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Abstract. The kinetics of single K + channels were de- 
rived for patch-clamp recordings of membrane patches 
excised from cytoplasmic drops from the plant, Chara 
australis R. Br. Specifically, the "tilt effect" model of 
MacKinnon, Latorre and Miller (1989. Biochemistry 
28:8092-8099) has been used to measure the electro- 
static potential (surface PD) and fixed charge at the en- 
trances of the channel. The surface PD is derived from 
the difference between the trans-pore potential differ- 
ence (PD) and that between the two bulk phases. The 
trans-pore PD is probed using three voltage-dependent 
properties of the channel. These are (1) the association 
and dissociation rates of Ca 2+ binding to the channel, 
f rom both the cytoplasmic and vacuolar  solutions. 
These were determined from the mean blocked and un- 
blocked durations of the channel in the presence of ei- 
ther 20 mmol liter - I  vacuolar or 1 mmol liter -~ cyto- 
plasmic Ca2+; (2) the closing rate of the channel's in- 
trinsic gating process. This was determined from the 
mean channel open time in the absence of vacuolar 
Ca 2+ at membrane PDs more negative than - 100 mV; 
and (3) the effect of  Mg 2+ on channel conductance 
when added to solutions initially containing 3 mmol 
liter -1 KCI. 

The voltage dependence of properties 1 and 2 shifts 
along the voltage axis according to the ionic strength of 
the bathing media, consistent with the presence of neg- 
ative charge in the channel vestibules. Furthermore, the 
magnitude of this shift depends on the current in a man- 
ner consistent with diffusion-limited ion flow in the 
channel (i.e., the rate of ion diffusion in the external 
electrolyte limits the channel conductance). Mg 2+ on 
either side of the membrane alters channel conductance 
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in a voltage-dependent way. A novel feature of the 
Mg e+ effect is that it reverses, from a block to an en- 
hancement, when the membrane PD is more negative 
than - 7 0  mV. This reversal only appears in solutions 
of low ionic strength. The attenuating effect is due to 
voltage-dependent binding of Mg 2+ within the pore, 
which presumably plugs the channel. The enhancing ef- 
fect is due to screening by Mg e+ of surface potentials 
arising from diffusion-limited flow of K +. 

All experimental approaches give a consistent pic- 
ture of  K + permeation in which the surface charge and 
convergence permeability of the cytoplasmic vestibule 
are the major factors in determining channel conduc- 
tance. The cytoplasmic vestibule has a charge density 
of -0 .035  C/m: which is similar to that found for maxi 
K channels in rat muscle. The properties of the vacuo- 
lar vestibule, which is effectively neutral, differ from the 
negatively charged external vestibules in rat maxi K 
channels indicating a differing protein structure in this 
part of the channel. 

Finally, we note that our method of testing for dif- 
fusion-limited ion flow, by measuring the dependence 
of the surface PD on the current passing through the 
channel, is more reliable than common tests, which 
make use of nonelectrolytes such as sucrose. It appears 
that these molecules alter channel conductance by in- 
terfering with the intrinsic permeation mechanism of the 
channel rather than by altering bulk viscosity. 

Key words: K + channel - -  Chara - -  Patch clamp - -  
Ion permeation - -  Surface potential - -  Diffusion-lim- 
ited ion flow 

Introduction 

Two ways in which surface potentials arise at the 
mouths of ion channels are the nearby presence of 
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charged sites on the channel protein or unbalanced mo- 
bile charge in the adjacent electrolyte which can arise 
from nonequilibrium ion concentrations as is the case in 
diffusion-limited ion flow. 

ELECTROSTATIC SURFACE POTENTIALS ARISING FROM 

CHARGED SITES 

There is now overwhelming evidence from electrical 
and biochemical studies that ion channel proteins con- 
tain charges. These charges arise from amino acids, 
sialic acid residues and phosphorylation of the protein 
(Green & Andersen, 1991). They have specific roles in 
determining the properties of voltage-dependent gat- 
ing, ligand binding (see references cited in Gilbert & 
Ehrenstein, 1984) and ion permeation (e.g., Imoto et al., 
1988). Charged groups located near the pore mouths are 
also believed to play a nonspecific role in optimizing 
channel conductance and selectivity by concentrating 
counter ions within these regions (Apell et al., 1977; 
Apell, Bamberg & Liuger, 1979; Green & Andersen, 
1991). In the case of skeletal muscle, for example, 
negative charge on both the channel protein (MacKin- 
non & Miller, 1989) and neighboring lipids (Bell & 
Miller, 1984; Moczydlowski et al., 1985) are known to 
enhance K + conductance at low ionic strength. 

A charged site at the entrance to an ion channel will 
produce an electrostatic potential that falls off over dis- 
tance and depends on the electrolyte composition. The 
resulting potential difference (PD) between the protein 
surface and the bulk solution is called the surface PD. 
The surface PD depends on the amount of surface 
charge and decreases as the ionic strength of the aque- 
ous environment increases. This is due to ion screen- 
ing, where electrostatic forces near fixed charges cause 
the mobile ions in the electrolyte to be distributed so 
they tend to neutralize the fixed charge. 

ELECTROSTATIC SURFACE POTENTIALS ARISING FROM 

DIFFUSION-LIMITED ION FLOW 

Diffusion-limited ion flow occurs when the diffusion of 
ions from the bulk solutions to the pore mouths limits 
the rate of ion transport through the channel. Under 
these conditions, both the ion concentrations and elec- 
trostatic potentials in the vicinity of the pore differ from 
those in the bulk solutions (L~iuger, 1976). Thus, sur- 
face PDs can also arise from the flow of ions through a 
diffusion-limited channel. The magnitude of the surface 
PD depends on the magnitude of the current and, like 
surface PD arising from charged sites, decreases with in- 
creasing ionic strength. 

These properties are used here to provide a novel, 
reliable method for detecting diffusion-limited ion flow, 
which measures the dependence of the pore-mouth sur- 

face PD on the current. The previous method for de- 
tecting diffusion limitation involved measuring the ef- 
fect on the current of altering the ion diffusion rate out- 
side the pore, by increasing the electrolyte viscosity 
using nonelectrolytes such as sucrose (Andersen, 1983). 
This method provided evidence for diffusion-limited 
ion flow through gramicidin pores (Andersen, 1983) 
and maxi K channels in Chara (Laver, Fairley & Walk- 
er, 1989). The disadvantage of Andersen's method is 
that it requires that the intrinsic conductance of the pore 
is unaffected by the presence of nonelectrolytes and 
that the viscosity of the solutions at the entrances to the 
pore are the same as those of the bulk phases. These 
conditions have not yet been verified. Furthermore, 
we find that relating channel conductance to bulk vis- 
cosity is a poor test for diffusion-limited ion flow in the 
Chara maxi K channel. 

SURFACE POTENTIALS CAN BE MEASURED USING THE 
"TILT EFFECT" 

The surface PD at each end of the pore adds to the 
membrane PD arising from other sources so that the 
trans-pore PD may differ from that between the bulk 
phases. Changing the ionic strength on one side of an 
ion channel will alter the surface PD to produce a "tilt" 
in the electric potential profile within the pore. This can 
be seen as a shift in the voltage-dependent kinetics of 
the channel which is related to the size of the surface PD 
(see Fig. 1 and Theory). One difficulty with this ap- 
proach is that the screening ions used to alter the sur- 
face PD may also block the pore and so alter the chan- 
nel kinetics by mechanisms other than screening. A 
method of determining membrane surface charge from 
the combined ion blocking and screening effects using 
the tilt-model was discussed by Gilbert and Ehrenstein 
(1984). An improvement on that experimental approach 
was made by MacKinnon et al. (1989), who were able 
to uncouple the ion blocking and screening effects by 
using a voltage-dependent ion block on one side of the 
channel to probe the "tilt" in the electric profile pro- 
duced by the screening effects of ions on the opposite 
side. 

Here, we measure for the Chara maxi K channel 
both the magnitude of the surface charge and diffusion- 
limited ion flow from the pore mouth surface PDs, us- 
ing the experimental approaches of Gilbert and Ehren- 
stein (1984) and MacKinnon et al. (1989). The Chara 
maxi K channel is a large-conductance Ca2+-activated 
K + channel from the vacuolar membrane (tonoplast). 
The kinetics of this channel has previously been exten- 
sively studied as set out in the following paragraph. 
We use several voltage-dependent characteristics to 
probe its surface PD. These are (i) the unitary current, 
i.e., the size of the current steps between the open and 
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closed states of the channel; (ii) the closing rate of the 
channel's intrinsic gating mechanism which produces 
the observed gating kinetics of the channel at mem- 
brane PDs more negative than - 1 0 0  mV. This is one 
of two voltage-dependent gates which the channel pos- 
sesses and has been previously referred to as Gate A 
(Laver & Walker, 1987; Laver, 1990); (iii) the binding 
rate; and (iv) the unbinding rates of Ca 2+ from both the 
cytoplasmic and vacuolar sides of the channel which are 
measured directly from the Ca2§ block of the 
channel (Laver, 1990, 1992). 

RE-EVALUATING AN ION PERMEATION MODEL FOR THE 

CHARA K + CHANNEL 

A model describing the K + permeation kinetics of the 
maxi K channel in Chara has been proposed by Laver, 
Fairley and Walker (1989) in which (i) there is negative 
surface charge either on the membrane or the protein 
which significantly increases K + conductance for [KC1] 
up t o - 2 5 0  mmol liter-~; (ii) saturation of current at 
high voltages is due to K + diffusion external to the 
pore (diffusion limitation); (iii) ion permeation within 
the pore is described by electrodiffusion theory; and (iv) 
only one ion interacts with the pore at any time leading 
to a [K+]-dependent, saturating current described by 
Michaelis-Menten kinetics. 

Although the model fitted closely with a broad da- 
ta set, no direct evidence for negative charge on the 
Chara channel was provided. This study determines 
whether the channel possesses negative charge of suf- 
ficient magnitude to explain the K § channel conduc- 
tance at low ionic strength. This study also re-evaluates 
the previous permeation model, with particular attention 
to its tenets concerning surface charge and diffusion lim- 
itation. 

Kamiya and Kuroda (1957). During experiments the bath solution 
usually contained either 150 mmol liter J NaCI or KCI along with 2 
mmol liter- ~ CaC12 to enhance the stability of  the preparation. 

Inside-out membrane patches were made by sealing a fire-pol- 
ished pipette electrode onto the drop membrane and subsequently 
withdrawing the pipette. Inside-out patches were preferred to outside- 
out patches because they were usually more stable and contained 
fewer channels. The cytoplasmic side of the inside-out patch mem- 
brane faces the solution bathing the cytoplasmic drops. To lower the 
ionic strength of the solution on the cytoplasmic side of these patch- 
es, it is necessary to transfer them to a bath separate from that of the 
drops because cytoplasmic drops are unstable in solutions of low 
ionic strength. The patch transfer was made using the technique of 
Quartararo and Barry (1987). 

Frequently, nonelectrolytes (300 mmol liter - l )  were used in the 
transfer bath to equalize the osmotic potential with that in the pipette 
solution. Low ionic strength on the vacuolar side of membrane patch- 
es was usually achieved by forming inside-out patches using pipettes 
filled with solutions of low ionic strength, and occasionally by using 
the patch transfer method on outside-out patches. 

Ca 2+ and Mg2+used in these experiments were added to solu- 
tions as chloride salts. Measurements were carried out over the tem- 
perature range 20 to 23~ All measurements were adjusted to that 
expected at 23~ using a value of the Qm for conductance of 1.3 (D.R. 
Laver, unpublished data). Theory was fitted to data using a least- 
squares routine. The errors quoted here represent 95% confidence lim- 
its. 

MEASUREMENT OF OPEN CHANNEL CURRENT 

To determine the voltage dependence of the open channel current, 
membrane patches were subjected to a slowly varying pipette poten- 
tial which was adjusted manually over the desired voltage range. 
Recordings of pipette current, filtered at I kHz and digitized at 2 kHz, 
were examined for current transitions using an automated technique 
described by Laver (1992). Synchronous recording of both the cur- 
rent and membrane PD were analyzed so that the magnitude of cur- 
rent transitions associated with channel opening and closing could be 
correlated with the membrane PD. In this way, frequency distribu- 
tions of current transitions were compiled over a range of membrane 
PDs. The open channel currents were determined from the positions 
of the peaks in these frequency distributions. 

Materials  and Methods  

PATCH-CLAMP AND RECORDING TECHNIQUE 

Details of  the patch-pipette fabrication and recording apparatus have 
been described elsewhere (Laver & Walker, 1987; Laver et al., 1989). 
Briefly, ion channel currents and pipette potentials were measured 
with a patch-clamp amplifier (EPC7; List) and recorded on video tape 
with a bandwidth of 44 kHz using pulse-code-modulation (PCM- 
501; Sony). Pipette and bath electrodes were made from AgCl-coat- 
ed Ag wire. The net [C1-]-dependent electrode-solution potentials 
were measured before and after each experiment. In calculating the 
membrane PDs, account was taken for liquid junction potentials 
which in these experiments never exceeded _+ 10 mV (Barry & Lynch, 
1991). Here, positive trans-membrane current indicates positive 
charge flowing from the inside of the membrane. 

Recordings of single ion channels were obtained from membrane 
patches excised from cytoplasmic drops from the plant C. australis 
R. Br. These were formed from internodal cells by the method of 

ION ACTIVITY COEFFICIENTS 

The results were analyzed using ion activity coefficients, 7, which 
were estimated with the Gouy-Chapman "Limiting Law" (Margolis, 
1966). 

0.509z2"~ 
-log[y] - - - - -  (1) 

1 + ~/~ 

where la is the ionic strength of the solution in tool liter -1 and z is the 
valency of the ion in question. 

DETERMINATION OF CHANNEL GATING RATES 

Voltage-dependent Gate (Gate A) 

The maxi K channel is found to possess at least two voltage-depen- 
dent gating mechanisms (Laver & Walker, I987). One of these, re- 
ferred to as Gate A, is responsible for nearly all of the current tran- 
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sitions under conditions of low vacuolar [Ca 2+] and membrane PDs 
more negative than - 100 mV. Data used to measure the voltage-de- 
pendent closing rate of this gate were collected from patches while 
the pipette potential was clamped to a random sequence of values over 
the range -250 to -100 mV for periods of 10-100 sec. 

Some Ca 2+ was necessary in the bathing solutions for both 
patch stability and channel activity. However, it is desirable for 
these measurements to avoid the presence of Ca 2+ because its chan- 
nel blocking and activating properties introduce voltage-dependent 
gating in addition to that of Gate A (see below). Thus, the pipette 
(vacuolar) solutions usually contained 1 mmol liter - l  Ca 2+ and 150 
mmol liter-1 KC1. At this concentration, vacuolar Ca 2+ is sufficient 
to stabilize the patch and yet have no significant effect on the chan- 
nel gating. For the cytosolic solutions, it was necessary to include 
Ca 2+ because the Chara K + channel, like other maxi K channels, is 
activated by cytosolic Ca 2+ at p.mol liter-1 concentrations (Laver & 
Walker, 1991). In these experiments the cytosolic [Ca 2+] was kept 
no less than 1 mmol liter -1 so that the Ca2+-dependent gate is main- 
ly open. This has two advantages: channel closures due to the Ca 2+- 
dependent gate are not confused with those of the voltage-dependent 
gate, and a high [Ca 2+] produces longer and more frequent bursts 
which allows more rapid acquisition of current transitions associat- 
ed with Gate A. This is particularly useful for measurements at ex- 
treme PDs where the membrane patches tend to be less stable. Al- 
though cytosolic Ca 2+ at mmol liter -1 concentrations is known to 
block the channel (see below), this is only significant at positive 
membrane PDs. 

The closing rate of Gate A is determined from the mean open 
time of the channel which is typically less than 3 msec. The proto- 
col for measuring these rapid gating events has been elaborated by 
Laver and Walker (1987) and Laver (1990). Briefly, frequency dis- 
tributions of open and closed durations were compiled from single 
channel recordings filtered at 10 kHz and digitized at 20 kHz (the dead 
time for event detection is 35 ~sec). Software for this (IPROC2) was 
purchased from Dr. C. Lingle, Department of Biological Sciences, 
Florida State University. The frequency distribution of open times 
was found to be a single exponential so that the reciprocal of the mean 
open time should approximate the closing rate. In calculating the clos- 
ing rate, allowance was made for the omission of unresolved events 
using the method of Blatz and Magleby (1986). 

Vacuolar Ca 2+ Block 

The gating of the channel is altered by vacuolar Ca 2+ which enters 
and plugs the pore (Laver, 1990). The block becomes quite apparent 
as the membrane PD becomes more negative than - 150 mV. The da- 
ta were collected in the same way as those for Gate A except that the 
vacuolar solution [Ca 2+] was 20 mmol liter -l. Previous analysis of 
Ca z+ block (Laver, 1990) shows that, under these conditions, only a 
minority of the gating events are due to Gate A so that Ca 2+ block- 
ing kinetics can be directly measured. It was found that the block pro- 
duced a 10-fold reduction in the mean open time of the channel and 
a 10-fold increase in the relative frequency of observed short closures 
(t < 1 msec) in the closed duration frequency distributions. Thus, 
90% of the channel closures are Ca2+-induced blocking events. Rel- 
atively long channel closures not associated with Ca 2+ block, though 
few, have a strong influence on the mean closed time. To exclude the 
effect of long closures, the mean durations were derived from chan- 
nel activity within bursts which were defined as groups of channel 
openings separated by closures exceeding a threshold duration of 10 
msec. The reciprocal of the mean open and closed durations within 
bursts gives a good estimate of the Ca 2+ association (kVon) and dis- 
sociation rates (kVoff) with the channel protein from the vacuolar side. 
Here also, when calculating kVoff and kVon, allowance was made for the 

omission of unresolved events using the method of Blatz and Magleby 
(1986). 

Cytosolic Ca 2+ Block 

The gating of the channel is also altered by mmol liter- l concentra- 
tions of cytosolic Ca 2+ at positive membrane PD (Laver, 1992). For 
these measurements, the data were collected over the voltage range 
50 to 150 mV and in the presence of 1 mmol liter -1 Ca 2+ in the cy- 
toplasmic bath. The kinetics of Ca 2+ block from the cytoplasmic side 
is considerably slower than that from the vacuolar side. The block- 
ing events are manifest as channel closures lasting 10-100 msec 
which separate bursts of channel activity. Only a minority of the clo- 
sures are due to Ca z+ because the blocking kinetics is relatively slow 
compared to that of the channel's intrinsic gating mechanism. Al- 
though few, these closures are easily recognized because of their 
long duration. In the present analysis, blocking events are defined as 
closures exceeding a threshold duration. The threshold is set so that 
90% of channel closures exceeding this are Ca 2+ induced. This is de- 
termined by comparing the frequency distributions of closed times in 
the presence of 1 and 0.1 mmol liter -1 cytosolic [Ca2+]. The Ca 2+ 
association and dissociation rates are determined from the mean du- 
ration of these blocking events, their mean separation and the thresh- 
old duration using the method of Blatz and Magleby (1986). 

Theory 

The  theo ry  p r e s e n t e d  here  s u m m a r i z e s  h o w  the  pore  

mou th  surface PDs  are re la ted to bo th  the surface  charge  

dens i ty  and the ion cur ren t  th rough  the channel .  The su- 

pe r sc r ip t s ,  v and c, ind ica te  p a r a m e t e r s  a s soc i a t ed  wi th  

the  vacuo la r  and  c y t o p l a s m i c  s ides  o f  the channe l ,  re-  

spec t ive ly .  W h e r e  the  equa t ions  apply  to b o t h  po re  en-  

t rances ,  the supe r sc r ip t s  are omi t t ed .  

The  sur face  PD,  �9 (e lec t ros ta t i c  po ten t i a l s  are ex-  

p r e s s e d  here  in uni ts  o f  RT/F), is d e f i n e d  as the  d i f fe r -  

ence  b e t w e e n  the e l ec t ros t a t i c  po ten t i a l s  o f  the  bu lk  

phases ,  dO, and the  po re  mou ths .  H e n c e  the  t r ans -po re  

PD, Up is re la ted  to the po ten t ia l  d i f f e r ence  b e t w e e n  the 

bu lk  p h as e s  (i.e.,  the m e m b r a n e  PD = ( ~ c  _ Or)) ,  by 

Eq. (2) 

Up = (epc - ~ v )  + ~ c  _ ~ v  (2) 

The  r e l a t i onsh ip  b e t w e e n  cha rge  dens i ty  and  sur- 

f ace  PD d e p e n d s  on the  d i s t r ibu t ion  o f  c h a r g e d  si tes  at 

the pore  ent rances .  These  dis t r ibut ions  are genera l ly  un-  

k n o w n  for  ion  channe l s .  S o m e  s tudies  o f  the  cha rge  on  

m e m b r a n e s  and  ion channe l s  (Bel l  & Mil ler ,  1984; M o -  

c y d l o w s k i  et  al., 1985; M a c K i n n o n  et  al., 1989) relat-  

ed surface PD and charge  dens i ty  by the G o u y - C h a p m a n  

equa t ion  w h i c h  is on ly  app l i cab le  to a cha rged ,  in f in i te  

p lane .  This  a p p r o a c h  has  b e e n  q u e s t i o n e d  by  o the r  

s tud ies  (e.g. ,  Dani ,  1986) w h i c h  s h o w  that  G o u y - C h a p -  

m a n  theory  is inadequa te  for  ch a rg ed  channe l  ves t ibu les  

w h e r e  the e lec t r ic  f ie ld  l ines  have  radia l  s y m m e t r y .  In 

any case ,  the  r e l a t i onsh ip  b e t w e e n  su r face  PD and  the  

a m o u n t  o f  ch a rg e  at the po re  e n t r a n c e s  is by  no  m e a n s  
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clear. Consequently, the charge densities calculated 
from surface PDs can only serve as a rough measure of 
the charged state of the pore vestibules. We have cho- 
sen to use the Gouy-Chapman theory so that our results 
can be directly compared to those obtained from simi- 
lar studies on maxi K channels in muscle which also use 
this theory (MacKinnon et al., 1989; MacKinnon & 
Miller, 1989). 

According to this theory, the surface PD at zero cur- 
rent, ~0, is related to the surface charge density, o, 
(C/m 2) by Eq. (3) (Grahame, 1947). 

0-2 N 

- ~,  ck(exp[--Zk~o] -- 1) 
2eoe rRT k= 1 

(3) 

where c k and z k are the bulk concentration and valency 
of ion species k, respectively, e 0 is the permittivity of 
free space and er is the dielectric constant of water. 

There is an additional surface PD, ~ t  when the 
current is nonzero. Positive current, I, is defined as 
flowing from the cytoplasmic to the vacuolar side of the 
membrane. For a neutral cylindrical pore, the depen- 
dence of ~1 on the current is described by Eq. (4) 
(L~iuger, 1976). 

+_I _ ~ Ck(Z k _ 1)(1 -- exp[ - -Zk~l] )  (4) 
F P  C k 

where Pc is the convergence permeability, i.e., the per- 
meability of the electrolyte outside the pore where the 
current paths converge at each pore mouth. The " _ "  in 
Eq. (4) indicates " + "  when Eq. (4) is applied to the cy- 
toplasmic solution and . . . . .  when applied to the vac- 
uolar solution. Note that the monovalent cation con- 
centration is not explicity included in Eq. (4), since for 
these ions the term z~ - 1 = 0. However, they are im- 
plicity involved via the concentrations of the other ion 
species since the bulk electrolyte is neutral. 

For the case of a charged pore, there is no exact an- 
alytical expression for ~ r  However, Jordan's (1987) 
approach to this problem is enlightening: he approxi- 
mated the effect of charge on diffusion-limited ion flow 
by multiplying Pc by the Boltzmann factor exp[ -z~0] .  
Thus, a negative surface charge increases the "effective" 
convergence permeability of a cation-selective pore. 
This in turn decreases the dependence of ~ on the cur- 
rent from that predicted by Eq. (4) (see  also Fig. 7). 
Here, the surface PD of a charged, diffusion-limited 
pore is calculated more precisely using numerical meth- 
ods. Details of the numerical solution to the Nernst- 
Planck and Poisson flux equations are given in the Ap- 
pendix. 

Inspection of Eqs. (3) and (4) reveals that both cur- 
rent-dependent and current-independent components of 
q~ reduce to zero in the limit of high ionic strength. This 
is a useful property because it allows one to determine 

A 

~e~ 

B 

U 

I=0  

~ m 

I ~ - - 0  

C 

U 
Up 

I o < o  

Fig. 1. A schematic of the electrostatic potential profiles in an ion 
channel and the external aqueous phases. The diagram illustrates 
how the potential difference across the pore, Up, differs from that mea- 
sured at large distances, U. In the example given here, the solution 
on the left has high ionic strength so that the surface PD on this side 
is zero. The unbroken lines show the potential profiles when the so- 
lution on the fight has low ionic strength and the dashed lines show 
those at high ionic strength. (A) When no current flows (1 = 0) the 
surface PD, ~0 is related to the charge density, t~, by Eq. (3). Rais- 
ing the ionic strength on the right side reduces ~0 to a small value. 
The trans-pore PD, Up, is thus made more positive by an amount equal 
to ~0' (B) When current flows (I ~ 0) through a neutral, (~ = 0) dif- 
fusion-limited pore the surface PD, ~1, depends on the current. (C) 
The combined effects of  current and negative charge on the surface 
PD. In this example ~1 reverses the sign of the surface PD from that 
shown at zero current in A. Here, increasing the ionic strength makes 
Up more negative. 

experimentally ~0 and ~ i  from their dependence on ion- 
ic strength. At high ionic strength the trans-pore PD is 
approximately equal to the applied membrane PD be- 
cause the surface PDs are small. Lowering the ionic 
strength on one side of the membrane produces a sur- 
face PD that offsets the trans-pore PD from the mem- 
brane PD (see Fig. 1). This offset is manifest as a shift 
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Fig. 2. The effect on the unitary current in excised patches of Mg 2§ addition to vacuolar and cytoplasmic solutions initially containing 3 mmol 
liter -1 KCI. (A) The voltage dependence of the Mg 2§ effect was measured for [Mg 2§ in the range 0-100 mmol liter -1. Some of the data are 
shown here. The unbroken curves are cubic polynomial fits to the data. The solutions on each side of  the patch contain (Symbol-vacuolar-; cy- 
toplasmic concentrations (mmol liter-i), # number of patches): (V)-150 KC1; 3 KC1, #3. (D)-150 KC1; 3 KC1 + 2 MgCI 2, #1. (�9 KC1; 
3 KC1 + 10 MgCI 2, #1. (A)  3 KC1; 150 KCI, #2. (@)-3 KC1 + 10 MgC12; 150 KC1, #5. (B) The concentration dependence of the Mg 2§ effect 
at several membrane PDs obtained from the polynomial fits to the data in (A). The filled and open symbols indicate Mg 2§ addition to the vac- 
uolar and cytoplasmic solutions, respectively. The unbroken curves show the predictions of a K + permeation model that includes the effect of 
surface PDs (see Discussion, and Eq. 5). The model parameters are given in Tables 1 and 2. The membrane PD associated with each symbol 
is: (V)-25 mY. ( I )  0 mV. (A) 25 mY. 

(O) 50 mV. (V) 25 inV. (A) 0 mV. (D)-25 mY. (~)-50 mY. (0)-75 mY. 

in the voltage dependence of channel kinetics by 
an amount which is approximately equal to the sur- 
face PD. 

Results 

The membrane of cytoplasmic drops readily formed 
10-50 Gf~ seals with fire-polished pipettes. Membrane 
patches were quite robust and about one-third survived 
the transition to another bath. It was found that the large 
osmotic gradient, produced by lowering the ionic 
strength on one side of the membrane patches, signifi- 
cantly reduced their stability. In most experiments this 
problem was overcome by introducing nonelectrolytes 
to equalize the osmotic potentials across the membrane. 

M g  2+ EFFECT ON CHANNEL CONDUCTANCE 

The voltage dependence of the channel opening and 
closing current transitions is shown in Fig. 2A, where 

one side of the membrane is bathed in a solution con- 
taining 3 mmol liter -1 KC1 plus a range of concentra- 
tions of the impermeant ion, Mg 2+. Nonelectrolytes 
were not used because they are shown here and else- 
where (Laver et al., 1989) to attenuate the current. Ad- 
dition of Mg 2+ to the side of the membrane with low 
ionic strength had a biphasic effect on the current which 
is not evident in previous studies of ion block at high 
ionic strength (Laver, 1992). This biphasic response is 
shown more clearly in Fig. 2B. At low voltages, both 
cytoplasmic and vacuolar Mg 2+ produce a high affini- 
ty blocking effect at low concentrations and a lower 
affinity block which is evident at high concentrations. 
At more extreme membrane PDs, the high affinity com- 
ponent of the attenuation is replaced with an enhance- 
ment of the current. 

VOLTAGE-DEPENDENT GATING 

Figure 3 shows the closing rate, k C, of the voltage-de- 
pendent gate (Gate A) determined from the channel 
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Fig. 3. The voltage dependence of closing rate of the channel 's  in- 
trinsic gate, Gate A (see Introduction) in cytoplasmic solutions of ei- 
ther low or high ionic strength. The closing rate is determined from 
the channel mean open time from inside-out patches (see Materials 
and Methods). The vacuolar solution contained 150 mmol liter i 
KC1 + 1 mmol liter-i CaC12. The cytoplasmic solution contained 
(Symbol - concentrations (mmol liter-I), # number of patches): 
(0) -2  CaC12 + 300 sorbitol, #5. (O)-150 NaC1 + 2 or 5 CaC12, #3. 
(11)-150 LiC1 + 2 CaCI 2, #2. (~)-drop-attached patches. The error 
bars represent the standard deviations of several measurements. The 
unbroken line shows the linear least-squares fit to the data obtained 
at high ionic strength (slope = -18 .1  _+ 1.4 V- l ;  intercept = 3.66 
_+ 0.1). The dashed line shows the fit to the data at low ionic strength 
(slope = - 1 4 . 6  _+ 1.8 V-I ;  intercept = - 2 . 2 0  _+ 0.25). There is a 
significant difference between the slopes of the voltage dependence 
of channel closing obtained at high and low ionic strength. The lat- 
eral shift in the voltage dependence varies from 15 to 38 mV across 
the experimental voltage range. It is argued in the Discussion that this 
variation is due to the voltage dependence of the current. 

mean open time (see Materials and Methods). The volt- 
age dependence of k depends on the ionic strength of 
the solution on the cytoplasmic side. At high ionic 
strength, the slope of the voltage dependence of k C is 
-18 .1  _+ 1.4 V - L  Decreasing ionic strength from 153 
to 6 mmol li ter-t  significantly (significance of 99.5%, 
based on the two-sample t test) reduced the slope of this 
voltage dependence to -14 .6  + 1.8 V -1. The shift in 
the voltage dependence, then, is a function of the mem- 
brane PD (this shift is shown later to vary according to 
the current through the channel) and varies from 15 to 
38 mV over the experimental voltage range. This result 
reflects a negative surface PD at the cytoplasmic chan- 
nel vestibule. The effect did not depend on whether 
NaC1 or LiC1 was used to adjust the ionic strength. 

VOLTAGE-DEPENDENT C a  2+ BLOCK 

Figure 4A shows the Ca 2+ association rate, k v �9 Fig. 4B 
Oil' 

shows the dissociation rate, kVof f determined from the 
mean open and closed times in the presence of 20 mmol 
liter-l Ca2+ (see Materials and Methods). The slope of 
the voltage dependence of kVon was not significantly 
(significance of 75%) altered by lowering the ionic 
strength of the cytoplasmic solution from 153 mmol 
liter -1 (17 patches; slope = -17 .9  _+ 1.4 V -1) to ap- 
proximately 5 mmol liter -1 (10 patches; slope = - 19.7 
_+ 1.8 V-1). However, this treatment did shift the volt- 
age dependence of k~on by 17 + 10 mV along the volt- 
age axis. Adjusting the ionic strength with either 
NaC1, NHaCI, LiCI or CaC12 all produced the same re- 
sult. 

The voltage dependence of k~off (Fig. 4B) is more 
complex than that exhibited by k~o. and k c. The volt- 
age dependence of log(k~off) is nonlinear, particularly at 
low ionic strength. Similar results have been reported 
elsewhere (Neyton & Miller, 1988a; Laver, 1992) and 
have been attributed to the combined action of two dis- 
sociation mechanisms: one which operates mainly at 
smaller membrane PDs is Ca 2+ dissociation to the vac- 
uolar solution, and another which reverses the voltage 
dependence at extreme negative PD is Ca 2+ dissociation 
to the cytoplasmic solution. It is the former that can be 
best determined over the experimental voltage range, so 
it is the shift in the voltage dependence of Ca 2+ disso- 
ciation to the vacuolar solution that is measured here. 
This is determined from quadratic fits to the data at more 
positive membrane PDs. The results obtained from six 
patches exhibited a shift of 65 _+ 15 mV when the ion- 
ic strength was reduced from 153 mmol liter -1 to ap- 
proximately 5 mmol liter - l .  The shifts measured from 
an additional four patches (data not  shown)  were small- 
er and showed a greater variability (35 + 25 mV). 

The voltage dependence of k~of f and k~on for vac- 
uolar Ca 2+ were found to depend on the ionic strength 
of the cytoplasmic solution only when it did not contain 
permeant ions. There was no ion species dependence 
in k~of f for Na +, NH4 +, Li + or Ca 2+ at either high or low 
ionic strength. Likewise the presence of the nonelec- 
trolytes, sucrose, urea and mannitol had no significant 
effect on the blocking kinetics of Ca 2+. 

Figure 5 shows the association Uol l (Fig. 5A) and 
dissociation kCof f rates (Fig. 5B) determined from the 
burst and gap durations in the presence of 1 mmol 
liter-1 cytoplasmic Ca 2+ (see Materials and Methods). 
Reducing the ionic strength in the vacuolar solution 
from 153 mmol liter -1 to 4 mmol liter -1 produced no 
significant shift (10 _+ 20 mV; significance of 75%) in 
kCoff and only produced a slight shift (20 _+ 18 mV; sig- 
nificance of 90%) in kCon . The surface potential in the 
vacuolar vestibule of the channel therefore appears to 
be too small to measure using this method. 
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Fig. 4. The voltage-dependent binding kinetics of vacuolar Ca 2+ in excised membrane patches in cytoplasmic solutions of low (open symbols) 
and high (filled symbols) ionic strength. The error bars represent the standard deviations of several measurements. The vacuolar solution con- 
tained 150 mmol liter - l  KCI + 20 mmol liter ~ CaC12. The cytoplasmic solutions contained (Symbol - concentrations (mmol liter )), # num- 
ber of patches): (V)-2 NaC1 + 1 CaCI 2 + 300 sucrose, #1. (V])-2 CaC12, #4. (0)-2 CaCI 2 + 300 manitol, #1. (Q)-150 NaC1 + 2 or 5 CaC12, 
#11. (O)-150 NHnC1 + 1 CaCI 2, #2. (11)-150 LiC1 + 5 CaCI 2, #2. (I ')-100 CaC12, #2. (A) The Ca 2§ association rate determined from the chan- 
nel mean open time (see Materials and Methods). Lowering the ionic strength shifts the kinetics 17 + 10 mV along the voltage axis. This was 
determined from linear least-squares fits to the data in high (dashed line) and low (unbroken line) ionic strength. (B) The Ca e+ dissociation 
rate determined from the channel mean closed time within bursts (see Materials and Methods). The nonlinearity in voltage dependence of the 
Log (dissociation rate) is quite apparent in solutions of low ionic strength. Quadratic least-squares fits to the data obtained at high (dashed line) 
and low (unbroken line) ionic strength are shown. The 65 _+ 15 mV shift in the kinetics is calculated from the data at low membrane PD where 
the quadratic curves are approximately parallel (see Discussion). 

THE EFFECT OF NONELECTROLYTES ON 

CHANNEL CONDUCTANCE 

The presence of nonelectrolytes that alter bulk viscos- 
ity in the bath solution is known to reduce channel con- 
ductance (Andersen, 1983; Laver et al., 1989). This ef- 
fect has been interpreted as being a consequence of dif- 
fusion-limited ion flow through pores (see Introduction). 
To test this interpretation, the effects of nonelectrolytes 
on channel conductance in symmetric 1.5 mol liter -1 
KC1 were measured. The rationale for this is that at high 
[KC1], the channel conductance is only twofold larger 
than in 150 mmol liter -1 KC1 (the channel saturates at 
high [KC1]), whereas the conductance of the electrolyte 
near the pore entrances should be approximately 10-fold 
higher. Thus, at high ion concentrations, ion flow is 
limited more by ion transport within the pore rather 
than by diffusion near the pore mouths. Therefore, the 
addition of nonelectrolytes should have a smaller at- 
tenuating effect at 1.5 mol liter -I  KC1 than at 150 mmol 
liter-1 KC1. Our findings are that the symmetric addi- 

tion of urea, sucrose, glycerol, ethylene glycol and man- 
nitol all reduced channel conductance at both high and 
low [KC1]. The strongest attenuating effect was pro- 
duced by 700 mmol liter-~ sucrose. This is shown in 
Fig. 6. 

Discussion 

ION BINDING OR SCREENING. 9 

In many instances when the ion composition of a medi- 
um affects membrane function, it is necessary to estab- 
lish whether the observed effects result from ion bind- 
ing or screening. Ion screening primarily involves long 
range electrostatic forces between mobile ions in the 
electrolyte and fixed charge sites on the channel protein. 
Electrostatic forces organize mobile ions so to mask, or 
screen, the presence of the fixed charge. Screening ef- 
fects are relatively nonspecific and depend mainly on 
the valency of the mobile ions. Ion binding, however, 
involves short range interactions between molecules in 
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Fig. 5. The voltage-dependent binding kinetics of cytoplasmic Ca 2§ in excised membrane patches in vacuolar solutions of low (open symbols) 
and high (filled symbols) ionic strength. The error bars represent the standard deviations of several measurements. The cytoplasmic solution 
contained 150 mmol liter-] KC1 + 1 mmol liter-1 CaC12. The vacuolar solutions contain (Symbol - concentrations (mmol liter-l), # number 
of  patches): (�9 CaC12 + 1 NaCI + 300 urea, #6. (O)-1 CaC12 + 150 NaC1, #6. (A) The Ca 2§ association rate determined from the channel 
mean burst time (see Materials and Methods). There is only a marginal difference (20 --- 18) mV between the linear fits to the data obtained 
in low (unbroken line) and high (dashed line) ionic strength solutions. (B) The Ca 2§ dissociation rate determined from the channel mean closed 
time between bursts (see Materials and Methods). Linear least-squares fits to the data show no significant difference (10 ___ 20) mV between 
the data at high and low ionic strength. 

which the hydration shells of the binding species are 
partly displaced (Eisenman, 1961). Consequently, the 
kinetics of ion binding is a specific property of each pair 
of binding species. 

The validity of our analysis requires that the effects 
observed here are a consequence of ion screening. Since 
both ion screening and binding have been shown to 
produce similar effects on ion channel kinetics, it is im- 
portant to determine whether the concentration-depen- 
dent shifts in channel kinetics arise from screening ef- 
fects which yield information about pore mouth surface 
PDs or whether they arise from other mechanisms. 
Some examples of phenomena attributed to ion binding 
to maxi K channels are the effects of Na +, Ba 2+ and 
Ca 2+ on channel gating (Miller, Latorre & Reisin, 1987; 
Laver, 1990; Neyton & Pelleschi, 1991), the effect of 
permeant ions on divalent ion block from the opposite 
side of the channel (Neyton & Miller, 1988a, b; Laver, 
1992), and the biphasic concentration dependence of 
Ca 2+ block in the Chara K + channel (Laver, 1992). Ap- 
parently, similar phenomena attributed to ion screening 
of maxi K channels are the biphasic concentration de- 
pendence of Mg 2+ block and conductance vs. [KC1] (Bell 
& Miller, 1984; Moczydlowski et al., 1985; MacKin- 

non et al., 1989) and the shift in the voltage dependence 
of Ca 2+ activation (MacKinnon et al., 1989). 

A common way of distinguishing between ion 
screening and binding effects is to examine their ion 
specificity. According to this approach, phenomena 
which only depend on ionic strength result from a 
screening mechanism and those which depend on the ion 
species result from binding. This approach is adopted 
here. However, particular care must be exercised in the 
choice of ions used to vary the ionic strength. Ions per- 
meable in maxi K channels such as K § and Rb + are no- 
torious for altering the blocking kinetics of divalent 
ions (Neyton & Miller, 1988a, b; Laver, 1992) and tox- 
ins (Park & Miller, 1992; Toro, Stefani & Latorre, 1992) 
on the opposite side of the channel. They are also 
known to alter the kinetics of the channel's intrinsic gat- 
ing mechanism (Neyton & Pelleschi, 1991). Relative- 
ly impermeant ions such as Na +, Li + and NH4 + are used 
here because they are not known to have any species- 
specific effect on maxi K channels. 

It is also the finding of this study that, in the ab- 
sence of permeant ions, the kinetics of Gate A and vac- 
uolar Ca 2+ block was independent of which ion species 
was present both at high and low ionic strengths. More- 
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Fig. 6. The current-voltage characteristics of the channel from sev- 
eral excised patches bathed in symmetric solutions containing ((3)- 
1.5 mol liter - l  KC1 (three patches) and (O)-1.5 mol liter 1 KC1 + 
0.7 mol liter i sucrose (nine patches). These measurements were 
performed by forming a patch on the end of a pipette containing these 
solutions in a bath containing the normal bathing medium for the cy- 
toplasmic drops. The patch is subsequently transferred to the mea- 
surement bath using the patch transfer technique of Quartararo and 
Barry (1987). Sucrose reduces the current at all membrane PDs and 
has its strongest effect at positive PD. 

over, the presence of nonelectrolyte molecules had no 
effect on the channel kinetics. This is all consistent with 
a screening mechanism. 

Further support for a screening mechanism comes 
from the ionic strength dependence of vacuolar Ca 2+ 
block observed here being different from ion-specific ef- 
fects reported previously for the permeant ions K + and 
Rb + (Laver, 1992). Raising the ionic strength increased 
the rate of Ca 2+ dissociation and decreased its rate of 
association, whereas increasing either [K § or [Rb+], 
keeping ionic strength constant with Na § increased 
only the Ca 2+ dissociation rate. Another observation 
which relates to this is that the closing rate of Gate A, 
k c, measured in drop-attached patches is significantly 
less than that from excised patches. The drop interior 
is known to contain the permeant ion K + (100 mmol 
liter-1) and so it may be altering k c by a mechanism like 
that described by Neyton and Pelleschi (1991). 

SURFACE PD, CHARGE DENSITY AND CONVERGENCE 

PERMEABILITY DETERMINED FROM VOLTAGE SHIFTS 

In the Theory section we explained that in the limit of 
infinite ionic strength the surface PD reduces to zero and 

the membrane PD is equal to the trans-pore PD. In the 
experimental situation, this is approximated using so- 
lutions with an ionic strength of about 150 mmol liter- 1 

where surface PDs are less than 5 mV and the membrane 
PD is likely to be within 5 mV of the trans-pore PD. Al- 
ternatively, lowering the ionic strength on either side of 
the membrane will produce a surface PD approximate- 
ly equal to the shift in the voltage-dependent properties 
of the channel. From the surface PD, ionic strength and 
the current we can determine the charge density and 
convergence permeability at the pore entrance. 

Figure 7 shows the current dependencies of both cy- 
toplasmic (Fig. 7A) and vacuolar (Fig. 7B) surface PDs 
measured from shifts in voltage-dependent kinetics 
shown in Figs. 3-5 (ionic s t r e n g t h - 5  mmol liter-l). 
Channel opening processes (Ca 2+ dissociation) operate 
while no current flows and the channel closing process- 
es (Ca 2+ association and closing of Gate A) operate 
while there is current flow. In the latter case, the cur- 
rent is measured from amplitude of the closing transi- 
tions under conditions of low ionic strength on one side 
of the membrane. For example, in Fig. 7A values of sur- 
face PD (O) were taken from the data in Fig. 3 at mem- 
brane PDs of - 5 0 ,  - 1 5 0  and - 2 5 0  mV (with respect 
to the data at low ionic strength). The corresponding 
values of the current were also measured at these three 
membrane PDs. 

We argue here that surface PDs measured using the 
different voltage-dependent channel properties vary ex- 
clusively according to the current. The current depen- 
dence is consistent with theoretical expectations and 
with the findings of an alternative method (see below).  

However, another explanation for the data could be that 
the voltage sensors for different processes have differ- 
ent locations within the channel protein and so would 
detect different local electric fields from the surface 
PD. The clearest evidence for a pure current depen- 
dence is derived from comparing surface PD estimates 
using the Ca 2+ association and dissociation rates. This 
has an unambiguous interpretation because both pro- 
cesses operate at the one binding site (Laver, 1990). 
Consequently, there is very little difference between 
the two processes other than that Ca 2+ dissociation op- 
erates while no current flows (the channel and sur- 
rounding electrolyte are in equilibrium) and Ca 2§ as- 
sociation operates while there is current flow. 

The charge densities are determined from the sur- 
face PD at zero current using Eq. (3). The conver- 
gence permeability is determined by fitting the observed 
current dependence of the surface PD with numerical so- 
lutions of the ion flux equations in the Appendix. The 
magnitude of charge density and convergence perme- 
ability so determined are listed in Table 1. 

The cytoplasmic pore mouth possesses a surface 
charge ( -0 . 035  C/m 2) of similar magnitude to that 
found on the maxi K channel in rat ( - - 0 . 0 1  C/m2; 
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Fig. 7. The current-dependent surface PD at the cytoplasmic (A) and vacuolar (B) ends of the pore at low ionic strength determined from the 
results in Figs. 2-5. The lines show the numerical predictions of surface PD for the diffusion-limited, charged channel described in the Ap- 
pendix. The charge densities and convergence permeabilities consistent with the data are listed in Table 1. (A) The surface PDs in 5 mmol liter- l 

ionic strength cytoplasmic solutions determined from: (O)-the voltage-dependent gating, Gate A. (O)-Ca 2+ association rate. (ll)-Ca 2+ disso- 
ciation rate. The unbroken lines were generated with a.I/" 0 = - 7 4  mV and show the effect of varying Pc where Pc ( •  10-19 m3/sec) = 0.65 (1); 
1 (2); and 1.5 (3). The unbroken line, 3, and the dashed lines show the effect of varying the surface charge density where Pc = 1.5 x 10 19 
m3/sec and a-It 0 = - 7 4  mV (3); - 6 4  mV (4); and - 5 4  mV (5). (B) The surface PDs in 4 mmol liter -I ionic strength vacuolar solutions deter- 
mined from: (Q)-Ca 2+ association rate. (l l)-Ca 2+ dissociation rate. The unbroken lines were generated with a-Iz 0 = 10 mV and show the effect 
of  varying Pc where Pc (X 10 -19 m3/sec) = 100 (1); 200 (2); and 400 (3). 

Table  1. Estimates of charge density, o-, and convergence perme- 
ability, Pc, obtained from various sources for the K § channel in 
Chara 

Vacuolar side Cytoplasmic side 

> 100 1.5 (1-3) 

- (3 .5  -+ 2) • 10 -2 
- ( 1 . 2 - +  .1) • 10 -2 

Pc x 10 19m3/s (a) 

o-C/m 2 (a) (2 - 6) x 10 -3 
o-C/m 2 (b) (0.4 ~ 0.6) x 10 -3 
o 'C/m 2(c) (0 - + 2 ) •  10 3 

The charge densities were calculated from the zero-current surface 
PDs using Eq.(3). (a) P and o-determined from fitting ionic strength- 
dependent channel gating in Figs. 7A and B with the results of  nu- 
merical calculations in the Appendix. (b) The charge density, o-, de- 
termined from fitting the K § permeation model (Eq. 5) with the uni- 
tary current data shown in Fig. 2B. The surface PDs at zero-current 
were derived from linear regression. (c) The charge density calculated 
from the voltage-dependent block of channel conductance by cyto- 
plasmic Ca 2+ at high and low ionic strength in the vacuolar solutions 
obtained from Laver (1992; Fig. 9a). 

MacKinnon et al., 1989 and -0 .05  C/m2; Villarroel & 
Eisenman, 1989). However, the channels in Chara and 
rat differ in that the vacuolar pore mouth of the Chara 
channel is neutral, whereas in rat both ends of the pore 

have substantial negative charge density. When the 
values for the convergence permeabilities are compared 
with the intrinsic permeability of the channel ( - 1 0  -17 
m3/sec; Laver et al., 1989) it can be seen that the con- 
vergence permeability of the cytoplasmic solution is 
much lower than either that of the vacuolar solution or 
the channel itself. Hence, the properties of the cyto- 
plasmic pore mouth are the most important factors de- 
termining the overall conductance of the channel-elec- 
trolyte system. The consequences of these findings are 
elaborated below (see Re-evaluation of the K + Perme- 
ation Model). 

SURFACE PD, CHARGE DENSITY AND CONVERGENCE 

PERMEABILITY DETERMINED FROM M g  2+ BLOCK 

In the previous section, the surface PD measurements 
were made using the "tilt effect" model where the trans- 
pore PD was probed using channel block by ions which 
do not in themselves contribute significantly to the ion- 
ic strength of the electrolyte and so do little to screen 
surface PDs. Another method (Moczydlowski et al., 
1985; MacKinnon et al., 1989) measures block by ions 
that also contribute to a large component of the ionic 
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Table 2. Summary of the analysis of Mg 2+ block 

D.R. Laver and K.A. Fairley-Grenot: Surface PD on the Chara K + Channel 

Vacuolar side Cytoplasmic side 

Membrane PD (mV) - 25 0 25 50 - 75 - 50 - 25 0 25 
K o for Mg 2§ (mmol liter I) 3 4 6 9 28 14 8 5 4 
1(0) (pA) 4.5 6.8 8.5 10 - 1 3  -11 - 9  - 7  - 5  
Surface PD (mV) 20 25 33 39 25 10 - 10 - 2 0  - 3 3  

Parameters used to fit the data in Fig. 2B using Eq.(5) are summarized above. 

strength and so are themselves involved in screening. 
Here, Mg 2+ block of K + conductance is measured at 
low ionic strength. The results are interpreted in terms 
of the "tilt" model using the following equation (Eq. 5) 
from MacKinnon et al. (1989). 

G R T  r > 
I([Mg2+]) = I(0) + qr(0) - ~ ( [ M g  2+] 

a 

13_ 

{ E ,11 [Mg2+] - 2 ~ ( [ M g 2 + ]  o 1 + - - e x p  
e, ,  
-'-I 

(5) ~, 

where G is the conductance of the channel which is 90 
to 100 pS under these conditions and �9 is the [Mg2+] - 
dependent, i.e., ionic strength-dependent, surface PD. 
The first term on the right side of Eq. (5) represents the 
shift in the current-voltage characteristic due to the tilt 
effect. The second term allows for the voltage-depen- 
dent block of the channel by Mg 2+. The equation is on- 
ly valid when permeant ions are present only on one side 
of the membrane (here [K § = 150 mmol liter-l),  i.e., 
the ion flow must be unidirectional. In these experi- 
ments, there was also a small amount of K + present on 
the other side of the membrane (3 mmol liter-t). How- 
ever, this concentration was too low to significantly af- 
fect the current-voltage properties of the channel. 

Equation (5) is fitted with the data shown in Fig. 2B 
and the parameters of the fit are given in Table 2 and 
graphed in Fig. 8. The current dependence of ~v  and 
~c  shown in Fig. 8 is similar to that derived from the 
channel gating kinetics shown in Fig. 7. The zero-cur- 
rent intercept is equal to ~0 and the slope gives a mea- 
sure of the degree of diffusion limitation. Thus q*0 at 
the cytoplasmic side, in 3 mmol liter -1 KC1, is ( - 7 1  _ 
8) mV and on the vacuolar side it is (3 - 6) mV. The 
corresponding surface charge densities, calculated us- 
ing Eq. (3) are - (1 .2  _ 0.1) X 10 -2 and (0.4 _ 0.6) X 
10 -3 C/m 2, respectively, The stronger current depen- 
dence of the cytoplasmic surface PD indicates that the 
cytoplasmic entrance to the pore has the lower conver- 
gence permeability. 

A novel feature of the data in Fig. 2 is that at more 
negative membrane PDs the blocking effect of Mg 2+ is 
reversed i.e., the current is enhanced. This can be un- 
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Fig. 8. The current-dependent surface PD at the cytoplasmic (O) and 
vacuolar (0)  ends of the pore at low ionic strength determined from 
the data in Fig. 2B. The zero-current surface PDs, obtained from lin- 
ear regression of the data are ( -71  _+ 8) mV for the cytoplasmic side 
(unbroken line) and (3 - 6) mV for the vacuolar side (dashed line). 
The charge densities, calculated from these values using Eq. (3), are 
listed in Table 1. 

derstood in terms of the combined effects of surface 
charge and diffusion-limited ion flow on the electro- 
static potential and [K +] near the pore as follows (see 
Fig. 1). At a small membrane PD, the current is also 
small and the negative surface PD results mainly from 
the negative fixed charge. A negative potential attracts 
K + to the pore entrance causing an increase in channel 
conductance. Screening the potential then decreases the 
pore conductance. However, at more extreme mem- 
brane PDs where the current is large, the surface PD be- 
comes positive. Thus, screening of the potential by 
Mg 2+ has the opposite effect. The driving force on ions 
within the pore is also affected by Mg 2§ At low ion- 
ic strength, a large fraction of the membrane PD actu- 
ally appears across the cytoplasmic solution near the 
pore mouth and not the pore. Screening surface PD by 
the addition of Mg 2+ enhances the current by increas- 
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ing the proportion of the membrane PD that appears 
across the pore itself. 

EXPERIMENTAL SCATTER 

In most cases the channel kinetics depended on ionic 
strength and current as shown in Figs. 3 and 4. How- 
ever, in a few instances a decrease in the ionic strength 
of the bathing medium produced a smaller-than-usual 
shift in the voltage-dependent kinetics of the channel 
(see Results). This is most likely due to the formation 
of a membrane vesicle, instead of an inside-out patch, 
on the patch electrode during excision. A vesicle would 
occlude the cytoplasmic side of the channel from the 
bath and so it would not get full exposure to solutions 
of low ionic strength. 

An alternative, though less likely interpretation of 
the experimental scatter, would be that we are studying 
a heterogeneous population of channels where there are 
variations in charge density near the pore entrances. If  
this were so, then channels with smaller charge densi- 
ties would also have smaller convergence permeabilities 
(see Theory) and so would be more severely diffusion 
limited. This in turn would lead to an increase in the 
current dependence in the measured surface PDs. The 
data showed the opposite effect, i.e., channels with 
weaker ionic strength dependence also showed weaker 
current dependence. 

RE-EVALUATION OF THE K + PERMEATION MODEL FOR 

THE CHARA CHANNEL 

The model for K + permeation in the maxi K channel in 
Chara proposed by Laver et al. (1989) and Laver (1990) 
has four tenets. These are re-evaluated here in the light 
of the data presented in this study. 

(1) Electrodiffusion Approximation 

It was assumed that the permeation of ions through the 
pore is described by the Goldman-Hodgkin-Katz equa- 
tion. The proposed transport process underlying this 
equation is that ions cross the channel by passing a 
large number  (n > 5) of  uniform energy barriers  
(L~iuger, 1973; see also Eisenman & Horn, 1983; Bar- 
ry & Gage, 1984). Consequently, in symmetrical solu- 
tions that contain no blocking ions, the I-V characteris- 
tic of the channel must be linear. In previous studies, 
nonlinear and asymmetric I-V data were attributed to the 
effects of diffusion limitation and surface charge. The 
data shown in Fig. 6 were obtained from a channel in 
symmetric 1.5 mol liter- 1 KC1 where the effects of dif- 
fusion limitation and surface charge are small (see be- 
low). Under these conditions, the I-V characteristic is 
nonlinear and asymmetric so it appears that electrodif- 

fusion cannot accurately account for these data. We 
have found that modeling the ion permeation pathway 
with three sequential energy barriers provides a much 
better fit to the data over a range of [KC1] from 0.3 to 
2 mol liter-1 (D.R. Laver, unpublished data). There- 
fore, a multi-barrier (possibly three barriers) model 
rather than an electrodiffusion model should be used to 
explain the permeation characteristics of this channel. 
Multi-barrier models have been successfully used else- 
where to explain K + permeation in maxi K channels 
(see articles cited in H~igglund, Eisenman & Sandblom, 
1984). 

(2) "Single-Ion" Conduction 

K + transport in the Chara channel was modeled using 
the assumption that only one ion occupies the pore at 
any time, i.e, "single ion" conduction. Consequently, 
K § permeation is described by Michaelis-Menten ki- 
netics. However, it has been shown that K + transport 
in maxi K channels obeys multi-ion kinetics (Neyton & 
Miller, 1988a, b; Laver, 1992) and so will deviate from 
Michaelis-Menten kinetics. Laver (1992) presented ev- 
idence for four K + binding sites within the channel of 
which two were characterized. A specific "multi-ion" 
model for K + permeation in this channel has not yet 
been developed and so in the absence of such a model 
a "single-ion" approximation must suffice, so values of 
ion binding parameters as well as c~ determined from fit- 
ting the Mg 2+ block with this model represent qualita- 
tive estimates. Studies of the blocking effect of mono- 
valent cations such as Cs + on the conductance of the 
maxi K channel from animal tissue have led to the pro- 
posal of detailed multi-ion models (Yellen, 1984a, b; 
Eisenman, Latorre & Miller, 1986; Cecchi et al., 1987). 
Similar studies still need to be done with the Chara 
maxi K channel. 

(3) Diffusion-limited Ion Flow 

Laver (1990) proposed that the electrolyte at both ends 
of the pore significantly limited transport of K + through 
the maxi K channel. Diffusion limitation explained the 
sublinear and asymmetric nature of the I-V data as well 
as the attenuating effect of sucrose on channel conduc- 
tance. The sucrose effect was believed to occur via an 
increased viscosity of  the electrolyte near the pore 
mouths. Ions diffuse more slowly in viscous media, so 
increasing the bulk viscosity with sucrose should de- 
crease the convergence permeability. It was anticipat- 
ed that the molecular dimensions of sucrose precluded 
it from entering the pore so that it would not alter the 
intrinsic permeability of the channel. A prediction of 
this model is that addition of sucrose (0.7 mol liter-1) 
will produce less than a 10% reduction in current when 
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[KC1] is 1.5 mol liter - l .  It is clear from the data in Fig. 
6 that the symmetric addition of sucrose has a much 
stronger effect than this. Figure 9 shows that the at- 
tenuating effect of a variety of nonelectrolytes on the 
current at 150 mV is closely correlated with their effects 
on bulk viscosity. It appears that these molecules ex- 
ert their effect by altering the ion transport process 
within the pore rather than near the pore mouths and that 
altering bulk viscosity is a poor test for diffusion-lim- 
ited ion flow. 

The main advance that this study makes in ad- 
dressing the question of diffusion limitation is that the 
surface PD is used to probe diffusion-limited flow. The 
surface PD approach indicates that the electrolyte out- 
side the cytoplasmic entrance of the channel signifi- 
cantly limits K-  current. This is consistent with the re- 
suits of modeling the voltage-dependent Mg 2+ block. 
The findings presented here contradict some of the pre- 
vious findings of Laver et al. (1989) where it was also 
proposed that ion diffusion in the vacuolar solution lim- 
its the channel current. Their interpretation was based 
on the attenuating effects of sucrose on the current 
which has now been discredited (see above). 

(4) Negative Charges Fixed near the Pore Entrances 

The presence of net charge at the pore entrances of the 
Chara K + channel was invoked to account for the rel- 
ative increase in its intrinsic and convergence perme- 
abilities at low ionic strength (Laver et al., 1989). This 
study provides direct evidence for the presence of neg- 
ative charge fixed at the cytoplasmic entrance to the 
channel. Table 1 shows estimates of the charge densi- 
ties obtained from three sources, namely, (1) the ionic 
strength dependence of channel gating and the Ca 2+ 
association and dissociation rates (see Figs. 5-7); (2) cy- 
toplasmic Ca 2+ block presented by Laver (1992; Fig. 
9a); and (3) the Mg 2+ block of the unitary current. All 
the measurements gave a consistent picture of the charge 
distribution on the channel in which the charge density 
at the vacuolar channel entrance is at least an order of 
magnitude smaller than that for the cytoplasmic side. 

There is enough negative charge on the cytoplasmic 
side of the pore to significantly enhance K + perme- 
ation at physiological ion concentrations. Fluctuations 
in surface charge density have been proposed as a mech- 
anism for conductance substates in this channel (Tyer- 
man, Findlay & Terry, 1992). The results presented 
here indicate that neutralization of fixed charges at the 
cytoplasmic end of the pore is a feasible mechanism for 
conductance substates. 

CONCLUSIONS 

All experimental approaches used here give a consistent 
picture of permeation in the Chara maxi K channel in 
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Fig. 9. The relationship between bulk viscosity of the electrolyte and 
the chord conductance of the maxi K channel from Chara in sym- 
metric solutions containing 1.5 mol liter I KC1. The open symbols 
are relative conductances at a membrane PD of + 150 mV and filled 
symbols are those at -150  mV. The viscosity was increased by the 
symmetric addition of nonelectrolytes to the vacuolar and cytoplas- 
mic baths. The numbers indicate the presence of the following: (1) 
sucrose, 0.7 mol liter-l; (2) sucrose, 0.35 mol liter l; (3) urea, 0.75 
mol liter-l; (4) ethylene glycol 1.6 mol liter-I; (5) ethylene glycol 
0.5 mol liter-l; (6) glucose 0.5 mol liter - l .  

which the surface charge and convergence permeabili- 
ty of the cytoplasmic vestibule are the major factors in 
determining channel conductance. 

The cytoplasmic vestibule of the Chara channel 
has a charge density of -0 .035  C/m 2 which is similar 
to that found in maxi K channels from rat muscle. The 
properties of the vacuolar vestibule, which is effec- 
tively neutral, differ from the negatively charged ex- 
ternal vestibules in rat maxi K channels indicating dif- 
fering protein structures in this part of the channel. 

The surface PD at the cytoplasmic vestibule de- 
pends on the current through the channel. This can be 
understood in terms of diffusion-limited ion flow, where 
the relatively low convergence permeability outside the 
cytoplasmic vestibule is a major determinant of the 
channel conductance. The surface PD at the vacuolar 
vestibule does not depend on the current, indicating 
that the convergence permeability outside the vacuolar 
vestibule is relatively high and does not contribute sig- 
nificantly to the channel conductance. 

The addition of nonelectrolytes such as sucrose to 
the bathing solutions is a poor test for the significance 
of diffusion-limitation effects. It appears that these 
molecules alter channel conductance by interfering with 
the intrinsic permeation mechanism of the channel 
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rather than by altering bulk viscosity. A much better ap- 
proach to testing for diffusion-limited ion flow is to 
measure the dependence of the surface PD on the cur- 
rent passing through the channel. 

We wish to thank Dr. N.A. Walker and Dr. P.W. Gage for critically 
reading this manuscript. This work was supported by an ARC Queen 
Elizabeth II Fellowship. 
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A p p e n d i x  

INTRODUCTION 

When the permeability of an ion channel is high compared with that 
of the adjacent aqueous phases the ion transport rate becomes limit- 
ed by the rate of diffusion of ions to and from the pore entrances (or 
aqueous convergence regions). Liiuger (1976) provided the first rig- 
orous theoretical treatment of  diffusion-limited ion flow through a 
neutral, cylindrical pore, where the ends of the pore act as a hemi- 
spherical sink or source of permeant ions. The properties of  the 
aqueous convergence regions are summarized by their convergence 
permeability, Pc" The observed channel conductivity is the series com- 
bination of the two aqueous convergence regions and the channel in- 
terior (permeability = Pi)" More recently Peskoff and Bers (1988) 
presented several approximate analytical relationships describing 
electrodiffusion of ions near the mouths of charged pores. The effect 
of  fixed charges on diffusion limitation has also been considered by 
Latorre and Miller (1983), Levitt (1985), Jordan (1987) and Decker 
and Levitt (1988). Ion permeation models specific to particular ion 
channels with known structures, such as the acetylcholine receptor 
channel, also include the effects of fixed charges (e.g., Dani, 1986; 
Levitt, 1991). These studies find that fixed charge at the entrance of 
ion channels increases their convergence permeability to counter 
ions. Although exact analytic solutions for the small signal, a.c. im- 
pedance of diffusion-limited pores have recently been published 
(Eberl, 1993), no such solutions exist for the steady-state case. 

The main body of this paper is concerned with determining the 
surface PD of the K + channel in Chara and its dependence on the cur- 
rent. The Appendix describes the method by which the theoretical re- 
lationship between current and pore mouth surface PD is calculated 
for a range of surface charge densities and convergence permeabili- 
ties. The numerical results are compared with the experimental da- 
ta in Fig. 7. 

METHOD 

Ions are considered to diffuse radially from the pore entrance defined 
by a hemisphere of radius r 0. The flux Jk of each ion species, k, is 

related to the permeability of the pore Pi and the aqueous convergence 
regions, Pc, by the Nernst-Planck equation (Eqs. A1-A3 and A5-A7). 
Poisson's  equation (Eqs. A4 and A9) relates the space charge to the 
electric field, E. The three ion species considered here, with con- 
centrations C e are monovalent, permeant cations (k = 1), imperme- 
ant divalent cations (k = 3) and a common monovalent anion species 
(k = 2). The equations are solved in spherical coordinates (% < r < 
~)  on each side of the membrane (Eqs. A1-A4)  and within the mem- 
brane cartesian coordinates ( - L / 2  < x < L/2) are used (Eqs. A5-A8).  

JI _ dCl 

Pc(~l%) dr 

J2 _ dC2 

Pc(r2/ro) dr 

J3 _ dC3 

Pc(~l%) dr 

+ CIE (A1) 

C2E (A2) 

- -  + 2C3E (A3) 

EOE r 
(A4) 

Pc =- 2"nroD 

J1 _ dCl 
+ CIE 

P~ dx 
(A5) 

J2 _ dC2 
C2E (A6) 

Pi • 10-4 dx 

J3 _ dC3 
- -  + 2C3E (A7) 

Pi X 10 -4 dx 

dE - F Q  
- - -  ( A 8 )  

dx ~o~r 

Pi =- AD/L 

where D is the ion diffusion coefficient, FQ is the net charge con- 
centration and Q = C l - C 2 + 2C 3 + Cs The fixed charges are con- 
sidered to be homogeneously distributed with a concentration Cf over 
regions bounded by r 0 < r < r o and zero elsewhere. The electric po- 
tential V is in units of  RTIF. Positive flux is defined as ions flowing 
away from the pore. 

The general approach to solving these equations is the same as 
that used by George and Simons (1966). The equations are integrat- 
ed numerically using a step size of 3,/400 (k is the Debye length) start- 
ing at r = 15~. and ending at the pore midplane, x = 0. The funda- 
mental difficulty with the integration procedure is that the boundary 
conditions are only specified at r = co. Merely setting the variables, 
Q and E to zero at some large value of r leads to large errors because 
they are amplified with each numerical interaction. This problem is 
overcome by approximating the boundary conditions by an asymptotic 
expansion of ~(r) ,  the electric potential, E(r) and ion concentrations 
for large r. Peskoff and Bers (1988) presented the asymptotic solu- 
tion for the case of monovalent electrolytes. Briefly, the Nernst- 
Planck and Poisson equations were combined to produce a single in- 
tegro-differential equation. The logarithm of the electrostatic poten- 
tial at large r was replaced with a series expansion in terms of l/r. The 
coefficients of  the expansion, a i, were obtained by equating terms of 
the same order. The asymptotic solution for the more complicated 
case when electrolytes contain both monovalent and divalent cations 
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is der ived here by the same method. The ion concentrat ions are re- 

expressed in terms of q to s impl i fy  the equations:  

(1  - o )  
C I = "f]C ; C 2 = C ; C 3 - - -  C 

2 

Thus when r > >  h and r > >  r 0 

qb(r) --> qb(oo)(l + n) 

E ( r )  --+ - a l N  - 2 a 2 N 2  - 3 a 3 N 3  - 4 a 4 N 4  - 5asN5 
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where )~ is the Debye  length and N is a constant.  Thus, at large r the 

var iables  E, Q and C on each side of  the pore are related by the one 

parameter, N. Numerical  solutions for a given value of J1 are obtained 

by s l ight ly  adjust ing the values  of N on each side of the pore as wel l  

as J2 and "/3 such that integrat ing the equations on both sides of the 

midplane  produce matching values of E, Q, Cp C 2 and C 3 at x = 0 

(tolerance of better than 0.1%). To match all these parameters  at the 

pore midplane,  it is necessary that the impermeant  ions have a small ,  

but  finite permeabi l i ty  in the pore. Here, the relat ive permeabi l i t ies  

for " impermeant"  ions were set to 10 4. 

The electrostatic potential  difference between the r ight  entrance 

to the pore and that at r = oo (i.e., the surface PD; see Fig. 1) was cal- 

culated as a function of the current for several  values of the conver-  

gence  permeabi l i ty  and surface charge density.  The results  for the 

case when the electrolyte  on the r ight  of  the channel  contains 2 mmol  

liter -1 MgC12 plus 0.1 mmol  l i ter - j  KC1 and on the left contains 100 

mmol  l i ter t KCI are shown in Fig. 7. The current-dependent  com- 

ponent of the surface PD, xI~,, is approximately inversely proportional 

to Pc and increases  with decreasing surface charge densi ty  at the 

channel  vestibule.  


