even from preparations with multiple channels in 
the patch) by averaging the current over a given 
period of time. Such averages from time intervals 
between 30 and 1500 sec were available to deter- 
mine Po and its voltage dependence. The results 
comprise for Vm >> 0 a saturation o fpo  at about 0.5 
which was well reproducible. For more negative 
Vm, the experimental values of po are increasingly 
scattered until they finally approach zero. This final 
decline can be approximated by a Nernstein expo- 

nential (factor 0.1 per -58 mV). One example out of 
five experiments is shown by Fig. 8 with a curve 
fitted to the data (Discussion). Similar data from all 
five experiments ranged from Po = 0.001 at -110 
mV to Po -- 0.5 at + 130 mV. 

F L U C T U A T I O N S  

Over longer periods of observation the channel ac- 
tivity seems to fluctuate. An example is illustrated 
by Fig. 9(A) (same experiment as Fig. 6). There is 

(2a) the question as to whether these apparent changes 
in channel activity are statistical fluctuations of Po 
as an intrinsic function (Eq. 3) of to, rc and a given 
time interval At of observation, or whether these 
fluctuations point to an extra process of slow activa- 
tion/inactivation. 

(2b) If aXt is chosen to be much larger than ro + rc the 
fractional open time (p'o, cf. Eq. 2b) becomes nor- 
mally distributed with the same mean as po (Eq. 2a) 
and the standard deviation 

rorc [2(ro -~ "Tc)]I/2" (3) 
SD(p') --  (ro + rc) 2 [ -~-7 

This is a result (calculation not  shown)  of using the 
method of statistical differentials (cf. Kempthorne 
& Folks, 1971). 

For a At = 83 sec and with ro = 1.8 sec and rc = 
4.6 sec (from Fig. 6), Eq. (3) yields for these condi- 
tions, At >> (to + rc), a theoretical expectation 
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F i g .  9. Example for fluctuations in channel activity; same exper- 
iment as for Fig. 6. (A) Condensed representation of channel 
activity within the entire 1.5-ksec observation, every bar repre- 
sents the mean current, i of a 4-sec period (left scale); since there 
is no baseline drift and the current level io of the open state is 
known, i is a measure of the mean open probability, po = i/io, 
within the period of observation. This mean open probability is 
22% for the entire 1.5 ksec. The inhomogeneous fluctuation pat- 
tern may be due to spontaneous nonstationary gating behavior. 
(B) Comparison of actual and theoretical frequency distribution 
of open probabilities, columns: experimental results from eigh- 
teen consecutive intervals a At = 83 sec of Fig. 9(A); curve: 
Gaussian distribution calculated with a mean Po value of 0.22 and 
SD(p') of 0.077 (Eq. 3 with "to = 1.8 sec, rc = 4.6 sec and At = 83 
see) 

range, SD(p;) = 0.077 as illustrated by the curve in 
Fig. 9(B). However ,  the wide (double-peaked) dis- 
tribution o fpo  in this exper iment  (bars in Fig. 9B) as 
determined by eighteen nonoverlapping intervals of  
At, clearly deviates f rom the Gaussian distribution 
(curve in Fig. 9B) calculated with the mean value of 
about  22% and the theoretical  SD(po) of  about  8%. 
The physical  meaning of this d iscrepancy is the 
presence  of very  slow fluctuations in channel activ- 
ity (in the range of some 100 sec). These fluctua- 
tions do not simply reflect the physiological decay 
of the preparat ion,  since both,  decrease and in- 
crease of  channel activity are observed (Fig. 9A). 

STEP RESPONSE 

The vol tage-dependence po(Vm) of channel opening 
is shown by Figs. 7 and 8. The temporal  behavior  is 
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Fig. 10. Example (sgl) and average (avg, over 64 consecutive 
observations) of closing (left) and opening (right) kinetics of 
three individual channels upon steps of Vm between + 60 and -80 
mV; "seal" marks offset of baseline current due to a seal resis- 
tance of about 50 Gft 

illustrated by Fig. l0 for the current  response upon 
large voltage steps of  either sign between - 8 0  mV 
(small Po) and +60 mV where Po is large (Fig. 8). 
The left part  of  Fig. 10 represents  transitions from 
high to low Po, i.e. inactivation, and the right part  
transitions f rom low to high Po, i.e. activation. Both 
parts show an individual recording f rom a patch 
with three channels.  Super imposed on the individ- 
ual recordings are the corresponding averages from 
64 consecut ive  runs. 

At the beginning of  the recordings upon a volt- 
age step there is a capacit ive artifact which could 
not be compensa ted  by the apparatus.  It was not 
possible to subtract  a symmetr ic  offset (sum of  two 
exponentials)  f rom these curves to obtain corrected 
tracings, which could adequately be described by a 
single exponential  each. It was possible, however ,  
to fit an offset to yield (after correction) only one 
exponential  componen t  in the averaged channel re- 
sponse at negative voltages,  where  the effect of  a 
fast  componen t  of  the channel is expected  to be 
small compared  to posit ive voltages (see below).  
This offset was subtracted (with the corresponding 
sign) f rom the two average  curves in order to test 
whether  an extra  kinetic componen t  is hidden in the 
relaxation at Vm = 60 mV (right part  in Fig. 10) 
behind the initial artifact. 

The results after  correct ion are illustrated by 
Fig. 11. An initial lag in the current  response is only 
visible in tracing (A). Super imposed on the two data 
sets are the two fitted exponentials .  In tracing (B), it 
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Fig. 11. Average tracings from Fig. 10 after subtraction of capac- 
itive artifact [15 �9 exp(-t/22 msec) pA + 22.5 �9 exp(-t/4 msec) 
pAl. (A) Opening at +60 mV; (B) Closing at -80  mV; curves: fits 
with one exponential (A) (first 80 points omitted for fit): 12.9 �9 
exp(-t/0.32 sec) pA, differing at the beginning by (C). (B) 8.3 �9 
exp(- t / l .  16 sec) pA, coinciding with data; all points used for fit. 
(C) Semilogarithmic plot of initial difference from (A) with fitted 
exponential: 1.8 . exp(-t/69.9 msec) pA 

can hardly be distinguished from the experimental 
data. In tracing (A), the initial differences (C) be- 
tween the data and the fitted exponential can be 
described by another exponential. These early dif- 
ferences and the corresponding second exponential 
fit are illustrated in a different scale by Fig. 1 1 (C). 

Discussion 

QUALITATIVE OBSERVATIONS 

From the examples in Figs. 1 to 4, various modes of 
the channel can be identified: long and short life- 
times of the open and closed states depending on 
whether C1- or I- is present (Fig. 1), full conduc- 
tance and at least two partial conductances (Fig. 4), 
high and low noise levels of the open channel (Fig. 
2), different degrees of asymmetry of the open- 
channel noise, depending on the voltage (Fig. 3). 
Based on this collection of phenomena, which are 
peculiar to the channel, a great number of different 
states can be postulated. 

CHOICE OF THE MODEL 

On the other hand, for the reaction kinetic analysis 
of the present data simple models are desired which 
provide a satisfactory, quantitative description of 
the bulk data. For the sigmoid current-voltage 
curve of the open channel, a two-state model 
(Class-I kinetics, cf. Hansen et al., 1981) has turned 
out to be adequate (cf. Eq. 6, and Fig. 5). Apart 
from this two-state model for the steady-state cur- 
rent-voltage curve of the open channel, a minimum 
three-state model for gating (Eq. 7) is used here 
which has previously been introduced for the de- 
scription of the stationary effective current-voltage 
curve of the channel (Bertl & Gradmann, 1987). 
This model consists of a linear reaction scheme with 
three states and four rate constants: 

k,,, closedj . k~2 closed2. [1] o p e n .  klo k21 

The equilibrium constant KI = ko~/klo has been 
suggested to be voltage independent in contrast to 
the equilibrium constant K2 = k~2/kz~ between the 
two closed states, for which a symmetric Eyring 
barrier is assumed with 

ki2 = k~ and k21 = k~ �9 Uc (4a,b) 

where kl~ and kz~ are k~2 and k21, respectively, at 
zero voltage and Uc = exp(Vmzge/2kT) with a charge 
number Zg = l for gating. 

The simplest model for voltage gating com- 
prises voltage-dependent transitions between two 
states only, an open state and (only) one closed 
state. In this case, the open probability po(Vm) 
should approach an upper limit of unity (channel 
always open) for large voltages (of appropriate 
sign). However, the experimental data (Po in Fig. 8 
and 1/K~ in Table 1) show a significantly smaller 
limit (about 50%). By this property, the existence of 
a second closed state can be concluded, and the 
voltage sensitivity of the system has to be located in 
this equilibrium between the two closed states. 
Physically speaking, in this model [1] the two states 
"open"  and "closedl" are occupied by about 50% 
each at large negative voltages, when state 
"closed2" becomes zero; and vice versa, large posi- 
tive voltages push the transporter into state 
"closed2", while the states "open"  and "closed~" 
become depleted. 

In general, the 3-state model would comprise a 
third pair of rate constants (ko2 and kzo). However, 
the simpler version with ko2 = k2o = 0 seems to be 
sufficient for our purpose. 

While an alternative 3-state model (central open 
state between two closed states with one of the two 
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Table 1. Fits of  Ki and K2 ~ in Eq. (7a) to five experimental  sets of  
po(V,,) data; error: mean  percent  deviation between measured  
and fitted data 

Exp. no. K~ K~ error 

1 1.33 5.00 
2 1.73 2.10 
3 1.81 7.51 
4 2.04 1.10 
5 1.13 5.85 

mean  1.67 4.13 
SD --+0.37 --+3.02 

35 
52 
13 
14 
4 

equilibrium constants being voltage sensitive) is 
possible on grounds of the steady-state data, this 
alternative model will be excluded by dynamic as- 
pects below. 

S T E A D Y  S T A T E  

The macroscopic (steady-state) current-voltage re- 
lationship of the model is given by introducing volt- 
age-sensitivity into Eq. (1): 

Im(Vm) = Io(Vm) " po(Vm) (5) 

where Io(Vm) is the current-voltage relationship of 
the open channel, 

~ ,  - # a  

Io(Vm) = Zoe (6) 
~ + / 3 + ~ , + ~  

where a,/3, y and 8 are the rate constants of a cyclic 
two-state model for the transport of Zo elementary 
charges (of. Hansen et al., 1981); the voltage sensi- 
tivity is in o~ = oL ~ �9 Uo and/3 = fl~ ~o and/3o 
being ~ and/3 at zero voltage with Uo = exp(Vmzoe/ 
2kT); here the index " o "  denotes the open channel 
current; the voltage-insensitive part of the reaction 
system is summarized by a pair of voltage-indepen- 
dent rate constants y and 8. In Eq. (5), po(Vm) is the 
voltage-dependent open probability 

1 k2~k,o (7a,b) 
po(Vm) - 1 + KI(1 + K2) - k~lkto + k21kol + kolkt2 

= K 2 / U c  (Eq. with the voltage dependence in K2 0 2 
7a), respectively, in k12 and kzl (Eq. 7b, see Eq. 4). 

In a previous study (Bertl & Gradmann, 1987) 
po was fitted by Eq. (7a) with three variables (K1, K ~ 
and Zg). In this study, more data are available and 
fits with a constant Zg = 1 yield good descriptions as 
well (see Fig. 8). The results from five experiments 

are listed in Table 1. These data indicate that the 
striking instability of po is due to changes in K ~ 
rather than in K~. In other words, the saturation of 
Po at Vm >> 0 is relatively constant around 0.5 and 
the onset of the exponential decline ofpo with (neg- 
ative) Vm may vary considerably even between con- 
secutive observations of an individual channel un- 
der apparently constant conditions. There may be 
regulatory reactions (cf. Hansen, 1980) located in 
the kinetic vicinity of the closed compound state 
which were not under control in these experiments. 

D Y N A M I C S  

The aim of the dynamic analysis is to determine 
absolute values of the four rate constants of the 
reaction scheme [1]. For this purpose a macro- 
scopic as well as a microscopic treatment of the 
problem can be carried out. The latter treatment is a 
statistical analysis of open and closed times of an 
individual channel. For the former treatment, mac- 
roscopic current relaxations upon voltage steps can 
be used. Here, an attempt of the macroscopic treat- 
ment is carried out and its predictions on micro- 
scopic observations are compared with the corre- 
sponding measurements. 

Relaxat ion  Analys i s  

Theory. The dynamic properties of the gating 
reaction scheme [1] can be described by the set of 
three differential equations 

-po / ' r  = dpo /d t  = - k o l P o  + k lop l  (8a) 

- p l / ' r  = d p l / d t  = kolPo - (klo + kl2)Pl + kzlp2 (8b) 

- p z / ' r  = d p z / d t  = klzpl  - k21p~. (8c) 

In general, the macroscopic current response 
I,;(t) consists of a steady-state component I0 as cal- 
culated by Eqs. (6) and (lla), and a transient com- 
prising two exponentially decaying components: 

Ira(t) = I0 + 11 exp(-t/7-0 + 12 exp(-t/7-2). (9) 

The two relaxation time constants ~'l and 7-2 are 
given by 

1/7-1,2 = 0.5a + 0.5 . (a 2 - 4b) t/2 (10a,b) 

with the auxiliary variables 

a = kol + klo + kl2 + k21 = 1/7-1 + 1/7"2 (10c) 
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and 

b = kojk12 + kolk21 + klok21 = (I/70(1/72). (10d) 

For the calculation of the amplitudes I~ and 12 in 
Eq. (9), the steady-state changes of the probability 
Ap before (t = 0) and after (t = o~) the step are used 
from the open state, 

Apo = po(t  = O) - po(t  = ~) (lla) 

( c o m p a r e  Eqs. 7, 16b) and from state1 

Apl = p l ( t  = O) - p f f t  = ~) ( l ib) 

with 

k21kol 
Pl = kolk12 + kolk21 + k21klo" (llc) 

For ~-1 and z2, Eq. (8a) yields the ratio 

P o l / P u  = k~o/(kol - 1/70 (12a) 

and 

Po2/PI2 = klo/(kol - 1/72) (12b) 

where the first index to P denotes the state and the 
second one the time constant. These four portions 
(Pol, P l l ,  Po2 and PI2) can be calculated by the four 
Eqs. (12a), (12b), (13a) and (13b) with 

Apo = Pol + Po2 and APl = Pu + P12. (13a,b) 

Thus the amplitudes 11 and 12 of the two exponen- 
tials (Eq. 9) are 

11 = IoPol and 12 = loi~ (14a,b) 

with 

Pol 

and 

Apo(kol - 1/72) - Aplk lo  

1/71- 1/72 

Apo(kol - 1 / z O  - Ap~klo 
P o 2  = 1/r -- 1/71 

(14c) 

(14d) 

For the sake of completeness and for further 
discussion below, the corresponding partial ampli- 
tudes of statel are given as well: 

(1/zl - kol)[Apo(1/72 - kol) + Ap~klo] 
PI~ = k l o ( 1 / 7 1 -  l/z2) (14e) 
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Table 2. Comparison of measured (rounded) data and calculated 
ones by the reaction scheme [1] with the parameters k,,z = 1.08 
sec -t, kr,, = 1.11 sec -I, k~ = 18.96 sec i, k~l = 3.80 sec -r 

Parameter Value Source 

mea- calcu- 
sured lated 

~-L(+ 60)/sec 0.050 0.053 
r6 -80) / sec  - -  0.010 
~-2(+60)/sec 0.05 0.56 
z~_(- 80)/sec 1.00 0.93 
AdAz(+60) -0.100 -0.096 
A J A 2 ( - 8 0 )  - -  -0.010 
Kl  = k,,i/klo 1.00 0.97 
K 0 o o = kl,~/k2t 5 .0  4.99 

fast relax, at V,,, = +60 mV 
fast relax, at Vm -- --80 mV 
slow relax, at V,,, = +60 mV 
slow relax, at V,,, = - 8 0  mV 
amplit, ratio at V,,, = +60 mV 
amplit, ratio at V,,, = - 8 0  mV 

satur, p,, at Vm >> 0 : ~ 0 . 5  
fit of Eq. (7a) to p,,(Vm), s e e  

Fig. 7 

(l/z2 -- kol)[Apo(1/71 - koO + Aplklo] 
P12 = k l o ( 1 / z 2 -  1/71) (14f) 

P a r a m e t e r  Iden t i f i ca t ion .  The desired four pa- 
rameters (k~o, kol, k~ and k2~ have been fitted to 
satisfy the (rounded) six experimental parameters 
as listed in Table 2. The direct numerical results 
yield slightly worse fits, because of the z2 values 
which appear more different in the results (see  Fig. 
11). On the other hand, the statistical variation of 
the results may justify the rounded values as a 
crude but realistic approach. 

C o n s e q u e n c e s .  The model with the fitted rate 
constants does not only allow the numerical repro- 
duction of the measurements. It also enables the 
calculation of additional intrinsic features of the 
model, such as the fast exponential relaxation at 
-80  mV, which was not detected in the experi- 
ments. The corresponding expectation values are 
listed in Table 2 as well. They show a time constant, 
r and an amplitude ratio, ALIA2 ( -80 ) ,  which 
are actually too small as to be detected in the exper- 
iments (Fig. llA). 

In the model, the voltage dependence of the 
short relaxation time r is such that zl is maximum 
when the sum k12 4- k21 of the voltage-dependent 
rate constants is minimum. For K ~ ~ 5, this condi- 
tion is met at V~ of about +40 mV, when k~z equals 
k21 (cf. Eq. 4). For larger voltage displacements 
from +40 mV, ~t becomes very small. 

The fitted rate constants render the voltage-de- 
pendent equilibrium between the two closed states 
relatively rapid: k~2 + k21 >> klo + kol. Under these 
conditions, the voltage dependence of the long re- 
laxation time 72 is such that for Vm ~ O, Z2 ap- 
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proaches the limit of 1/klo, and for Vm >> 0 the limit 
of 1/(klo + kol). 

With these conditions, kt~ + k2~ >> klo + ko~, the 
minimum model for our data could be reduced from 
four to three parameters, namely the two slow and 
voltage-independent rate constants ko~ and k~o plus 
a fast and voltage-dependent equilibrium K2. With 
this simplification of the model, there is only one 
exponential component expected in the relaxations 
(~'2) or in the lifetime distributions (tc2, see below). 
With respect to the actual accuracy of the measure- 
ments, this simpler model, where the two prelimi- 
nary rate constants k~ and k2~ are replaced by one 
equilibrium constant K ~ essentially satisfies the 
data as well, without affecting the main conclu- 
sions. 

Discrimination o f  Alternative Models. The volt- 
age-dependence of z2 can also be used to exclude an 
alternate model with slow (still voltage-dependent) 
equilibrium of the two closed states and frequent 
(still voltage-insensitive) transitions between the 
open state and state closed~ (k~o + kol >> k~ + k~ 
The slow relaxation time z2 of this alternate model is 
maximum when k~2 = k2~ (i.e., at about +40 mV for 
K ~ ~ 5) and declines with increasing voltage dis- 
placements of either sign. Since in the performed 
step response experiments the used -80  mV means 
a large displacement ( -120 mV) from this voltage 
compared to the used +60 mV (20-mV displace- 
ment only), this alternate model predicts a much 
smaller z2 at - 80  mV than at +60 inV. The mea- 
surements discard this alternate model because ~'2 
behaves the opposite way. 

These relaxation properties allow also discrimi- 
nation between the used gating model and the men- 
tioned alternative 3-state model with a central open 
state. This can algebraically be demonstrated by ex- 
changing the indices " o "  and "1"  in Eqs. (8), the 
corresponding treatment thereafter and respective 
use of Eqs. (14e,f). The result can briefly be illus- 
trated in physical terms by following consider- 
ations. Upon a (voltage-induced) step from low Po 
to high Po, the alternative model will exhibit a peak 
in the time course po(t) ofpo. Thus, the proportional 
current transient Io �9 po(t) would look like a current 
transient across a capacitance (capacitive behav- 
ior). However, the investigated channel clearly 
shows inductive behavior (monotonic increase of / t  
due to po(t)) under these conditions (main response 
in Fig. 10 right after capacitive artifact, and Fig. 
11B). Vice versa, for steps from high to low Po, the 
measurements and the chosen model show capaci- 
tive behavior (Fig. 10 left and Fig. l lA) and the 
alternative model would behave like an inductance. 

In this context, a note may be added on the 
physical impact of the second closed state of the 

reaction kinetic model [1] on the electrodynamic 
properties of the system. The effect of voltage 
changes on voltage-dependent rate constants is as- 
sumed to be instantaneous. If there were only one 
open state and one closed state with voltage-depen- 
dent transitions, a voltage step should cause the 
immediate beginning of a current change with one 
exponential (Eq. 9 with 12 = 0). However, if a delay 
is observed between the immediate change (I0 in 
Eq. 9) and the main exponential one (cf. Fig. 11A), 
an additional state is required which causes an addi- 
tional exponential component with an amplitude op- 
posite to the amplitude of the main one and parallel- 
ism between the amounts of the new amplitude and 
the new time constant: a small delay corresponds to 
an additional exponential with a small time constant 
and a small amplitude. In physical terms, such a 
delay can be described by an additional low pass. 

In conclusion, the kinetic properties of the K + 
channels are considered to be essential for the volt- 
age-dependent electrodynamics of the Acetabularia 
membrane, at least within the investigated ranges of 
voltage (about -100 to + 100 mV) and time (about 
I0 msec to 10 sec). 

Microscopic Approach 

The microscopic channel properties of the reaction 
system [I] is determined by the four rate constants 
kol, klo, k~ and k~ which also determine the transi- 
tion probabilities between states. The following pa- 
rameters can be calculated according to Colquhoun 
and Hawkes (1981). The mean lifetime of the open 
state to is 

to = 1/kol (15) 

where ko~ can be understood as the decay constant 
for the open state. The probability density function 
for the open times Ao(t) is 

Ao(t) = (I/to) exp(-t/to). (16) 

The lifetime distribution of the entity of the two 
closed states comprises two constants t,.~ and tc2 
with 

1/h,z = 0 .5  �9 (klo + k12 + k21) + 0 .5  �9 [(klo + klz + k202 - 4k21klo] 1/2. 

(17a,b) 

The probability densities for the closed times A~(t) 
will be 

Ac(t) = A~I exp(-t/ tcj)  + Ac2 exp(-t/t~2) (18a) 
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Table 3. Voltage-dependent channel kinetics" 

Parameter tJsec t,.flsec t , .2/sec A,ffcfl% A,.2t,J% 
V~/mV 

- 110 0.93 0.006 350.2 0.66 99.3 

-80  0.93 0.011 108.3 1.17 98.8 
1.2 193 

-50  0.93 0.019 34.0 2.02 98.0 

-20  0.93 0.032 11.2 3.22 96.8- 

10 0.93 0.048 4.1 4.15 95.8 
1.3 10 ~0 ~100 

40 0.93 0.057 1.9 3.40 96.6 
1.8 4.6 ~0 ~100 

70 0.93 0.050 1.2 1.43 98.6 
1.6 2.0 ~0  ~100 

100 0.93 0.033 1.0 0.35 99.7 

to: mean lifetime of open state; t,.~ and t,.2: short and long time 
constant of lifetime distribution of combined closed states; A,.~ tc~ 
and Acztcz: percentage portions of closed periods from short- and 
long-time component of the distribution; not underlined: calcula- 
tions by Eqs. (15) to (18) with fitted parameters from relaxation 
experiments and analysis (Figs. 10 and 11, Table 2); underlined: 
measured single-channel kinetics, different experiment (in Fig. 
7). 

with 

AcI = klo(1/tcj - k20/(1/t~l  - 1/t~2) (18b) 

and 

Ac2 = k lo( l / tcz  - k20/(1/ tc l  - 1~to2). (18c) 

Values for the parameters to, tc~, to2, and the per- 
centage portions of Acl tc l  and Ac2tc2 on the entire 
number (100%) of events observed, are calculated 
for several voltages by these equations with the 
model parameters in Table 2. The results are listed 
in Table 3 together with experimental data as far as 
available (from Fig. 7). There is fair coincidence 
between the main features of the predicted and ex- 
perimental data: amount and voltage insensitivity of 
to as well as predominance and voltage sensitivity of 
the long-time component in the closed times distri- 
bution. 

Furthermore, the calculated numbers in Table 3 
show that the experimentally unidentified parame- 
ters (tr and Ac~tol) are, in fact, beyond the actual 
resolution of the experiments. These agreements 
provide confidence that the reaction kinetics of the 
investigated K + channel are adequately described 
by the scheme [1] with its approximate rate con- 
stants as listed in Table 2. 

Despite this coincidence, it should be kept in 
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mind that this model is the result of severe simplifi- 
cation. Using enhanced temporal resolution (in- 
stead of filtering with 100 Hz, s e e  Fig. 3), reveals 
the long-lasting "apparent" open states to be fre- 
quently interrupted by short closures. This does not 
only render the genuine open time to be much 
smaller, it also causes an apparent excess of long- 
lasting opening events, compared to the predictions 
of the simple distribution with just one exponential 
component. Furthermore, the short interruptions 
will introduce an extra component in the closed- 
time distribution. The correct treatment of such de- 
tails has already been worked out explicitly (Roux 
& Sauv6, 1985; Blatz & Magleby, 1986). However, 
the presented data are insufficient for a detailed 
analysis. 

O u t l o o k  

These features as well as further details such as 
shown in Figs. 1 to 4, certainly require modification 
and/or expansion of the model. It is not yet clear, 
how many states and/or reactions must be added to 
the present model. For example, with ko2 ~ 103 sec 
and k2o ~ 102 sec, open-channel flickering could 
fairly be simulated already. On the other hand, clos- 
ing of the reaction cycle with ko2, k2o > 0, introduces 
severe consequences on the thermodynamic and ki- 
netic properties (cf .  Finkelstein & Peskin, 1984) 
which are not worked out yet for the channel under 
investigation, since kinetic analysis and modeling of 
the fast processes of the channel require further in- 
vestigation. 

This work was supported by the Deutsche Forschungsgemein- 
schaft (Gr 409/9-5,6). 
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