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Summary. We report a study of a potassium-selective channel in 
the membrane delineating cytoplasmic drops from Chara austra- 
lis. The relatively large conductance (170 pS in 150 mol/m 3 (mM) 
KC1), high ion selectivity (Pc~/PK = 0.015 -+ 0.01) and voltage- 
dependent kinetics of this channel indicate that it is a type of 
maxi-K channel commonly found in animal cells but not previ- 
ously detected in any plant cell. 

The current-voltage (I/V) characteristic of these channels 
was examined in drop-attached and in excised outside-out 
patches using the patch-clamp technique, over the unusually 
large voltage range of -250 to 200 mV. The I /V  characteristic is 
nonlinear and shows saturation at extreme voltages; the current 
also saturates at high [K§ In solutions with symmetrical KC1 
concentrations the saturation behavior of the current is asym- 
metrical. The permeability of the channel depends on whether it 
is observed in excised or in drop-attached membrane patches. 

Here we investigate the main factors affecting the perme- 
ation of K + ions through this maxi-K channel. We present the 
first direct evidence for the importance of diffusion external to 
the pore in limiting ion flow through maxi-K channels. The data 
are consistent with an ion translocation mechanism whose cur- 
rent is limited (i) at high voltages by ion diffusion external to the 
pore and (ii) at high [K +] by the maximum transport rate of the 
channel. We fit the data to a diffusion-limited pore model in 
which the pore exhibits saturation described by Michaelis-Men- 
ten kinetics with a Km= 50 _+ 25 mol/m 3 and Gmax = 300 -+ 20 pS. 

Key Words K + channel, permeation kinetics �9 patch clamp �9 
Chara australis �9 cytoplasmic drop �9 diffusion limited 

Introduction 

One of the first channel types studied by the patch- 
clamp technique was a high conductance potas- 
sium-selective channel, which has since been re- 
ferred to as BK (Marty, 1983; Blatz & Magleby, 
1987) or as maxi-K (Latorre & Miller, 1983). Maxi- 
K channels show potential-dependent kinetics and 
exist in both calcium-activated and noncalcium-ac- 
tivated forms. They are believed to play a role in 
membrane excitability and in excretion (Latorre & 
Miller, 1983; Blatz & Magleby, 1987). Maxi-K chan- 

nels are ubiquitous among animal cell types but 
have not been identified in any plant cells other than 
those of Charophytes. 

Here we report on the potassium-selective 
channel found in the membrane delineating cyto- 
plasmic drops from Chara australis. The large unit 
conductance (170 pS at [KC1] = 150 tool/m3), high 
selectivity for K + over other cations and the volt- 
age-dependent nature of the ion-gating kinetics of 
this channel (Ltihring, 1986; Laver & Walker, 1987) 
indicate that it is of the maxi-K type. 

Fluorescent labeling of the tonoplast (Lhhring, 
1986; Sakano & Tazawa, 1986) suggests that the 
membrane around the cytoplasmic drop is derived 
wholly or in part from the tonoplast of the parent 
cell. Potassium ions are normally at equilibrium 
across this membrane. Interestingly, the time-aver- 
aged voltage-dependent behavior of this channel 
permeability is similar to that found for the potas- 
sium permeability of the Chara plasmalemma (La- 
ver & Walker, 1987). The role of the maxi-K chan- 
nel in C. australis is not yet understood. 

We report here measurements of the unitary 
currents through the maxi-K channel in both ex- 
cised and attached membrane patches of cytoplas- 
mic drops from C. australis using the patch-clamp 
technique. 

In principle, the current through a channel de- 
pends on both the conductance of the pore and that 
of the aqueous medium near the pore entrance. If 
the latter conductance is low enough the diffusion 
of ions to the pore mouth will limit the current 
through the pore. The ion concentrations and elec- 
tric potentials within approximately 1 nm of the 
pore mouths will differ from those in the bulk 
phases, and the current will saturate at high volt- 
ages. The extent of the diffusion limitation depends 
not only on the relative conductances of the pore 
interior and mouths but also on the nature of the 
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Fig. 1. The diffusion-limited I/Vcharacterisfics of two hypothet- 
ical pores: (A) a saturating pore; (B) a pore with linear concentra- 
tion dependence. The solid 1/V curves were calculated from Eqs. 
(A1)-(A3) using n = 9 (see Discussion) and P" = P" = 2 • 10 -I8 
m3/sec. The dotted line shows the intrinsic I/V characteristics of 
both pores (i.e., Pc = ~), and the insert shows their concentra- 
tion dependences. It is clear that the pore with the nonsaturating 
concentration dependence (Kin = 10 4 mol/m 3) (B) is more limited 
for a given value of Pc than the saturated pore (Km = 0.1 mol/m 3) 
(A) 

c o n c e n t r a t i o n  d e p e n d e n c e  o f  t he  c u r r e n t .  T h i s  is 

i l l u s t r a t e d  in F ig .  1 w h e r e  t h e  I / V  c h a r a c t e r i s t i c  is 
m o r e  l i nea r ,  l e s s  l i m i t e d ,  f o r  a s a t u r a t e d  p o r e  t h a n  
f o r  o n e  fa r  f r o m  s a t u r a t i o n .  T h i s  is b e c a u s e  in a 
s a t u r a t e d  p o r e  t h e  c u r r e n t  is l e ss  d e p e n d e n t  on  ion  
c o n c e n t r a t i o n  at  t h e  p o r e  m o u t h s .  

N e g l e c t i n g  d i f f u s i o n  l i m i t a t i o n  tha t  m a y  e x i s t  
wi l l  l e a d  to  e r r o n e o u s  c o n c l u s i o n s  c o n c e r n i n g  ion-  

c h a n n e l  i n t e r a c t i o n s  ( A n d e r s e n ,  1983). T h e r e f o r e  
t he  c r u c i a l  i s s u e  f o r  a s t u d y  o f  p e r m e a t i o n  m e c h a -  
n i s m s  is w h e t h e r  i on  d i f f u s i o n  in t h e  a q u e o u s  

p h a s e s  m e a s u r a b l y  l imi t s  t h e  c u r r e n t .  T h e  v o l t a g e -  
d e p e n d e n t  N a  + b l o c k a d e  o f  C a 2 + - a c t i v a t e d  K + 

c h a n n e l s  in c h r o m a f f i n  ce l l s  ( Y e l l e n ,  1984) s u g g e s t s  
t ha t  d i f f u s i o n - l i m i t e d  ion  f l o w  is i m p o r t a n t  fo r  th is  
c h a n n e l .  I t  is k n o w n  tha t  i o n  p e r m e a t i o n  t h r o u g h  
g r a m i c i d i n  c h a n n e l s  is l i m i t e d  by  ion  d i f f u s i o n  ex -  
t e r n a l  to  t h e  p o r e  ( A n d e r s o n  & P r o c o p i o ,  1980; A n -  
d e r s e n ,  1983). 

H e r e  w e  e s t i m a t e  t he  m a g n i t u d e  o f  t h e  e f f ec t s  
o f  i on  d i f f u s i o n  n e a r  t h e  p o r e  m o u t h  p a r t  o f  t h e  
p r o t o c o l  u s e d  b y  A n d e r s e n  (1983). W e  wil l  e x a m i n e  

the  f a c t o r s  a f f e c t i n g  i o n  p e r m e a t i o n  t h r o u g h  the  
Chara m a x i - K  c h a n n e l  a n d  s h o w  tha t  it is d i f f u s i o n  
l imi t ed .  

Mater ia l s  and M e t h o d s  

Cytoplasmic drops were formed from the internodal cells of 
Chara australis R. Brown and from another, corticated, Chara 
species, ~ using the method of Kamiya and Kuroda (1957). Single- 
channel currents were observed in both drop-attached and ex- 
cised outside-out membrane patches. Methods for achieving 
these membrane patch configurations are described by Hamill et 
al. (1981). Exchange of bathing media was achieved using the 
"sleeve" technique of Quartararo and Barry (1987) whereby the 
excised patch is transferred between baths containing different 
solutions. During experiments on drop-attached patches the 
composition of the medium bathing the cytoplasmic drops was 
150 mol/m 3 KC1, 5 mol/m 3 CaCI2, 5 mol/m 3 H+MES, adjusted to 
pH 5.2 (the vacuolar pH) using KOH. The pipette filling solu- 
tions for drop-attached patches and the bathing medium for the 
outside face of excised outside-out patches were the same. These 
contained KC1 at concentrations ranging from 10 mol/m 3 to 1000 
mol/m ~ and adjusted to pH 5.2. The concentrations of CaC12 and 
H+MES were approximately 3% of that of KC1 up to a maximum 
of 5 mol/m 3. The pipette filling solutions for excised outside-out 
patches contained KC1, 1-2 mol/m 3 EGTA and 5 mol/m 3 
H+MES; they were adjusted to pH 7.1 with KOH, and to pCa 7 
to 9 with CaC12. The channel conductance was unaffected by the 
calcium concentration over this range. Experiments were per- 
formed at 23 -+ 2~ 

Glass micropipettes were made with a vertical electrode 
puller (David Kopf model 720) using a two-stage pulling process. 
Micropipettes used for drop-attached patches were made from 
both soda glass (Drumond Scientific) and from borosilicate glass 
(Vitrex BRI/E), whereas those used for excised patches were 
made from borosilicate glass and were fire-polished before use. 
Silgard | coating was not necessary for good patch records and 
was omitted. 

The details of the experimental protocol and the recording 
and display apparatus have been described previously by Laver 
and Walker (1987). Briefly, upon achieving a high resistance seal 
(10-50 Gf~) between the membrane patch and the micropipette, 
the pipette potential was clamped to a random sequence of val- 
ues over the range -+250 mV at 10-sec intervals. The time course 
of the transmembrane current and pipette potential were re- 
corded simultaneously on magnetic tape using FM encoding. The 
current and voltage recordings were later digitized and redis- 
played using a CRO for graphics display. Unitary currents were 
measured from the size of the current steps. The calibration of 
the recording system was made at the beginning and end of each 
tape cassette by recording a square waveform with 5 V ampli- 
tude. The estimated error on the current measurements is -+0.3 
pA or -+2% over the voltage range -+200 mV. The error in the 
current measurements at membrane potentials more negative 
than -200 mV is -+ 1 pA due to the relatively short open times of 
the channel at these potentials. 

At the time of these experiments we were unaware that 
one culture of Chara australis also contained small amounts of a 
corticated species of Chara. Cytoplasmic drops formed from the 
corticated species also contain a maxi-K channel with apparently 
identical permeation and gating characteristics to those in C. 
australis. It is possible that some of the results shown in this 
study are derived from maxi-K channels from this other species 
of Chara. 



D.R. Laver et al.: Diffusion Limitation in a Maxi-K Channel 155 

The potential difference across the membrane patch (Vm) 
was calculated f rom the pipette command potential (V~) at the 
patch-clamp amplifier. In the case of excised outside-0ut patches 

Vm = V~ ( V ~ -  VL) (1) 

and in the case of drop-attached membrane patches 

Vm = --V~ + V~ + (V~-- VD (2) 

where VL, Vr and Ve are the liquid-junction potential, the resting 
potential of the membrane outside the patch, and the zero-cur- 
rent electrode potential, respectively (all with respect to the bath 
electrode). The resting potential was measured at the end of each 
run of measurements on a drop-attached patch by breaking the 
membrane patch using suction and measuring the pipette poten- 
tial required to achieve zero current. Values of Vr were typically 
in the range -+20 mV. The pipette and earth electrodes were 
silver-chloride-coated silver wire. The zero-current potential dif- 
ference between the electrodes was measured before sealing the 
pipette against the drop membrane, and again at the termination 
of each membrane patch. The liquid-junction potential is calcu- 
lated using the Henderson equation (Barry & Diamond, 1970). 

Theoretical predictions shown here are solutions to the 
three simultaneous equations (A1)-(A3) (see Appendix). These 
equations were solved numerically for the parameters, y' ,  y" and 
J, using the false-position method, on a Compaq-386 mini com- 
puter. Theoretical nonlinear fitting of the data was done using the 
least-squares criterion, found by the method of steepest descent. 
Error estimates for the fit parameters represent 90% confidence 
limits, which were calculated from linear approximations to Eqs. 
(A1)-(A3). 

Results 

GENERAL OBSERVATIONS 

High resistance seals (10-50 Gfl) formed readily 
and were stable. Seals with drop-attached patches 
are markedly less stable at positive membrane po- 
tentials (i.e., negative pipette potentials) than at 
negative membrane potentials. Furthermore, seal 
breakdown at negative pipette potentials could of- 
ten be reversed by the application of positive poten- 
tials. However, this is not so with excised patches, 
which are stable over the voltage range +-200 mV. 
Seals against drop-attached patches could with- 
stand larger negative membrane potentials ( -250  to 
-300  mV) than seals with excised patches. The 
background current noise of the membrane patch 
and micropipettes is 1 pA root mean square (rms) 
for borosilicate glass and 2 pA rms (5 kHz band- 
width) for soda glass pipettes. 

The ion gating kinetics of this channel are 
known to be voltage dependent (Lfihring, 1986; La- 
ver & Walker, 1987). Open state durations are very 
short at extreme negative membrane potentials so 
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]Fig. 2. The I/V characteristics of the maxi-K channel in excised 
outside-out patches in symmetric KC1 solutions. The magnitude 
of the unitary currents increased with increasing [KC1]. The KC1 
concentrations are (mol/m3): O--10(6); 0--25(4) ;  11--50(3); 
[]--100(5); A--200(1); ~--300(3);  ~--500(2).  The number in 
parentheses indicates the number of membrane patches re- 
corded. The solid curves are polynomial fits of order 3-5 to the 
data 

that the apparently current amplitude is reduced by 
the limited bandwidth of the recording system. At 
positive membrane potentials the probability of 
channel opening is small, so there are relatively few 
data at these potentials. Thus measurements of the 
I/V characteristics are mainly restricted to the volt- 
age range -250  to +50 mV for drop-attached 
patches and -+200 mV for excised outside-out 
patches. Two types of K + channels with large con- 
ductances (170 and 130 pS) have been detected in 
cytoplasmic drops. The channel studied here has 
the larger conductance and is more frequently de- 
tected in membrane patches. In this work the chan- 
nel is identified in patch recordings by its I/V char- 
acteristic. 

SINGLE-CHANNEL CURRENT: 

VOLTAGE AND [KC1] DEPENDENCE 

Variation between the I/V characteristics obtained 
from different patches, in the same media, is less 
than -+ 1 pA. Those measured in excised patches in 
the presence of symmetrical KCI concentrations are 
shown in Figs. 2 and 3. The current shows satura- 
tion at extreme membrane potentials, and this satu- 
ration is not symmetrical with membrane potential. 
The nonlinearity is most evident over the concen- 
tration range 25-200 mol/m 3. The seven values of 
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Fig. 4. The  concentra t ion  dependence  of  the maxi -K channel  
current  in excised outs ide-out  patches  at three membrane  poten- 
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Fig. 2. The a s y m m e t r y  of  the I / V  characterist ic of  the channel  is 
seen  here as a difference be tween the current  at 100 and at - 100 
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Menten  equat ion to the data  

the reversal potential, derived from polynomial fits 
to the data in Fig. 2, lie between 3 and -3  mV over 
the concentration range 10 mol/m 3 to 500 mol/m 3. 
The concentration-dependence of the single-chan- 
nel current, shown in Fig. 4, is derived from the 
polynomial fits to the data in Fig. 2. This data has 
also been corrected for small differences in the am- 
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E3-- 100(1); � 9  A - -  1000(2). The solid curves  are polyno- 
mial fits of  the data. The error bars indicate the variation in the 
results  from three patches  

bient temperature between experiments by assum- 
ing a thermal Ql0 of 1.4 for the channel conduc- 
tance. 2 These corrections were all less than 5%. The 
current shows a hyperbolic dependence on KC1 
concentration with a half-maximum at 100 mol/m 3. 

Figure 5 shows the I/V characteristic obtained 
in drop-attached patches over the concentration 
range 12 to 1000 mol/m 3. The reversal potentials 
indicate [K § of 50 to 100 mol/m 3 inside the cyto- 
plasmic drop over the external concentration range 
12 to 150 mol/m 3. The currents in excised and drop- 
attached patches are compared in Fig. 6. With po- 
tassium concentrations of less than 50 mol/m 3 in the 
patch pipette, the currents differed significantly be- 
tween the drop-attached and excised patches. 
Equalizing the osmotic potential of each side of 
drop-attached patches using sorbitol (at 260 mol/m 3 
in the pipette) had no effect on the currents when 
[KCI] was 12 mol/m 3. Figure 7 shows the channel 
I/V characteristics in excised patches in asymmet- 
ric concentrations of KCI. The reversal potential, 
VR, for the channel separating solutions containing 
3.5 mol/m 3 (inside) and 150 mol/m 3 (outside), deter- 
mined from the I/V data using polynomial interpola- 
tion, is 83 -+ 10 mV. The relative permeability for 
chloride ions in the channel (PUPK), calculated 
from VR using the Generalized Null Potential equa- 
tion (Barry & Gage, 1984), was found to be 0.015 _+ 
0.01. 

2 A thermal  Q~0 of  1.4 has  been measured  for the maxi -K 
channel  f rom rat muscle  (Barrett,  Magleby & Pallotta, 1982). As 
the thermal  correct ions to the data are small, it will suffice to use  
this value for the present  work. 
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Fig. 8. The effects of  urea  and sucrose  in the pipette solutions on 
the I/V character is t ics  of  the maxi -K channel  in drop-at tached 
membrane  patches .  The pipette solutions are (symbol - -  compo- 
sition (number  of  pa tches  recorded)): D - - 5 0  mol /m 3 (3); I I - -  
[KCI] = 50 mol /m 3, [sucrose] = 700 mol /m 3 (2); 31--[KC1] = 50 
mol /m 3, [urea] = 700-750 mol /m 3 (3); O- - [KCI ]  = 10 mol /m 3, 
[urea] = 750 mol /m 3 (1); � 9  = 10 mol /m 3, [sucrose] = 580 
mol /m 3 (1). The error  bars indicate the variation in the results 
from three patches .  The solid curves  show the predictions of the 
diffusion-limited pore model  and the effect of  a 30% decrease in 
the aqueous  convergence  permeat ion constants ,  Pc, i.e., from 
1.8 x 10 -18 to 1.26 x 10 -18 m3/sec for [KCI] = 50 mol /m 3 and 
from 3.8 • 10 -I8 to 2.6 • 10 -18 m3/sec for [KCI] = 10 mol /m 3 

I /V  C U R V E S :  E F F E C T  OF S U C R O S E  A N D  U R E A  

The effects of sucrose (700 mol/m 3) and urea (750 
mol/m 3) in the patch pipette on the currents in drop- 
attached patches are shown in Fig. 8. Figure 9 
shows the effect of the addition and removal of su- 
crose (700 mol/m 3) to the bathing medium on the 
I /V characteristics of an excised outside-out patch. 
The effect of sucrose is significant and completely 
reversible. The effects of isosmotic concentrations 
of sucrose (580 mol/m 3) and urea (750 mol/m 3) are 
compared in Fig. 10. Addition of sucrose to the me- 
dium with excised and drop-attached patches signifi- 
cantly decreases the current. Urea had less than 
half the effect of sucrose. 

Discussion 

Is C U R R E N T  T H R O U G H  T H E  M A x I - K  C H A N N E L  

D I F F U S I O N - L I M I T E D ?  

Andersen (1983) demonstrated the importance of 
diffusion-limitation effects to ion permeation in 
gramicidin by measuring the effect on the current of 
independently manipulating the ion permeabilities 
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O--[KC1]  = 50 mol/m3; I I - - s u c r o s e  (700 mol /m 3) added to bath; 
J - - s u c r o s e  removed.  The solid curves  show the predictions of  
the diffusion-limited pore model  and the effect of  a 35% decrease 
in the aqueous  convergence  permeat ion constants ,  Pc, i.e., f rom 
1.8 x 10 -18 to 1.26 x 10 -18 m3/sec for [KCI] = 50 mol /m 3 and 
from 1.0 x 10 t8 to 0.7 x 10 -~8 m3/sec for [KC1] = 150 mol /m 3 

inside and outside the channel. Here, part of his 
protocol is used to test for the importance of diffu- 
sion-limitation; the effects of sucrose and urea on 
the I/V curves are measured. The rationale for this 
test is given in detail by Andersen (1983). Briefly, 
the addition of 20% (580 mol/m 3) sucrose to the 
aqueous phases reduces the diffusion coefficient of 
potassium ions by 35% (see Table II in Andersen, 
1983) and so is expected to decrease the permeance 
of the aqueous convergence regions by up to 35%, 
It is unlikely that a molecule as large as sucrose 
(Stokes radius about 0.47 nm) will alter the intrinsic 
properties of the channel by penetrating the pore 
interior. 

The addition of sucrose to the solutions will 
decrease the water potential and affect the ion ac- 
tivity coefficients. The effect of water potential on 
the conductivity of the maxi-K channel is not 
known. The conductivity of gramicidin channels 
may be dependent on the water potential (Ander- 
sen, 1983) but that of the voltage-dependent anion 
channel from mitochondria is not (Zimmerberg & 
Parsegian, 1986). To investigate the effect of 
changes in water potential on the channel current, 
the effect of urea (750 mol/m 3) on the channel cur- 
rent was measured. Urea at 750 mol/m 3 has the 
same effect on the water potential as sucrose (580 
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Fig. 10. The comparat ive  effects of  urea and sucrose in the bulk 
aqueous  phases  on the I/V characterist ics of  two maxi-K chan- 
nels. The pipette solution contained KC1 (50 mol /m 3) and urea 
(750 re�9 The external  bathing media  are; O--[KC1]  = 150 
re�9 �9  = 150 mol /m 3 + sucrose (580 mol/m3); ~ - -  
[KC1] = 150 mol /m 3 + urea (750 re�9 The solid curves show 
the predictions of  the diffusion-limited pore model  and the effect 
of  a 35% decrease in the aqueous  convergence  permeat ion con- 
s tants ,  Pc, i.e., f rom 1.0 x 10 J8 to 0.65 x 10 -~8 m3/sec 

mol/m3). However, urea and sucrose have mark- 
edly different effects on the ion mobility. Urea at 
750 mol/m 3 reduces the diffusion coefficient of po- 
tassium ions by only 5%. 

In these experiments we estimate that the mean 
activity coefficient 3 of KC1 is reduced by 3% by urea 
(Kundu & Das, 1979). The effects of sucrose (250 
mol/m 3) (Harned & Shropshire, 1958) on the mean 
activity of KC1 and sucrose (1000 mol/m 3) on that of 
NaC1 (Robinson, Stokes & Marsh, 1970) suggest 
that it has less than 3% effect on the activity of K + 
in the bulk phases. 

The results in Figs. 8-10 demonstrate an effect 
similar to that observed in gramicidin channels (An- 
dersen, 1983). Sucrose at concentrations ranging 
from 580-700 mol/m 3 caused a marked reduction in 
the unitary current, whereas the addition of urea 
(750 mol/m 3) has a smaller effect. The sucrose ef- 
fect was too large to be due to changes in ion activity 
alone. The effect of adding and removing sucrose 
from the aqueous phase surrounding individual 
membrane patches was investigated (see Figs. 9 and 

3 Strictly speaking, the single-ion activity coefficients for 
K + should be used.  However ,  absolute  values of  single-ion activ- 
ities are not  attainable. The general  consensus  is to consider  that 
the single-ion activities for K + and CI- are equal to their mean  
value. 
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Figs. 8 and 9 in terms of the 
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[KC1]o [KC1]I Pc Gmax P~ 
(mol/m 3) (mol/m 3) (10 -18 m3/sec) pS (10 -18 m3/sec) 

Cell-attached patch Bare 50 100 2.0 -+ 0.25 335 -+ 140 2.10 -+ 0.07 
Sucrose 50 100 1.45 -+ 0.11 286 -+ 70 1.42 -+ 0.04 
Urea 50 100 1.6 + 0.07 460 -+ 85 1.82 -+ 0.04 

Excised patch Bare 150 150 1.07 • 0.08 275 • 4 1.02 +- 0.02 
Sucrose 150 150 0.73 + 0.04 390 + 8 0.78 -+ 0.02 
Bare 50 150 1.66 -+ 0.16 540 + 150 1.97 -+ 0,1 
Sucrose 50 150 1.38 -+ 0.09 369 + 8 1,47 • 0,04 

a The parameter Km is set to 25 mol/m 3. The fitted variables are Pc and G . . . .  G . . . .  for a given [KC1] is 
proportional to the intrinsic permeance of the pore. The errors shown are 90% confidence limits. P~ are 
fitted values of Pc where Gma• is held constant at 310 pS. 

10) to ensure that supposed changes in channel con- 
ductance were not artifacts of observing different 
channel populations. In some cases the large differ- 
ences in water  potential on each side of the patch 
could result in significant t ransmembrane water 
flows. I/V curves from channels in symmetric 150 
mol/m 3 KC! with (Fig. 9) and without (Figs. 4, 6 and 
12) high internal urea concentrat ions,  indicates that 
osmotic water  flow has no significant effect on the 
current in these experiments.  

The effects of sucrose and urea (see Figs. 8 and 
9) were fitted with Eqs. (A1)-(A3) (fits not shown) 
where fit parameters  were Pc and Gmax (for a given 
[KC1] Gmax is proportional to the intrinsic per- 
meance of the pore). The results of this analysis are 
summarized in Table 1. Sucrose significantly re- 
duced Pc but had neither a consistent nor significant 
effect on Gmax. So it appears that sucrose acts by 
reducing the permeance of the aqueous regions 
rather than that of the pore itself. Hence changes in 
water  potential upon the addition of sucrose do not 
significantly affect the channel permeance.  The data 
was also fitted for the case when Gmax is held con- 
stant (see Table 1). Here  sucrose was found to de- 
crease Pc by 25-30%. 

The effect of urea on the I/V characteristic is 
difficult to interpret.  Curiously, urea had a larger 
effect than expected from its effect on ionic mobili- 
ties alone, which is possibly due to a reduction in 
the activity of K + in the bulk phases. Alternatively, 
the data in Table 1 suggest that urea may act by 
altering permeabilities of the convergence regions, 
though this is by no means certain. 

The greater effect  of  sucrose than of urea indi- 
cates that the maxi-K channel, like the gramicidin 
channel, is diffusion limited. This hypothesis is also 
supported by the data in Table 1. This provides the 
first direct evidence for the importance of diffusion 
limitation of ion flow through maxi-K channels. 

A more exact analysis of the effect of sucrose is 
not possible because the concentrat ion of sucrose 
near the membrane may be less than that in the bulk 
phases (Andersen, 1983). However ,  an upper limit to 
the permeation constant,  Pc, can be found by as- 
suming that the sucrose concentrat ion near the pore 
mouths is equal to that in the bulk phases, that Pc 
decreases by 35% upon the addition of sucrose and 
by fitting the observed decrease in channel conduc- 
tance with Eqs. (A1)-(A3). If the pore is saturated 
(in the extreme case when Km = 1 mol/m3), with 
[K +] in the range 50-150 mol/m 3, Pc must be less 
than 2.10 -is m3/sec in order  to account for the 
magnitude of the effect of sucrose. When the pore is 
assumed to be far from saturation (Km = 10 4 mol/ 
m 3) Pc must be less than 5.10 -18 m3/sec. 

D I F F U S I O N - L I M I T E D  CURRENTS ACROSS PATCHES 

IN ASYMMETRIC S O L U T I O N S  

One way to gauge the importance of diffusion-limi- 
tation effects at very  low ion concentrations is to 
measure the channel I/V characteristics in asym- 
metric solutions. 

Close scrutiny of the theoretical curves (1 and 
2) in Fig. 7 reveals an effect peculiar to diffusion- 
limited ion flow. In this case the current flowing into 
the pipette (i.e., flowing from high [KCI]o (150 mol/ 
m 3 outside) to low [KC1]i (3.5 mol/m 3 inside)) is lim- 
ited mainly by ion diffusion in the aqueous conver- 
gence regions at the inside pore mouth. An increase 
in the ionic strength or moderate increase in [K +] of 
the inside solution increases the inward K + current 
(at fixed Vm). This is because it is possible for a 
large fraction of the potential difference between 
the bulk phases to occur  across the aqueous region 
at the inside pore mouth. Increasing the ionic 
strength of  the inside medium acts to screen the 
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Fig. 11. The concentrat ion dependence  of  single-channel cur- 
rents from Fig. 4 (Vm = -- 150 mV) is compared to solutions of  the 
s imul taneous equations (AI)-(A3)  for several  values of  the per- 
meation constants ,  P , ,  of  the aqueous  convergence  regions. The 
pore has K,,, = 30 mol /m 3 and G ..... = 310 pS. The predicted 
intrinsic [KCI] dependence of  the pore is that for which P, = 

electric field near the pore mouth; increasing the 
fraction of the potential difference across the pore, 
thus increasing the driving force on the permeant 
ions within the pore. Further, at low [KC1];, K + 
ions inside the pipette contribute little to the net ion 
flow through the channel. Hence increasing [KC1]i 
can enhance the inward K + current as shown in Fig. 
7. 

What does this mean to the electrophysiologist? 
A common tool used for determining the ion species 
permeable in a particular channel population is ex- 
amining the effect of changes in the ionic composi- 
tion of the cell-bathing medium on the permeation 
characteristics of the plasma membrane. However, 
the plasma membranes of plant cells are often 
bathed in media of low ionic strength (less than 1 
mol/m3). If a particular population of channels is 
diffusion-limited then an increase in the ionic 
strength of the bathing medium of the cell will en- 
hance the outward flow of permeable ions from the 
cell. Effects like this have been observed in voltage- 
clamp studies of C. australis (M. Beilby, personal 
communication). 

It is possible to deduce a lower limit to the pa- 
rameter Pc at low [KC1] from the attenuating effect 
of a reduction in [KCI]i (from 150 to 3.5 mol/m 3) on 
the inward current and comparing this to solutions 
of Eqs. (A1)-(A3) (see Fig. 7). The lower bound on 
Pc, like the upper (see previous section), depends 
on whether or not the pore is near saturation. The 
minimum value of Pc, with [KC1] = 3.5 mol/m 3, in a 
saturated pore is 4.0 x 10 -18 m3/sec, whereas for a 

pore far from saturation and lower bound for Pc is 
2.0 • 10 -17 m3/sec. The insensitivity of the current 
(for Vm more negative than -100 mV) to [KC1]i 
(compare the data in Fig. 7 with the dashed line) 
indicates that ion diffusion at the pore mouth does 
not significantly limit the current at these low ion 
concentrations. 

Regardless of the assumed degree of pore satu- 
ration the lower limit of Pc deduced from the data at 
low ion concentrations (above) is 2-3 times larger 
than the upper limit for Pc at [KC1] = 150 mol/m 3 
determined from the sucrose experiments: hence Pc 
must be concentration-dependent. This does not 
necessarily indicate a concentration dependence in 
the ion diffusion coefficients but rather reflects the 
inability of the neutral, right circular cylinder to 
model real channels. Figure 11 compares the K § 
concentration dependence of current with solution 
of Eqs. (A1)-(A3) for several values of Pc. 

M O D E L L I N G  T H E  I / V  A N D  [KCI] D E P E N D E N C E S  

So far, we have concluded that the channel is diffu- 
sion limited and that Pc isconcentration dependent. 
We have done this without making assertions about 
the intrinsic properties of the pore. An attempt is 
made here to model the I/V and [KC1] dependences 
in terms of a diffusion-limited pore in order to un- 
ravel the kinetics of ion permeation within the pore 
from diffusion-limitation effects and to provide a 
basis on which the effects of channel modifiers can 
be studied. 

It has proved difficult to interpret quantitatively 
the permeation characteristics of the channel in 
terms of the theory of diffusion limitation. The diffi- 
culty, in part, is that it is hard to discern which 
characteristics of ion permeation are attributable to 
intrinsic properties of the channel and which arise 
from diffusion-limitation effects (e.g. the curvature 
of the I/V characteristic). These problems are com- 
pounded by the fact that there are no satisfactory 
models for diffusion-limited ion flow through 
charged pores with unknown geometry. Hence the 
relationship between Pc and the geometric parame- 
ters of the pore are more tenuous than that implied 
by Eq. (A4). 

Therefore the diffusion-limited pore model used 
here contains several assumptions. First, Mi- 
chaelis-Menten kinetics were chosen as the sim- 
plest way of representing the saturation of current 
at high K + concentrations. 

Second, ion diffusion in the pore is assumed to 
be consistent with electrodiffusion theory, i.e., the 
permeance of the pore is independent of voltage. 
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Fig. 12. The I/V characteris t ics  of  the maxi -K 
channel  in excised patches  including some 
data from Fig. 2. The KC1 concentrat ions  
associa ted with each da tum symbol  are the 
same as those  in Fig. 11. The  error bars 
indicate the variation in the data  f rom five 
patches in symmetr ic  solutions containing 150 
mol /m 3 KCI. The solid curves  show the 
least-squares  fit of  the diffusion-limited pore 
model to the data  (see Discussion).  The 
parameters  of  this fit are summar ized  in Table 
2. The intrinsic I/V character is t ics  of  the 
channel  are linear (not shown) so that the 
voltage saturat ion seen here arises solely f rom 
diffusion-limitation effects 

This is based on the finding that at [KC1] > 300 mol/ 
m 3 and [KC1] < 10 mol/m 3, where diffusion-limita- 
tion effects are small (see previous section), the I/V 
characteristic for the channel in symmetric solu- 
tions is nearly linear. The electrodiffusion model 
can be well approximated by Eqs. (A1)-(A3) when 
the number of energy barriers in the pore is large 
(greater than 4, see Appendix). In this pore model 
an arbitrary large number of identical ion sites is 
chosen (we use here n = 9) where the solutions to 
Eq. (A3) are shown by L~iuger (1973). 

Third, it is assumed that the "measured" val- 
ues of Pc are modulated by the ion buffering effects 
of fixed charges at the mouth of the pore (see Jor- 
dan, 1987). At high ion concentrations the fixed 
charges will have little effect on the ion concentra- 
tion near the pore so that the capture radius of the 
pore can be estimated from Pc using Eq. (A4). How- 
ever, at low ionic strength the ion concentration 
near the pore will be higher than that in the bulk 
phases. This will increase the effective value of Pc 
at low ion concentrations. Surface charge need not 
increase the intrinsic conductance of the pore 
(Takeda, Gage & Barry, 1982). Further, numerical 
solutions to the Nernst-Plank-Poisson equations for 
this pore model (unpublished data) indicate that 
fixed charge at the mouth of the pore can increase 
Pc without greatly affecting the intrinsic conduc- 
tance of the pore. The ion buffering effects of fixed 
charge near the pore mouth is included in the model 
by letting Pc follow the empirical equation 

Pc = P= " {1 + A �9 exp([KC1]/B)} (4) 

Table 2. The parameter  values of  the least-squares fit of  the 
diffusion-limited pore model  to the data  in Fig. 12 a 

Km mol /m 3 50 • 25 
Gmax pS 300 • 20 
PL 10 -18 m3/sec 1.1 • 0.1 
A 3.8 -+ 1.0 
B mol /m 3 85 • 10 

a The errors indicate 90% confidence limits. 

where A and B are constants and P~ is the value of 
Pc at high [KC1]. 

High concentrations of Ca 2+ (>50 mol/m 3) on 
the outside of the patch produced a substantial volt- 
age-dependent block of this channel (unpublished 
data) which indicated a Km for C a  2+ binding to the 
channel given by 

KCm a = 50 �9 exp(0.2 FVm/RT) (mol/m3). (5) 

In these experiments, though [Ca 2+] in the ex- 
ternal medium is small, the presence of Ca 2+ has a 
small measurable effect on the observed I/V charac- 
teristics. The predictions of the model allow for 
competitive binding of Ca z+ and K + with the chan- 
nel. 

The parameters of the fit are Km, Gmax (the max- 
imum conductance), A, B, and P=. The values of 
these parameters are given in Table 2. 

The resulting least-squares fit of this model to 
the data in Fig. 12 indicates that the channel is sig- 
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nificantly diffusion limited over the concentration 
range 20-300 mol/m 3. As [KCI] decreases below 20 
mol/m 3, the conductance of the pore decreases 
more rapidly than that of the aqueous convergence 
regions because of the buffering effect of fixed 
charge near the pore mouth; thus the pore conduc- 
tance becomes dominant. As [KC1] increases above 
300 mol/m 3, the conductance of the pore now in- 
creases more slowly than that of the aqueous con- 
vergence regions because the pore saturates; thus 
here, too, the pore conductance becomes dominant. 
Calculating the convergence conductance, Gc, us- 
ing Eq. (A5) with C1 = 150 mol/m 3 and P" = P~ = 12 
• 10 -18 m3/sec gives Gc = 700 pS, which compares 
with 270 pS for the expected intrinsic conductance 
of the pore. In this situation the 60% of the trans- 
membrane potential difference appears across the 
pore. 

The value of P= suggests an ion capture radius 
for the pore of 0.17 nm, consistent with a pore ra- 
dius of at least 0.32 nm (using Eq. (A6)), which is 
about that expected for the maxi-K channel (La- 
torre & Miller, 1983; Jordan, 1987). 

COMPARISON WITH OTHER M A x I - K  CHANNELS 

The magnitude of possible diffusion-limitation ef- 
fects in maxi-K channels has been the subject of 
some concern. The conceptual difficulty lies in the 
fact that for diffusion-limitation effects to be small 
enough to allow for the large unitary currents ob- 
served in maxi-K channels, the pore should then 
possess a large capture radius and hence a larger 
diameter (> 1 nm; see Jordan, 1987). However, the 
high ion selectivity of the pore indicates that it 
should have a much smaller diameter (approxi- 
mately 0.4 nm). In reconciling this paradox people 
have either evoked special geometric models (La- 
torre & Miller, 1983) or, as in this study, postulated 
the presence of fixed charge distributions about the 
channel mouth (Jordan, 1987), which obviate the 
effects of diffusion limitation. 

Measurements of K + current through maxi-K 
channels in Chara australis (L~ihring, 1986; Laver 
& Walker, 1987; the present study), skeletal and 
smooth muscle (Eisenman, Latorre & Miller, 1986; 
Cecchi et al., 1987) and from chromaffin cells (Yel- 
len, 1984) all show characteristics expected from 
diffusion limitation. We consider here the particular 
case of the Ca2+-activated K + channel from skeletal 
muscle, inserted in lipid bilayers by Eisenman et al. 
(1986) because it offers a broad data set for compari- 
son. The concentration- and voltage-dependences 
of K + permeation of the Ca2+-activated K + channel 
(data not shown) shows the same form as that for 
the maxi-K channel in C. australis. The analysis of 

the data from both systems followed a similar path 
and shared similar difficulties. The outcome of the 
analysis is that it is possible for diffusion limitation 
to have a strong effect on the permeation character- 
istics of the Ca2+-activated K + channel. It is also 
possible to account for the magnitude of the current 
through the channel with plausible values for the 
capture radius of the pore (to ~- 0.1-0.2 nm for 
[KC1] > 200 mol/m3). 

The saturation of the current at large membrane 
potentials seems to be an intrinsic property of the 
channel, unlike that found for the maxi-K channel 
in Chara in which the saturation is derived solely on 
diffusion-limitation effects. The best fits to the data 
were obtained for pore models that exhibited two 
saturating processes with high and low affinities for 
K § This behavior has been observed in maxi-K 
channels (Moczydlowski et al., 1985) and is be- 
lieved to be due to either multi-ion occupancy of the 
pore (Moczydlowski et al., 1985) or to fixed charges 
in the pore (Barry, Gage & Van Helden, 1979 (see 
Appendix A); Jordan, 1987). 

Therefore it is possible that the observed per- 
meation characteristics (e.g. large conductance) of 
maxi-K channels, in general, are significantly af- 
fected by ion diffusion in the aqueous regions adja- 
cent to the pore mouths. As previously suggested 
by Yellen (1984), investigations similar to those of 
Andersen (1983) should be made to test for the mag- 
nitude of diffusion-limiting effects in different maxi- 
K channels. Channels inserted into lipid bilayers 
would be the ideal system in which to study this 
effect. 

COMPARISON OF ION PERMEATION IN ATTACHED 
AND EXCISED PATCHES 

At low ion concentrations the currents in attached 
patches were larger than those in excised patches. 
This effect remained when the osmotic potentials 
on each side of the patch were equalized. The drop- 
attached patches were in contact with cytoplasm on 
the inside face, which is believed to contain 100 
mol/m 3 K § (Reeves, Shimmen & Tazawa, 1985), 
whereas excised patches were usually in symmetric 
KC1 solutions. The I / V  data obtained from the 
maxi-K channel in drop-attached and excised 
patches differ only partly as a result of the different 
potassium concentrations in each system. The data 
in Fig. 3 show that at potentials of -100 and -150 
mV the composition of the solution on the inside 
face is not important. 

Thus there is a factor, present only in the intact 
cytoplasmic drop, that enhances the potassium per- 
meation through the channel at low ionic strengths. 
This is consistent with the presence of negative sur- 
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face charge either associated with the pore or dis- 
tributed over the surface of the membrane which is 
lost during the process of excising the patch. The 
effects of fixed charges, situated near the pore en- 
trance and on the membrane lipids, on the perme- 
ation characteristics of gramicidin and maxi-K 
channels has been well studied (Apell, Bamberg & 
L/~uger, 1979; Bell & Miller, 1984; Moczydlowski et 
al., 1985). 

The potential-dependence of seal formation and 
stability, regardless of the presence of maxi-K 
channels in the patch (see Results), further indi- 
cates that there is negative surface charge on the 
membrane, not associated with the channel. Seal 
breakdown at negative pipette potentials implies 
electrostatic repulsion between the pipette and the 
membrane surface charge. The voltage-independent 
seal stability in excised patches is also consistent 
with the loss of this charge. 

The asymmetry of the I/V data from excised 
patches in symmetric solutions could arise from dif- 
ferences in the ion capture radius or fixed charge 
distributions at each end of the pore, or from intrin- 
sic asymmetry in the energy barrier profile for per- 
meable ions within the pore. 

CONCLUSIONS 

The permeation of K + ions through the Chara maxi- 
K channel is limited by their diffusion between the 
bulk phases and the mouths of the pore. Diffusion- 
limitation effects appear to be significantly moder- 
ated, when the ion concentrations are less than 150 
mol/m 3, possibly by the presence of fixed charge 
near the pore mouths. 

The diffusion-limited pore model can account 
for the current saturation at large membrane poten- 
tials and for the attenuating action of increasing 
aqueous viscosity on the pore conductance. The 
model predicts that the permeation of ions through 
the channel will be most diffusion-limited for [KC1] 
in the range 20-300 mol/m 3. The intrinsic perme- 
ation properties of the channel are consistent with a 
pore whose current is limited at high concentrations 
by the maximum transport rate of the pore. 

Maxi-K channels in animal cells have similar 
permeation characteristics to those of the channel 
studied here, and it is possible that other maxi-K 
channels are also diffusion limited. Ion permeation 
properties of the channel are altered when mem- 
brane patches are excised from the cytoplasmic 
drops. The voltage-dependent stability of the pi- 
pette-membrane seal and the attenuation of unitary 
currents in excised patches can be understood if 
there exists negative surface charge on the drop 
membrane which is not present in excised patches. 

The asymmetry of the I/V characteristics of the 
maxi-K channel in symmetric KC1 solutions indi- 
cates an asymmetric chemical structure for the 
channel. 
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Appendix 

The theory of diffusion-limited ion flow through pores has been 
developed by L~iuger (1976). He considered a simple geometrical 
model of a pore, consisting of a right circular cylinder separating 
two aqueous phases (denoted by ' and "). The current was as- 
sumed to converge and diverge with spherical symmetry at the 
pore entrances. The net passive ion flux, J, through such a sys- 
tem in which there is a permeant cation species, a nonpermeant 
cation species, and one nonpermeant anion species was shown to 
be given by the following set of three simultaneous equations: 

J = -2P '~C; .  (y '  - 1) (A1) 

J = 2P~C~. ( y " -  1) (A2) 

J = k,;K Cp - UCI; (A3) 

R, I + ~  S, + KC/ ,Q'  + KUCI;Q" 
1 I 

where P'c and P~ are the permeation constants 4 (in units of m3/ 
sec) for the aqueous convergence regions, y' =- exp(~b~ - ~ ' )  and 
y" =- e x p ( ~  - ~") represent the Boltzman factor for the parti- 
tioning of monovalent anions between the bulk phases and the 
mouths of the pore. �9 and ~bp (in units of F / R T )  are the dimen- 
sionless electric potentials in the bulk phases and the mouths of 
the pore, respectively. C'p =- C; �9 y '  - C;/y '  and C'~ =- C'~ . y" - 
C'~/y" are the concentrations of the permeant cations at the pore 
mouths. CI (not explicit in Eqs. (A1)-(A3)), C2 and Cs are the 

4 The quantities P~ and P~ represent an area-specific per- 
meance and will be referred to as permeation constants in this 
paper. Thus P'c and P" are related to permeability (dimensions of 
m/sec) �9 area, hence the dimensions m3/sec. 

concentrations of the permeant cation, anion and nonpermeant 
cation species, respectively. U = exp(V) �9 y ' /y"  is the exponen- 
tial of the potential difference across the pore. V is the potential 
difference between the two bulk phases (V = cb' - qb"). K is the 
equilibrium constant for binding between K + and the pore. 

Equations (A1) and (A2) (L~iuger, 1976) give the ion flux in 
terms of the properties of the convergence regions. Equation 
(A3) is derived using the rate theory approach by Lfiuger (1973). 
Equation (A3) describes the ion flux through a pore with n se- 
quential energy minima (binding sites) which holds, at most, one 
ion. This equation has the form of the Michaelis-Menten equa- 
tion where the voltage-dependent terms, -~i, Si, Q, and k'o depend 
on the energy profile of the channel. When n is large the predic- 
tions of the rate theory and the electrodiffusion model are the 
same. However, even for as few as three ion sites the rate theory 
predictions approach those of the continuum electrodiffusion 
model (Barry & Gage, 1984). 

Pc can be expressed in terms of the diffusion constant D of 
the permeant ion species, the aqueous phases and the capture 
radius ro for the channel entrance (Lfiuger, 1976). 

Pc = 27troD. (A4) 

In symmetrical ionic conditions the conductance of the con- 
vergence regions Go, like that of the pore, is related to the per- 
meation constants by 

Gc = (FZ/RT)CIPc. (A5) 

The capture radius of the channel can be as small as the 
difference between the ion and pore radii, so the minimum pore 
radius rp is related to the ionic radius ri and the capture radius by 

rp = rl + to. (A6) 


