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ABSTRACT The patch-clamp technique is used to investigate divalent ion block of  
the large-conductance K + channel from Chara australis. Block by Ba ~+, Ca 2+, Mg ~+, 
and Pt(NHn)~ ÷ from the vacuolar and cytoplasmic sides is used to probe the 
structure of, and ion interactions within, the pore.  Five divalent ion binding sites are 
detected. Vacuolar Ca 2+ reduces channel conductance by binding to a site located 
7% along the membrane  potential  difference (site 1, 8 = 0.07; from the vacuolar 
side); it also causes channel closures with mean a duration of  ~ 0.1-1 ms by binding 
at a deeper  site (site 2, 8 = 0.3). Ca 2+ can exit from site 2 into both the vacuolar and 
cytoplasmic solutions. Cytoplasmic Ca ~+ reduces conductance by binding at two sites 
(site 3, 8 = -0 .21 ;  site 4, 8 = - 0 . 6 ;  from the cytoplasmic side) and causes closures 
with a mean durat ion of  10-100 ms by binding to site 5 (8 = -0 .7) .  The  deep sites 
exhibit  stronger ion specificity than the superficial sites. Cytoplasmic Ca 2+ binds 
sequentially to sites 3-5  and Ca 2+ at site 5 can be locked into the pore by a second 
Ca 2+ at site 3 or 4. Ca 2+ block is alleviated by increasing [K +] on the same side of  
the channel. Further,  Ca ~+ occupancy of  the deep sites (2, 4, and 5) is reduced by 
K +, Rb +, NH +, and Na + on the opposite side of  the pore. Their  relative efficacy 
correlates with their relative permeabili ty in the channel. While some Ca 2+ and K ÷ 
sites compete for ions, Ca 2+ and K + can simultaneously occupy the channel. Ca 2+ 
binding at site 1 only partially blocks channel conduction. The results suggest the 
presence of  four K + binding sites on the channel protein. One cytoplasmic facing 
site has an equilibrium affinity of  10 mM (site 6, 8 = -0 .3 )  and one vacuolar site 
(site 7, 8 < 0.2) has low affinity ( > 5 0 0  raM). Divalent ion block of  the Chara 
channel shows many similarities to that of  the maxi-K channel from rat skeletal 
muscle. 

I N T R O D U C T I O N  

T h e  K ÷ p e r m e a t i o n  and  ga t ing  p rope r t i e s  o f  the l a rge-conduc tance  K + channel  in 
the  m e m b r a n e  su r round ing  cytoplasmic  d rops  f rom Chara australis have been  s tud ied  
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in more detail than those of any other plant ion channel. The  reason for this is that 
membrane-bound cytoplasmic drops are easily produced from Chara internodes. 
Their  membrane  readily forms robust high-resistance seals with patch-clamp pipettes 
which are stable over an enormous range of voltage. Further, the large conductance 
and high frequency of detection of this channel make it an ideal subject for detailed 
kinetic analysis. 

The  role of  this channel in Chara has been postulated to be to regulate the flow of 
Ca 2+ from the vacuole to the cytoplasm through voltage-dependent Ca 2+ channels 
(Laver and Walker, 1991). However, its role is difficult to determine because the 
parent cell is disrupted during the production of cytoplasmic drops. Fluorescence 
labeling studies (Liihring, 1986; Sakano and Tazawa, 1986) show that part  of the 
membrane  delineating these drops is derived from the vacuolar membrane of the 
parent  cell. With this in mind, the sidedness notation for the K ÷ channel adopted in 
this paper  is as follows: the side of  the K + channel protein facing the cytoplasm in the 
cytoplasmic drop is called the cytoplasmic side and the other side is referred to as the 
vacuolar side. 

The ion gating and permeation kinetics of  this channel are complicated and in 
many respects are similar to those observed in large conductance K ÷ (maxi-K) 
channels in animals (Laver and Walker, 1991). The channel has been shown to 
possess two voltage-dependent gates (Laver and Walker, 1987) and a Ca2÷-depen - 
dent gate (Laver and Walker, 1991) which causes the channel to be opened by 
micromolar cytosolic Ca 2+. As well as the open and closed states, the channel can also 
enter a variety of  short-lived substates (Lfihring, 1986; Tyerman, Terry, and Findlay, 
1992); i.e., states associated with a smaller conductance than the main open state. 

The  K ÷ permeation kinetics of this channel have so far been interpreted in terms 
of  the following two models. Bertl (1989) used a cyclic kinetic model to explain K + 
permeation and its block by Na ÷. In that model K ÷ crosses the channel in one 
voltage-dependent step. The channel must then reset via a voltage-independent step 
before another K + can pass. Laver, Fairley, and Walker (1989) proposed a model 
where the channel presents a large number  of  uniform energy barriers to K + 
permeation. Further, permeation is assumed to be limited at high membrane 
potential difference (PD) by diffusion of ions near  the pore mouths (i.e., diffusion 
limitation effect; Laiiger [1976]) and at high [K ÷] by the maximum transport rate of 
the pore (described by Michaelis-Menten kinetics). Both models assume that ion 
conduction occurs by the interaction of only one ion at a time with the channel 
(single-ion conduction). However, there is considerable evidence for multi-ion con- 
duction processes in K ÷ channels from animal tissue. Further, a large-conductance 
K ÷ channel from Nitella was shown to exhibit the "anomalous mole fraction" effect 
(Draber, Schultze, and Hansen, 1991), which is usually an indication of multi-ion 
kinetics. Draber et al. (1991) propose that two ions simultaneously interact with the 
channel protein. However, only one of these is believed to occupy the pore. The 
other is believed to bind at an external site away from the channel conduction 
pathway. This paper  will examine again, more closely, the assumption of single-ion 
conduction in the Chara K + channel. 

Neyton and Miller (1988a) made use of  the interaction between Ba 2+ and various 
monovalent cations to probe K + permeation within the maxi-K channel from rat 
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skeletal muscle. They found that the binding kinetics of Ba 2+ were altered by the 
presence of K + in low concentrations. These results indicated the presence of two 
high-affinity K + binding sites located on each side of the channel protein. In their 
following paper (Neyton and Miller, 1988b) they found that monovalent cations could 
lock Ba 2+ into the pore, indicating a further one or two lower affinity binding sites in 
the channel. They proposed that up to four K + ions can occupy the pore. 

Divalent ions can also block K ÷ permeation in the Chara channel from both sides of 
the cytoplasmic drop membrane (Laver, 1990; Laver and Walker, 1991). The 
blocking kinetics of C a  2+ o n  the vacuolar side has been studied in detail by Laver 
(1990). In that study it was found that Ca 2+ reduced K + conductance and caused a 
"flicker block" (i.e., a train of blocking events that are of sufficient duration to be 
partially resolved by the recording apparatus). The Ca 2+ block was analyzed within 
the framework of a theory of diffusion limitation of ion flow through pores (Laiiger, 
1976) and the Woodhull model of voltage-dependent ion block (Woodhull, 1973). 
The kinetics of the block revealed two binding sites located at 8 and 40% along the 
trans-pore PD and showed that the vestibule facing the vacuole cannot be occupied 
by more than one ion, Ca 2+ or K ÷. 

The blocking characteristics of Ca 2+ on the cytoplasmic side have also been 
measured (Laver and Walker, 1991) but were not studied in detail. In that study 
cytoplasmic Ca 2+ was also found to block the channel in two ways, one that reduced 
the channel conductance and the other that caused long channel closures. 

This study investigates in greater detail the block by Ca 2+ on the cytoplasmic side 
of the large-conductance K + channel in Charal It adopts the approach taken by 
Neyton and Miller (1988a, b) to investigate the possibility of simultaneous occupancy 
of the pore by several ions, to elucidate their interactions within the channel, and so 
to provide a basis on which to develop multi-ion models for ion permeation. The 
Ca z+ blocking kinetics on the Chara K + channel in the presence of monovalent 
cations is described to compare the mechanisms in channels from plants and animals. 

Block by some other group IIa cations has been studied to further probe the 
various ion binding sites on the channel protein. Tetra-amine-platinum (II) 
(Pt(NH~) 2+) has a square planar structure with an anhydrous radius of ~ 0.35 nm. 
The binding kinetics of this large cation yields additional clues about the local 
environment of the divalent ion sites on the protein. 

M A T E R I A L S  AND M E T H O D S  

Experimental Protocol 

Cytoplasmic drops were formed from internodal cells of Chara australis R. Br. using the method 
of Kamiya and Kuroda (1957). During experiments the bathing solution for the cytoplasmic 
drops contained either 150 or 500 mM alkali chloride solution plus a minimum of 0.1 mM 
CaCI~ to stabilize the drop membrane. Measurements were carried out over 20--23°C. All 
measurements were adjusted to that expected at 23"C using a value of the QJ0 for conductance 
of 1.3 (Laver, D.R., unpublished data). 

Ca 2÷, Ba 2+, and Mg 2+ were added to solutions as chloride salts and Pt(NH3)~ + ions were 
added as Pt(NH3)4(CIO4)2 (from Dr. J. Beattie, School of chemistry, The University of Sydney, 
Sydney, Australia). During studies of channel gating cytosolic [Ca 2+] was kept >0.1 mM in 
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order to keep the Ca2+-dependent gate open. Channel closures due to the Ca2+-dependent 
gate would otherwise confuse the interpretation of the Ca~+-dependent slow blocking kinetics. 

Details of the patch pipette fabrication and recording and display apparatus have been 
described previously by Laver and Walker (1987) and Laver et al. (1989). Micropipettes were 
made from borosilicate glass with an internally fused microfilament (Bioscience No. 5512). 
Inside-out patches were formed by sealing (seal resistance varied from 10 to 50 GO) 
fire-polished pipette electrodes with the cytoplasmic drop membrane and then separating the 
pipette from the cytoplasmic drop. Occasionally when the membrane would form a vesicle on 
the pipette tip it was possible to get inside-out patches by briefly exposing the patch to air. 
Because of the known asymmetry in the voltage-dependent kinetics of the channel it was clear 
that these were in fact inside-out patches. 

Presumably the side of the membrane that faces the cytoplasm in the intact cell (the inside 
face) also faces the cytoplasmic interior of the drop. The membrane PD is defined with respect 
to the vacuolar side (the outside of the drop) of the membrane as zero. Positive transmembrane 
current indicates positive charge flowing from the inside of the membrane. 

During measurements of the stationary gating kinetics of the K ÷ channel the pipette 
potential was clamped to a random sequence of values over the range ---300 mV for periods of 
10-100 s. As the membrane PD increases beyond ---200 mV, the lifetime of the membrane 
patches decreases so that at 300 mV the patch rarely lasts longer than a few seconds. Hence 
excursions to large membrane PDs were kept as brief as possible. Measurements of unitary 
currents were carried out on patches where the pipette potential was slowly varied (manually) 
over the desired voltage range. The signal to noise ratio of the recordings was improved 
several-fold by holding the excised membrane patches just below the surface of the bath. The 
time course of the pipette current and voltage were recorded simultaneously on videotape 
using pulse code modulation (PCM-501; Sony Corp.) with a sampling rate of 44 kHz. Current 
signals were recorded with a bandwidth of 10 kHz. Theory was fitted with data using a 
least-squares routine. The errors quoted here represent 95% confidence limits. 

Measurement of Rapid Blocking Kinetics 

The analysis of the blocking kinetics of divalent cations was done using ion activities rather than 
concentrations. Ionic activity coefficients, "r, were estimated using the Gouy-Chapman "limiting 
law" (Margolis, 1966): 

0.509z2~ 1/2 
- log  • - (1) 

1 + ~1/2  

is the ionic strength of the solution and z is the valency of the ion. The activity coefficients for 
divalent ions at concentrations used in these experiments are commonly as low as 0.1. This 
should be remembered when comparing binding parameters derived here with others that have 
been derived using ion concentrations. 

The attenuating effect of divalent cations upon the K + channel unitary current is presumably 
the time average of binding events that are too rapid to be resolved by the recording apparatus. 
Provided ion binding completely blocks the channel, then the probability they are bound, P, 
can be determined from the ratio of the unitary currents in their presence, I(X2+), and absence, 
i0 :  

1 - P = I ( X 2 + ) / I  ° (2) 

Analysis of patch recordings for unitary current amplitudes was done in one of two ways. 
Either the manual approach (e.g., Laver et al., 1989) was used in which unitary current steps 
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were measured directly from their time course as displayed on a CRO or a new automated 
technique was used for detecting current transitions. 

The  automated method used here is based on a technique for analyzing current transitions in 
multi-level single channel recordings (Vivaudou, Singer, and Walsh, 1986). The  analysis of the 
current records is done in two passes. The  first pass compacts the data and the second 
discriminates the channel signal from background noise and digitizing artifacts. The  main 
difference between the method used here and that used by Vivaudou et al. (1986) is that no 
at tempt is made here to determine the state (i.e., number  of  simultaneously open channels) of  
the patch. The  current and voltage recordings are both analyzed together so that the 
magnitude of  channel current transitions can be correlated with the membrane PD. The  voltage 
dependence of  all current transitions (including background noise) is displayed on a two- 
dimensional, color-contoured frequency distribution. The  automated method was found to be 
particularly useful when several types of  channels were present in a patch where with manual 
detection techniques it was easy to confuse current steps associated with different channel types. 

Interpretation of the association rate of  the blocking ion in terms of  binding site properties is 
dependent  on the specific model  chosen for K + permeation within the pore. For rapid blocking 
kinetics the binding and unbinding steps cannot be analyzed separately because of the limited 
bandwidth of  the recording apparatus. The  problem is, however, that this study aims to identify 
the overall characteristics of  the K + permeation in order to develop such a model. To  cope with 
this dilemma this study will avoid as much as possible the use of specific K + permeation models 
in analyzing rapid blocking kinetics. Consequently, fundamental binding site parameters such 
as affinity cannot be derived from empirical constants such as concentration of half-inhibition. 

Measurement of Slow Ca 2+ Blocking Kinetics 

Ca z+ also binds to the channel protein on the millisecond time scale. Here individual binding 
events can be observed directly by measuring the Ca2+-induced gating of  the K + current. The  
protocol for measuring the K + channel gating events has been elaborated by Laver and Walker 
(1987). Briefly, frequency distributions of open and closed durations were compiled from single 
channel recordings using the software package IPROC2 (from Dr C. Lingle, Department  of  
Biological Sciences, Florida State University, Tallahassee, FL). 

Analysis of  slow blocking kinetics "flicker block" of vacuolar 20 mM Ca 2+ has been done in an 
earlier study (Laver, 1990). The  block becomes quite apparent  as the membrane PD becomes 
more negative than - 1 5 0  inV. At these PDs the block is manifest as a 10-fold reduction in the 
mean open time of  the channel and a 10-fold increase in relative frequency of  observed short 
closures (t < 1 ms) in the closed duration frequency distributions. Thus 90% of the channel 
closures are Ca 2÷ induced and so reflect blocking events. Therefore, under these conditions the 
reciprocal of  the mean open and closed durations give a good estimate of  the Ca ~+ association 
(kon) and dissociation rates (kon) with the channel protein from the vacuolar side. In calculating 
kofr and kon allowance was made for unresolved events using the method of  Blatz and Magleby 
(1986). 

The  slow block by cytoplasmic Ca 2÷ has not  previously been studied in detail. However, it 
appears that the kinetics of Ca ~+ binding is at least an order of  magnitude slower than that of  
vacuolar Ca 2+ (Laver and Walker, 1991). In this case only a small fraction of  the channel gating 
is Ca ~+ induced. However, these closures are easily recognized because they have relatively long 
durations which cause channel activity to be separated into bursts. The  durations of  the 
observed bursts and gaps between these bursts are interpreted as intervals where Ca 2+ is either 
unbound or bound to the channel. Because it is not possible to identify whici.~ individual 
closures are due to Ca 2÷ binding, they are defined here as shut intervals that exceed a 
threshold duration. The  threshold duration is set so that at least 90% of the closures exceeding 
the threshold are due to blocking events. This is determined from frequency distributions of 
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channel closures in the presence and absence of Ca 2÷. The threshold values so determined vary 
with membrane PD and [Ca 2÷] over the range 5-50 ms. Association and dissociation constants 
could then be derived from the burst, gap, and threshold durations using the method of  Blatz 
and Magleby (1986). 

R E S U L T S  

T h e  effects o f  v a c u o l a r  and  cytosol ic  Ca  2+ on  the  t ime  course  o f  the  K + c h a n n e l  

un i ta ry  c u r r e n t  a re  shown in Fig. 1. T h e  c u r r e n t - v o l t a g e  character is t ics  in b o t h  the  

A 200 ms 

20 pA 

[Ca~*] = 0.1 mM I mM I mM 

2oo mY 

mv 

so mV 

20ms 
B I 

120 pA 
[Ca2"~, - I mM 20 mM 20 mM 

mV 

FIGURE 1. The  effect of Ca r+ 
on the time course of unitary 
currents through the large-con- 
ductance K + channel in excised 
membrane patches at several 
membrane PDs. (A) The effects 
of vacuolar Ca r+ in both the 
presence and absence of  K + in 
the cytoplasmic solution. The  
vacuolar solution contains 150 
mM KC1. The cytoplasmic solu- 
tions contain (1) 150 mM NaCI; 
(2) 500 mM KC1; (3) 150 mM 
NaC1. The  current baseline is 
toward the top of each trace 
and the data are filtered at 10 
kHz. Ca r+ decreases the unitary 
current steps and causes brief 
channel closures. The  mean 
duration of these closures is 
longer in the absence of cyto- 
plasmic K +. (B) The  effects of  
cytoplasmic Ca 2÷ in both the 
presence and absence of K + in 
the vacuolar solution. The  cyto- 
plasmic solution contains 150 
mM KCI. The  vacuolar solu- 
tions contain (1) 150 mM KCI; 
(2) 150 mM KCI; (3) 150 mM 

NaCI. The  current baseline is toward the bottom of each trace and the data are filtered at 1.25 
kHz. Ca 2+ both decreases the unitary current and causes channel closures. Vacuolar K ÷ affects 
both forms of  the Ca z+ block. 

p r e s e n c e  a n d  absence  o f  Ca ~+ have  b e e n  shown in p r ev ious  pub l ica t ions  (Laver  et  al., 

1989; Laver ,  1990; Lave r  a n d  Walker ,  1991); n o n e  a re  shown here .  T h e  resul ts  a re  

c o m p a r e d  with  p r ed i c t i ons  o f  a m o d e l  tha t  a ssumes  tha t  d iva len t  and  m o n o v a l e n t  

ca t ions  b i n d  to sa turab le  sites ( labe led  1 -7)  on  the  c h a n n e l  p ro t e in .  A s u m m a r y  o f  the  

m a i n  fea tures  o f  these  sites is g iven  in T a b l e  I. 
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T A B L E  l 

A Summary of the Kinetic Properties and Ion Binding Sites on the K + Channel 
Protein and How They Were Determined from This Study 
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Site 8 Binding parameters Experimental 
No. KI or KD (mM) at 0 mV verification 

l 
Divalent 0.07 KH independent of [K+)c Reduced current at 
Vacuolar Pt (NHs)~ + > Ba 2+ > Mg 2+ > Ca 2÷ negative PDs; 
Fast block 10 14 28 32 Figs. I -3  

2 
Divalent 0.3 KI2 depends on [K+]c Ion-induced closures 
Vacuolar Ba 2+ > Ca ~+ > Pt(NHs)~ + (0.1-1 ms) 
Slow block (a) 0.5 290 > 104 at negative PDs; 

Figs. 1, 4-6 
3 

Divalent -0.21 Kls depends weakly on [K+]v Reduced current at 
Cytoplasmic Ba 2+ > Mg ~+, Sr ~+ > Pt(NHs)$ + > Ca z÷ positive PDs; 
Fast block (b) 3.8 8 8 9 11.8 Figs, 1, 7-10 

(c) - 6 - 5.2 8 
4 

Divalent 
Cytoplasmic 
Fast block 

5 
Divalent 
Cytoplasmic 
Slow block 

6 
Monovalent 
Cytoplasmic 

7 
Monovalent 
Vacuolar 

-0 .6  

(c) 

KN depends strongly on [K+]v Reduced current 
Ca 2+ > Pt(NHa)~ +, Mg ~+ at positive PDs; 
73 > 1,000 > 1,000 Figs. 1, 7, 9, 10 

-0 .7  KIS depends strongly on [K+]v 
Ba 2+ > Sr 2+ > Ca ~+ > Mg 2+ > Pt(NHs)~ + 

(b) 1.2 47 104 4.7 x 104 <2 x 104 

-0 .3  

<0.2 

KD6 

K ÷ > Rb + > NH4 + > Na ÷ 

10 77 210 >400 

Ko7 is not well determined 
K ÷ > Rb + > NH4 + > Na + 

Ion-induced long 
closures (10-100 ms) 
at positive PDs; 
Figs. 1, 12, 13 

Kx2 and k ~  depend  
on cytoplasmic 
monovalent cation 
concentradon; 
Figs. 1, 5, 6 

5 5 Kts, ko~, and ko. depend  
on vacuolar 
cation 
concentration; Fig. 14 

is the fraction of  the transmembrane PD between the binding site and vacuolar (positive value) or 
cytoplasmic (negative value) sides of  the membrane. (a) [K+]c = 0 raM; (b) [K+]v = 150 mM; 
(c) [K~']v = 0 raM. 

Rapid Block from the Vacuolar Side 

Figs .  2 - 6  i l l u s t r a t e  t h e  b l o c k i n g  k i n e t i c s  o f  v a c u o l a r  C a  2+. F ig .  2 s h o w s  t h e  a t t e n u a t -  

i n g  a c t i o n  o f  C a  2+, M g  2+, B a  2+, a n d  Pt(NHs)24 + i n s i d e  t h e  p i p e t t e  o n  t h e  c h a n n e l  

c u r r e n t  i n  e x c i s e d  i n s i d e - o u t  p a t c h e s .  T h e i r  b l o c k  is w e a k l y  v o l t a g e  d e p e n d e n t  a n d  

h a s  a h y p e r b o l i c  d e p e n d e n c e  o n  c o n c e n t r a t i o n  (F ig .  3). C o m p e t i t i o n  b e t w e e n  C a  2+ 

a n d  K + w a s  i n v e s t i g a t e d  by  m e a s u r i n g  t h e  b l o c k i n g  e f f e c t  o f  C a  2+ o v e r  a w i d e  r a n g e  

o f  v a c u o l a r  [K+].  T h e s e  r e s u l t s  s h o w  t h a t  t h e r e  is a s m a l l  c o m p o n e n t  o f  t h e  c u r r e n t  
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FIGURE 2. The  attenuation of 
the K + channel unitary current 
in excised inside-out patches by 
divalent cations in the pipette. 
The  block is presented here as 
the ratio of the unitary current 
in the presence of  divalent cat- 
ions, /, and the control, I °, (in 
the absence of  vacuolar [X2÷]). 
With 150 mM KCI (cytoplasmic 
side) in the bath and the pi- 
pette (vacuolar side), the vacuo- 
lar divalent ion concentrations 
were 20 mM Ca 2+ (O), 20 mM 
Mg 2+ ([]), 20 mM Ba 2+ (A), 

and 10 mM Pt(NH3)42+ (©). With 150 mM KCI in the pipette and 150 NaCI in the bath, the 
concentration was 20 mM Ca ~+ (0).  The  lines show solutions to Eqs. 3 and 4. The  parameters 
for the full line are KI (0) = 30 mM and 81 = 0.07 (IX ~+] = 20 mM and activity coefficient, 
• x*+=0.23)  and for the dashed line KI (0) = 10 mM and ~1 = 0.09 ([X 2+]= 10 mM and 
• K+ = 0.24). B is assumed to be zero, which is a reasonable approximation at these ion 
concentrations (see Discussion). 

tha t  is n o t  i nh ib i t ed  by Ca  2+. T h i s  c o m p o n e n t  a m o u n t s  to ~ 1 pA  at a m e m b r a n e  PD 

o f  - 1 5 0  m V  w h e n  [KCI] -- 10 m M .  T h i s  v io la tes  t he  a s s u m p t i o n s  u s e d  in de r iv ing  Eq. 

2 so tha t  l(Ca2+)/I ° c a n n o t  be  u s e d  to m e a s u r e  t he  b i n d i n g  probabi l i ty  o f  the  

b l o c k i n g  ion  us ing  this  e q u a t i o n .  H o w e v e r ,  because  the  n o n i n h i b i t e d  c o m p o n e n t  o f  

the  c u r r e n t  is re la t ively small,  Eq. 3 p rov ides  a g o o d  a p p r o x i m a t i o n  for  the  activity o f  

h a l f  inh ib i t ion ,  Kit: 

I(X2+)/I  0 = ( l  - B)(1 + ax/Ki1) - l  + B (3) 

w h e r e  ax  is the  vacuo l a r  activity o f  d iva len t  ion  species  X z+, a n d  B r e p r e s e n t s  the  

n o n i n h i b i t e d  c o m p o n e n t  o f  c h a n n e l  c o n d u c t i o n .  A c c o r d i n g  to t he  W o o d h u l l  m o d e l  

1,0 

0.S 

| i ! ! 
5 t0 15 20 

Ca =* Activi ty (rnM) 

FIGURE 3. Block by vacuolar 
Ca 2+ of K + channel current 
over a range of  vacuolar [KCI] 
at a membrane PD of - 1 5 0  
mV. The cytoplasmic solution 
contained 150 mM NaCI and 5 
mM CaCI2. The  solid lines are 
the prediction of  a multi-ion 
binding model (see Scheme 2 
and Eqs. 18 and 19) for which 
the pore is assumed to conduct 
K + even in the presence of 
bound Ca ~+. The  KCI concen- 

trations are 10 mM, ~K+ = 0.9 (0),  50 mM, ~K~ = 0.74 (11), 150 mM, ~K+ = 0.66 (©), and 500 
mM, 7~+ = 0.64 (El). The  parameters of  the fit are: Kr)K = 0.79 mM, KDzK = 100 raM, KDca = 
0.05 raM, Kr)Kca = 100 raM, IK = 30 pA, 1KCa = 20 pA, and 12g- = 100 pA. 
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(Woodhull, 1973) the voltage dependence  o f  Kn is given by: 

Kn(V) = Kn(0) exp (~lzFV/RT) (4) 

where ~l is the fraction o f  the membrane  PD, V (the electrical distance), between the 
divalent ion binding site (site 1) and the vacuolar solution. Eqs. 3 and 4 are fitted with 
the data in Figs. 2 and 3 (fits not  shown). 

Kn(0) for Ca 2+ increases with increasing vacuolar [K +] and [Na +] f rom 0.5 +- 0.1 
mM in 10 mM KCI to 32 -+ 2 mM in 150 mM KCI, 42 -+ 3 mM in 500 mM KCI, and 
64 -+ 20 mM in 150 mM KC1 + 350 mM NaCI. Theoret ical  fits to the data in Fig. 2 

1.0 • • 

-~ 0.5 

0 ' , ~ ~ J ~ 4  
-250 -200 -150 -100 -50 0 

Membrane PO (mV) 
FIGURE 4. The slow block of the channel measured by the relative open probability in the 
presence of divalent cations in the vacuolar solution. This is derived from the ratio of the open 
probability of the blocked channel with that of the channel at low divalent ion concentrations, 
The vacuolar solution (pipette) contained 150 mM KCI and the following concentrations of 
divalent ions: 20 mM Ca 2+, "rc~2+ = 0.22 (O), 4 mM Ba ~+, 'tsar+ = 0.26 (O), 10 mM Pt 
(NHs)4 ~+, -rrt(NHs)42+ = 0.25 (IlL The cytoplasmic solution (bath) contained 150 mM NaCI. The 
solid lines are fits to the data by Eqs. 5 and 6. The parameters of the fits are: Ba ~+, KI2 (0) = 
(0.5 -+ 0.1) mM, 82 = 0.3; Ca 2+, KI~ (0) = (290 +-- 30) mM, ~ = 0.3 +- 0.01. ~2 for Ba 2+ is 
assumed to be the same as for Ca ~+. 

give ~l = 0.07 - 0.02, which is the same as that found previously (Laver, 1990). 
Exchanging KCI for NaCI on the cytoplasmic side had no effect on  Ca 2+ block. 

Applying this analysis to block by other  divalent cations, it was found that  this site 
discriminates poorly between divalent ions, the binding sequence being (Kn(0)): 
Pt(NH3)42+ (10 +- 1 mM) > Ba 2+ (14 _+ 2 raM) > Mg 2+ (28 -+ 2 raM) > Ca 2+ (32 +- 2 
raM). 

Slow Block from the Vacuolar Side 

The  inhibitory effect o f  the slow blocking kinetics of  Ba 2+, Ca 2+, and Pt(NHa)42+ is 
shown in Fig. 4. T he  block is represented by the open  probability, Po, of  the channel  
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relative to that in the absence of divalent ions on the vacuolar side. The  data are 
fitted with Eqs. 5 and 6: 

Po(X2+)/Po(O) = (1 + ax/Kx2) -1 (5) 

KI2(V) = KI2(0 ) exp (B2zFV/RT) (6) 

The voltage dependence of the block (82 = 0.3 +- 0.01) is stronger than that for site 
1. The binding affinity sequence, represented by K12(0) of  site 2 is: Ba 2+ (0.5 -+ 0.1 
mM) > Ca 2+ (290 -+ 30 mM) > Pt(NH3)42+ (> 10 M). 

Because the C a  2+ blocking events are long enough to be resolved by the recording 
apparatus, the channel conductance in the Ca 2+ blocked state can be measured 
directly. The conductance of the blocked channel could not be resolved from the 
baseline and so was found to be < 1% of the open channel conductance. 

The Ca 2+ association (k2n) a n d  dissociation (k2fr) rates derived from the Ca 2+- 
induced closures (see Materials and Methods) are shown in Fig. 5. Under conditions 
of high ionic strength in the cytoplasmic solution the voltage dependences of ko~, and 
koZfr can be described by single exponentials that have opposite voltage dependences 
of approximately equal magnitude. This suggests that when Ca 2+ dissociates from 
site 2 it returns to the vacuolar solution. However, at low ionic strength when the 
cytoplasmic solution contains only 2 mM CaC12 k2fr cannot be described by a single 
exponential. The data were then fitted with the sum of two exponentials reflecting 
two Ca 2+ dissociation processes: 

k2ofr -- k 2 exp (~2zFV/2RT) + k~ exp (B2azFV/2RT) (7) 

The parameters of  the fit are: 82 = 0.9 + 0.25, ~2a = -0 .15  _ 0.15, k~ = 
(5.7 _+ 3.9).104 s -l ,  and k 2 = (3 -+ 3)'102 s -1. The first exponential term reflects the 
dissociation back to the vacuolar solution. The voltage dependence of the second 
exponential component,  being opposite to that of  the first, indicates Ca 2+ dissocia- 
tion to the cytoplasmic solution. 

Competition between Ca 2+ and K + within the pore was studied by the effect of  [K ÷] 
on both sides of  the channel on Ca 2+ block at high ionic strength. It is found that 
ko2n is reduced by increasing vacuolar [KCI] (result not shown) and is also unaffected 
by exchanging Na + for K + on the cytoplasmic side. The ko2fr, on the other hand, could 
be reduced sixfold by replacing cytoplasmic 150 mM KCI with NaC1. The effects of 
K +, Rb +, NH~, and Na ÷ on ko2fr are shown in more detail in Fig. 6, where it can be 
seen that ko2fr follows a hyperbolic dependence on vacuolar [K+]. These data are fitted 
with Eqs. 8-10, where the [K+]-induced change in ko2fr is related to the occupancy of a 
K + site facing the cytoplasmic side (site 6): 

k2~(aK, V) 2 = kofr(o o, V)(1 + KD6/aK) -1 + kZofr(O, V) (8) 

where aK is the cytoplasmic K + activity and K D 6  is the K + dissociation constant. The 
voltage dependences of KD6 and ko2fr at aK = 0 and 0o are given by: 

KD6(V) = KD6(0) exp (~6zFV/RT) (9) 

2 - 2 - = kofr(~ , (1 O) kofr(2, V) 0) exp (~2zFV/2RT); i = 0 or 00 
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where  ~6 is the  electrical  d is tance o f  the K ÷ site f rom the cytoplasmic side o f  the po re  
(i.e., ~6 is negat ive)  and  82 is that  o f  the Ca 2÷ site f rom the vacuolar  side. In  der iv ing 
Eq. 10 it is a ssumed  that  energy barr iers  to Ca 2+ b ind ing  are  symmetric .  

T h e  value o f  KD6 d e p e n d s  on  the m e m b r a n e  PD (~6 = - 0 . 3 0  ± 0.10) and  the ion 
species in the  cytoplasmic  solution. For  K + b ind ing  K ~ ( 0 )  = 10 - 7 mM and  K ~  
varies f rom 100 mM at - 1 7 5  mV to 240 mM at - 2 5 0  mV. Cytoplasmic  Na  ÷ at 

- 2 5 0  - 2 0 0  -150 -100 

Membrane PD (mV) 

FIGu~ 5. The Ca 2+ dissociation, k2o~ (filled symbols) and association rates, k2o, (open symbols), 
derived from the slow block induced by vacuolar Ca 2+. The data are corrected to allow for 
unresolved events using the method of Blatz and Magleby (1986). The dead time of the system 
(i.e., the shortest detectable event duration) when filtering the single channel recordings at 10 
kHz was measured to be 35 I~s. The vacuolar solution contained 20 mM CaCI2 and 150 mM 
KCI. The ion concentrations (raM) of various cytoplasmic solutions are 150 NaC1 (circles), 80 
KCI + 70 NaC1 (squares), and 150 KCI (triangles). ko2fr at low cytosolic ionic strength is also shown 
where the cytosolic solutions contained 2 mM CaC12 plus nonelectrolyte osmoticants. These are 
indicated by the points (~) none; (~) 300 mM sucrose; and (0)  300 mM manitol. Data joined 
by lines are from the same patches. The association rate shows no significant dependence on 
cytoplasmic [KCI]. However, the dissociation rate is increased by increasing cytoplasmic [KCI]. 
The solid curve shows a fit of two exponentials (Eq. 7) to k2oer. The parameters of the fit to ko2n - 
are: 82 = 0.9 -+ 0.25, b2a = -0 .15  -- 0.15, kl 2 = (5.7 - 3.9)'104 s -r, k 2 = (3 - 4)'102 s -1. The 
parameters of the fit to k2n are: b2 = 0.5 -+ 0.05, kZon(0) = (2.7 +- 0.3)'102 s -I. 

concent ra t ions  up  to 500 mM had  no significant effect on ko2ff. T h e  vol tage 
d e p e n d e n c e  o f  the dissociat ion ra te  (~2 = 0 . 3 -  0.07) is s imilar  to that  found  
previously by Laver  (1990). Cytoplasmic  K ÷ increases ko2n{0 mV) from (3.0 _+ 1.0)-104 
s - l  at low concent ra t ions  to an u p p e r  limit of  (4.0 - 0.05)'  105 s-1 at h igh concentra-  
tions. KD6 ( - -200 mV) for b ind ing  o f  monova len t  cat ions is: K + (131 -+ 30 mM) > 
Rb + (850 mM) > NH~ (2.3 M) > Na + ( > 4  M). 
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Rapid Block from the Cytoplasmic Side 

T h e  results  shown in Figs. 7-11  show the r ap id  block induced  by divalent  cations on 
the cytoplasmic side. T h e  characterist ics  of  cytoplasmic Ca 2+ block are  more  
compl ica ted  than  those found for vacuolar  Ca 2+. To  dis t inguish between the various 
componen t s  of  the block, the  effect of  d ivalent  ions on the uni tary cur ren t  was 
measu red  in the  presence  and  absence of  K + in the vacuolar  solution. Fig. 7 shows 
the block by Ca 2+ and  Pt(NHs)42+ p lo t t ed  on a scale that  r ep resen t s  b ind ing  at a 
single site (Woodhull  model )  as a s t raight  line. Deviation from a single site mode l  is 
most  clearly evident  for the Ca 2+ block at low vacuolar  [K+]. I t  is possible that  there  
are  two b ind ing  sites associated with the  r ap id  kinetics and  that  Ca 2+ b ind ing  at one 
of  the sites is only significant at low vacuolar  [K+]. To  fur ther  invest igate this 
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FIGURE 6. The Ca 2+ dissocia- 
tion rate ko2ff at four membrane 
PDs measured from the vacuo- 
lar Ca~+-induced slow block is 
plotted against the activity of 
various monovalent cations in 
the cytoplasmic solution. Where 
possible, the ionic strengths of 
the cytoplasmic solutions were 
made up to 150 mM by adding 
NaC1. The data showing the 
effect of cytoplasmic K + are 
(symbol, membrane PD): (~7) 
-175  mV, (0)  -200  mV, (O) 
-225  mV, and (©) -250  mV. 

Data showing the effect of other cations at a membrane PD of -200  mV are: (V) Rb +, (©) 
NH~, and (V1) Na +. The solid curves are fits of Eqs. 8-10 to the K ÷ data. The parameters of the 
fit are Ko6(0) = (9.5 + 7) raM, ~6 = -0 .3  _ 0.10, k2o~(aK = 0, 0 mV) = (3.0 -- 1.0) x 104 S 1, 

k~o~aK = 0% 0 mV) = (4.0 ± 0.5) × 105 s -l,  ~2 = 0.3 ± 0.07. For the other monovalent cations 
KD6(0) was calculated by using a value ofk2on(aK = o0, 0 mV) = (4.0 ± 0.5) × 105 s-L Values of 
KD6 are: Rb +, 63 raM; NH~', 170 mM; Na +, >330 raM. 

possibil i ty the  da ta  in Figs. 8 - 1 0  were f i t ted with e i ther  Eq. 11 o r  12, f rom which the 
p roper t i e s  of  two divalent  cat ion sites facing the cytoplasmic side (sites 3 and  4) can 
be resolved.  

I f  divalent  ions at e i ther  site 3 or  4 totally block the pore ,  then  for the case when 
these sites compe te  for ions, 

I(X2+)/I 0 - (1 + ax/Kl3 + ax/Ki4) -1 (11) 

where  ax is the cytoplasmic activity of  X 2+ and KI3 and  K I 4  a r e  half- inhibi t ion 
constants  associated with each site. Alternatively,  if  ions can b ind  independen t ly  at  
both  sites (noncompet i t ive  model) :  

I(X2+)/I ° = [(1 + ax/Kl3)(1 + ax/Ki4)] -l (12) 
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The  electrical distances o f  these sites (~3 and ~4) f rom the cytoplasmic side are related 
to the voltage dependences  o f  KI3 and KI4 by an equation similar to Eq. 6. 

Fig. 8 shows the blocking effect o f  Ca 2+ in the presence of  500 mM KCI on both 
sides of  the membrane.  Under  these conditions Ca 2+ blocked the channel  as though  
binding to a single saturable site where KI4(0) ~0% ~3 = - 0 . 2 1  + 0.02, and KI3(0) 
increases with increasing cytoplasmic [K +] f rom 11.8 - 0.4 mM in 150 mM KCI to 
23 -+ 1 mM in 500 mM KC1 (cf. Figs. 9 and 10). 

Fig. 9 shows the block by cytoplasmic 1 mM Ca ~+ in the presence of  various 
monovalent  cations in the vacuolar solution. The  findings are that the varying ionic 
strength o f  the vacuolar solution f rom 150 to 3 mM (at constant  [K+]) had no effect 
on the Ca 2+ block. However, the block is dependen t  on the ionic species present.  
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FIGURE 7. Attenuation of uni- 
tary channel current by divalent 
ions in the cytoplasmic solu- 
tion. The data for Ca ~+ block in 
the presence of cytoplasmic 
500 mM KCI are shown where 
the vacuolar solutions contain 
500 mM NaC! (V1), 3 mM KCI, 
500 mM NaCI (O), and 500 
mM KCI (©). The data show 
the Pt(NHa)42+ block in the 
presence of cytoplasmic 150 
mM KCI where the cytoplasmic 
solutions contain 150 mM KCI 
(A) and 150 mM NaCI (&). The 
current is plotted in such a way 
as  to show more clearly the 
multi-exponential voltage de- 
pendence of Ca 2+ binding. The 

data have been displaced along the vertical axis for clarity. The horizontal bars indicate the 
zero associated with each data set. On these axes Eqs. 11 and 12, which describe binding at a 
single site, appear as straight lines; this is the case for Pt(NH3)42+. Deviations of the Ca 2+ data 
from a straight line reflect binding at more than one site within the pore. The straight lines are 
fits to the data at membrane PDs < 100 rnV. 

When vacuolar KCI is exchanged  for NaCI the block by cytoplasmic Ca 2+ is enhanced  
at more  positive membrane  PDs (e.g., see Figs. 9 B and 10A). The  enhanced  block 
also has a s tronger voltage dependence.  In terms of  either Eq. 11 or  12 this 
corresponds to a large decrease in KI4 and a 30-70% decrease in KI~. Under  these 
conditions the block is domina ted  by the kinetics of  Ca 2÷ binding at site 4, where 
~4 = --0.6 + 0.05 and KI4(0) (at zero vacuolar [K+]) increases with increasing 
cytoplasmic [K +] f rom (50 -+ 6) mM at 150 mM KCI to (214 __. 17) mM at 500 mM 
KCI. 

Fig. 10 shows the effect o f  vacuolar [K +] on block by 10 mM cytoplasmic Ca 2+, 
Mg 2+, and  1 mM Pt(NH~)~ +. For  Mg 2+ and Pt(NH3)4 z+ the removal of  vacuolar K + 
does not  introduce an additional exponential  componen t  to the vol tage-dependent  
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block as it does for Ca 2+ (also see Fig. 7). Hence the relatively small effect of  vacuolar 
K + on ion binding at site 3 can be seen most clearly from the Mg 2+ and Pt(NH3)4 ~+ 
data. 

A comparison of  the predictions o f  the competit ive and noncompeti t ive binding 
models (i.e., Eqs. 11 and 12) is shown in Fig. 9 B. It was found that Eq. 11 always gave 
a better fit to the data than Eq. 12. The  noncompeti t ive model  (Eq. 12) predicts a 
max imum in the voltage dependence  o f  Ca 2+ block at intermediate vacuolar [K ÷] 
which is not  apparen t  in the data. Hence the binding parameters  presented here are 
derived f rom the competitive model  (Eq. 11). 

The  inhibition constants for Mg 2+, Ca z+, and Pt(NHa)4 2+ are derived from the data 
in Fig. 10 B by fitting the data with Eq. 11. The  binding sequence, KI3(0) (millimolar), 
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FIGURE 8. The attenuation of the K + channel unitary current in excised inside-out patches by 
three concentrations of cytoplasmic Ca 2+ (in the bath). These are: 1 mM (©), 10 mM (O), and 
100 mM (ff]). The solutions on each side of the patch contain 500 mM KCI. The control current 
(I °) was measured from patches in the presence of < 0.1 mM cytoplasmic CaCI~. The solid lines 
show the least-squares fit of Eq. 11 with the data. The parameters of the fit are: Kx4(0) = 00, 
K~3(0) = (23 -+ 1) mM, 83 = -0 .21 +- 0.02. The range of values for the ion activity coeffients 
used in the analysis are "rK+ = 0.57-0.61 and "rca2+ = 0.11-0.14. The model fit indicated that 
the blocking characteristics shown here are dominated by the blocking kinetics of site 3. 

of  site 3 in cytoplasmic 150 mM KC1 in the presence and absence of  vacuolar 150 mM 
K + is: Ba 2+ (3.8 - 1;--) ,  Mg ~+ (8 + 1; 6 -+ 1), Sr 2+ (8 + 1;--) ,  Pt(NH3)42+ (9 -+ 1; 
5.2 -+ 0.5), Ca 2+ (11.8 +_ 0.4; 8 -+ 2). The  data for Ba 2+ and Sr 2+ block have been 
taken f rom Laver and Walker (1991). The  binding sequence for site 4 in the absence 
of  vacuolar K + is: Ca 2+ (73 - 5 mM) > Pt(NH3)42+ and Mg 2+ (>  1 M). 

Figs. 9 B and 11 compare  the effects o f  vacuolar K +, Rb +, NH~, and Na + on Ca 2+ 
binding. K|4 increases with increasing vacuolar [K +] reflecting the associated increas- 
ing occupancy of  a vacuolar monovalent  cation site (site 7). There  was no detectable 
voltage dependence  observed for this effect, and the range of  values for ~7 (electrical 
distance o f  site 7 from the vacuolar side) that is consistent with the data is ~v < 0.2. 
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T h e r e f o r e  the  da ta  in  Fig. 12 were  f i t ted with Eq. 13, where  it is a s s u m e d  tha t  ~7 = 0: 

KI4(aK) = KI4(0 ) + Kl4(O0)-(l + KD7/aK) -1 (13) 

T h e  p a r a m e t e r  va lues  de r ived  f rom the  fit a re  Kt4(o0) = (3 +- 2) M, KI4(0) = 73 m M ,  
a n d  KD7 = (30 - 25) mM.  T h e  relat ive effects o f  o t h e r  ca t ions  o n  the  m a g n i t u d e  o f  
KI4 shown in  Fig. 11 are  as follows: K + (1) > Rb ÷ (0.15) > NH~- (0.056) > Na  ÷ 

( < 0.02). 
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FIGURE 9. The effects of vacu- 
olar cations on the rapid Ca 2+ 
blocking kinetics from the cy- 
toplasmic side. Cytoplasmic 
[Ca 2+] = 1 mM and cytoplas- 
mic [KC1] = 150 mM. The cyto- 
plasmic [Ca 2+] present for the 
control measurements was in 
the range 10-100 I~M. The 
range of values for the ion ac- 
tivity coefficients in the analysis 

, are -rK+ = 0.7-0.71 and "rca2+ = 
200 0.24-0.26. (A) The ion concen- 

trations in the vacuolar solu- 
tions are 3 mM KC1 (O), 3 mM 
KCI + 147 mM NaCI (©), and 
150 mM NaCl (line). The  line is 
a fit of Eq. 11 to the data taken 
from B. (B) The ion concentra- 
tions in the vacuolar solutions 
are 150 mM KCI (O), 10 mM 
KC1 + 140 mM NaCI ( I ) ,  10 
mM RbCl+ 140 mM NaCI (Ax), 
and 150 mM NaCI (0).  The 
Ca 2+ block in the presence of 
vacuolar 150 mM NH4CI (data 

250 not shown) was approximately 
the same as that in the pres- 
ence of 10 mM KCI. The curves 

show the least-squares fits of the data to Eq. 11 (solid lines, competitive binding) and Eq. 12 
(dashed lines, noncompetitive binding). The parameters of the fit with Eq. 11 are: Kis(0) = 
(11.8 _+ 0.4) mM, ~3 = -0 .21  -+ 0.02, and ~4 = - 0 . 6  - 0.05. The values for KI4(0) are shown in 
Fig. 10. 

T o  de tec t  a n o n i n h i b i t e d  c o m p o n e n t  o f  the  cu r ren t ,  e x p e r i m e n t s  were p e r f o r m e d  
u n d e r  c o n d i t i o n s  where  d iva len t  ion  sites were expec t ed  to be  nea r ly  sa tura ted .  For  
e x a m p l e ,  at  m e m b r a n e  PDs > 200  mV cytoplasmic  1 m M  Ca 2+ in  the  absence  of  
vacuo la r  K ÷ occupies  site 4 > 00% of  the  t ime. U n d e r  these  cond i t i ons  Ca 2+ was also 
f o u n d  to totally i n h i b i t  the  c u r r e n t  (da ta  n o t  shown).  H e n c e  it c an  be  said tha t  Ca 2+ at  
site 4 totally blocks c o n d u c t i o n .  However ,  it is difficult to d i sce rn  w h e t h e r  Ca 2+ at site 
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FIGURE 10. T he  effects of  vacuolar cations on the cytoplasmic block by several divalent ions 
when  cytoplasmic [KCI] = 150 mM. The  solid lines are fits to the data  with Eq. 11. (A) Block by 
10 mM Ca 2+ when the vacuolar solution contains 150 mM KCI (C)) and  150 mM NaCI (O). 
When vacuolar K ÷ is removed the voltage dependence  of  the Ca ~+ block is increased. (B) Block 
by 1 mM Pt(NH3)4 z+ (squares), 10 mM Mg 2+ (circles), and 100 mM Mg 2+ (triangles) in the 
presence of  e i ther  vacuolar  150 mM KC1 (filled symbols) or 150 mM NaCI (open symbols). The 
voltage dependence  of  the block by Pt(NH~)~ + and  Mg 2+ is not  affected by vacuolar [K+]. The  
range  of values for the ion activity coefficients in the analysis are "rK+ = 0.62-0.71 and  Zx~+ = 
0.14-0.26.  The  parameters  of  the fits are ~ for Mg 2+ and  Ca2+: ~ = -0 .21  --- 0.02 and  ~4 = 
- 0 . 6  - 0.05; ~ for Pt(NHs)4z+: ~3 = - 0 . 2 9  - 0.02. KI3(0) in the presence and  absence of 
vacuolar 150 mM K + and  KI4 in the absence of vacuolar K ÷, respectively. CaZ+: KI3(0) = 
( 1 1 . 8  +- 0.4) mM, (8 -- 2) mM; KI4(0 ) = (7 _+ 5) M. Mg2+: K~3(0) = (8 -+ 1) mM, (6 -+ 1) mM; 
K14(0) > 1 M. Pt(NH3)42+: KI3(0) = (9 -+ 1) mM, (5.2 + 0.5) raM; Kt4(0) > 1 M. 
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FIGURE 11. The effect of vac- 
uolar cation activity on Kx4; i.e., 
the binding of Ca 2÷ at site 4. 
The data are (symbol, cytoplas- 
mic [K +] (miUimolar), external 
cation, X+): (0) 150, K+; (©), 
500, K+; (ll) 150, Rb+; (ffl) 
150, NH2. Where possible, the 
ionic strengths of the external 
solutions were made up to 150 
mM with NaCI. The solid curve 
is a fit to the K ÷ data with Eq. 
13. The parameters of the fit 
are: K14(00) = (3 -+ 2) M, 
KI4(0) = 73 mM, and KD7 = 
(30 --+ 25) mM. 

3 can also totally inhibi t  the current  because at extreme m e m b r a n e  PD Ca 2+ b ind ing  
at site 4 becomes significant even in the presence of high vacuolar [K+]. Block at site 
3 is bet ter  s tudied using Mg 2+, which does no t  b ind  appreciably with site 4. Fig. 10 
shows that 110 mM Mg 2+ at a m e m b r a n e  PD of 100 mV blocks 95% of the current .  
This fits well with the predict ions of Eq. 11, where it is assumed that divalent ion 
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FIGURE 12. The slow cytoplasmic block of the channel shown by the relative open probability 
of the channel. The relative open probability is the ratio of the open probability of the blocked 
channel to that of the channel at low divalent ion concentrations. The data show divalent cation 
block and the solid lines are fits of the data to Eq. 11. The composition of bathing solutions 
(external, cytoplasmic, millimolar) and the fitted values of KI5(0) associated with each are: (I-1) 
150 NaCI, 150 KCI + 1 CaCI2, (6.3 --- 1) mM; (~) 150 NaCI, 150 KCI + 10 CaCI2, (6.3 _+ 1) 
mM; (ll) 150 NaCl, 500 KC1 + 10 CaCI2, (8.3 --- 2) mM; (O) 150 KCI, 150 KCI + 1 CaC12, 
(3.0 --- 1) M; (0) 150 KCI, 500 KCI + 10 CaCI~, (5.7 --- 1) M; (0) 150 KCI, 150 KCI + 0.1 
CaCI2 + 1 Pt(NH3)4(CIO4)2, > 20 M, where B5 = -0 .7  _+ 0.07. 



286 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  100. 1992 

b ind ing  totally blocks the current .  Therefore  it appears that, at least in the case of 

Mg 2+, b ind ing  at site 3 causes a complete  block of the pore. 

Slow Block from the Cytoplasmic Side 

Divalent cations block the channel  from the cytoplasmic side, p roducing  long 
closures. Dur ing  these intervals the current  through the channel  drops to zero, 

7 

%, 

.,< 

A 
7 • , , 9 

4 [ -  / o  9 / 6 

/ /4 ' , , "  
3L / ~" !5 .~, 

, , / /  ' ~., 
2[- / " 4 
I -- , , ' --- '_t.  -o 

-1--. .  

-1!  u I ", ~ 1 
0 50 100 150 200 

Membrane PD (mV) 

6 o • o. 

O ~ L  • 

! I I 

50  100 150 200  

Membrane  PD (mY)  

! 

250  

FIGURE 13. The Ca ~+ dissoci- 
ation, koSff, and association rates, 
koSn, derived from the channel 
burst and gap durations in the 
presence of cytoplasmic Ca ~+ 
(see Materials and Methods). 
(A ) k Sn (circles) and k So~ (triangles) 
in the presence of external 150 
mM NaCI and cytoplasmic 150 
mM KCI. Cytoplasmic [Ca ~+] is 
either 1 mM (open symbols) or 10 
mM (filled symbols). The lines 
are predictions of a sequential 
binding model (Eqs. 16 [solid] 
and 17 [dashed]) for Ca 2+ 
(Scheme 1) when cytoplasmic 
[Ca 2+] is either 1 mM (dashed) 
or 10 mM (solid). The parame- 
ters of the fit are: (85 - 84) = 
-0.1,  k45(0) = 200 s -l, k 5 4 ( 0  ) = 

40 s -1 . (B) koSn (open symbols) and 
kSo~ (filled symbols) in the pres- 
ence of cytoplasmic 500 mM 
KCI and 10 mM CaCI~. Exter- 
nal solution contains: 150 KC] 
(O); 150 NaCI (I) ;  and 500 
mM KCI (&). The parameters 
of the fit are: (85 - 84) = -0.1 ; 
k 4 5 ( 0  ) = 200 s -l, k 5 4 ( 0  ) = 60 s -1 
in zero external [K+]; k45(0) = 
30 s -l, k54(0) = 7,000 s -I in 150 
mM external [K +] (this param- 
eter value is not significant due 
to the uncertainty in the pa- 
rameter value of P4). 

indicat ing a total block of the channel .  The  time average of the result ing block by 
Ca 2+ and  Pt(NHs)42+ is shown in Fig. 12 by the open  probabili ty of the channel  which 
is fitted with Eq. 14: 

Po(X2+)/Po(O) = (1 + ax/Kls) -1 (14) 

where Kl5 has a voltage dependence  similar to that given by Eq. 6. The  voltage 
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dependence of the block indicates a binding site deep within the pore 
(85 = -0 .7  - 0.07) which is the same as that found previously for block by Ca 2+ and 
also Ba ~+ and Sr 2+ (Laver and Walker, 1991). KIs(0) depends on [K ÷] in both the 
cytoplasmic and vacuolar solutions. In the absence of vacuolar K ÷, increasing 
cytoplasmic [K ÷] from 150 to 500 mM increases Kis(0) for Ca 2÷ from 6.3 +- 1 mM to 
8.3 - 2 mM. Exchanging vacuolar 150 mM Na ÷ for K + increases KIs(0) for Ca 2+ by a 
factor of 600. Combining data presented here with those in Laver and Walker (1991), 
the binding selectivity of site 5 for divalent ions (KIs(0) in 150 mM symmetric K ÷) is: 
Ba 2+ (1.2 mM) > Sr 2+ (47 mM) > Ca 2+ (10 M) > Mg 2+ (>47  M), and Pt(NH3)42+ 
(>20  M). 

Ca2+-induced channel closures occur with durations that follow an exponential 
frequency distribution. The frequency distributions of burst lengths can also de- 
scribed by a single exponential. Hence the voltage dependence of Ca 2+ binding rates 
at site 5 (koS~ and 5 kon ) shown in Fig. 13 could be derived from the mean burst and gap 
durations (see Materials and Methods). These results were usually obtained from 
patches with one channel, though under  conditions of low channel activity patches 
with two channels were also suitable. The number of channels in each patch could be 
determined from the number of different current levels observed under conditions of 
high channel open probability (i.e., at membrane PDs where ion block is not 
significant). 

kSofr exhibits an e-fold change every 60-80 mV (Fig. 13A and B). The voltage 
dependence of kSon starts to plateau under conditions where sites 3 and 4 become 
saturated with Ca ~+, which is an indication of competition between sites 3, 4, and 5 
for Ca 2+. 

The [Ca 2+] dependence of koSn and koSfr under conditions where sites 3 and 4 
approach saturation yields further information about competitive interactions be- 
tween these sites. Such conditions occur within the experimental voltage range when 
the cytoplasmic solution contains 150 mM KCI and the vacuolar solution contains 
150 mM NaC1. Here increasing cytoplasmic [Ca ~÷] from 1 to 10 mM decreased koSfr 
approximately fivefold and increased kSon approximately twofold (see Fig. 13 A). 

Fig. 13 B shows how vacuolar K + reduces internal Ca 2+ block by both increasing 
kSo~ and decreasing kSon . Analysis of koSn and k5ofr in terms of reaction rate is carried out 
within the framework of a model for Ca 2+ binding which is justified in the Discussion. 
Hence analysis of the [K +] dependence of these reaction rates is reserved for the 
Discussion. 

D I S C U S S I O N  

The results were fitted with a model that proposed five divalent ion binding sites on 
the K + channel protein (see Fig. 15). Two of the sites are accessible to ions in the 
vacuolar solution (sites 1 and 2) and three to ions in the cytoplasmic solution (sites 
3-5). The observed blocking characteristics associated with the binding of Ca 2+ with 
these sites are described in the next section and are also summarized in Table I. 

The model also proposed two sites for monovalent cations on the protein. Site 7 is 
located superficially (87 < 0.2) at the vacuolar end of the channel and site 6 is a 
deeper  site (86 -- -0 .3  --- 0.1) at the cytoplasmic end of the pore. 
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The properties of  these sites are interpreted in terms of the conventional view of 
maxi-K channel protein structure (e.g., Latorre and Miller, 1983; Eisenman and 
Dani, 1987); the pore consists of  a short constricted section which opens out into 
vestibules that face the bulk solutions on each side of  the membrane.  

Ca 2+ Sites 

Vacuolar sites. Site 1 is a relatively superficial site (~1 = 0.07) which is assumed to be 
responsible for the Ca2+-induced inhibition of K + conductance. 

Site 2 is located deeper  within the pore (~2 = 0.3) which is assumed to be 
responsible for the slow block by vacuolar Ca 2+. The ion binding events at this site 
are slow enough (0.1-1 ms) to be easily resolved by the patch-clamp technique. Ca 2+ 
binding at this site has been shown to be coupled with the operation of one of the 
voltage-dependent gates of  the channel (Laver, 1990). Site 2 is occluded from the 
vacuolar solution when the gate is closed, and when C a  2+ does bind and block the 
channel it also locks the gate in the open conformation. 

At physiological ionic strength the voltage dependences of Ca 2+ dissociation and 
association rates (Fig. 5) are consistent with Ca 2+ dissociating from site 2 mainly by 
returning either to the vacuolar solution or possibly to site 1. However, under  low 
ionic strength conditions when Ca 2+ dwells at site 2 for longer periods the voltage 
dependence of the dissociation rate indicates the additional dissociation route for 
Ca ~+ to the cytoplasmic solution. In this way Neyton and Miller (1988a) also showed 
that Ba ~+ could permeate the maxi-K channel in rat skeletal muscle. The lower values 
ofko2~ obtained in cytoplasmic solutions of low ionic strength may be due to the effect 
of  negative fixed charge on the cytoplasmic side of the channel (Laver, D. R., and 
K. A. Fairley, unpublished data) which would shift the voltage dependence of channel 
kinetics to more positive membrane  PDs. These effects have already been observed 
with the maxi-K channel from rat (MacKinnon, Latorre, and Miller, 1989). Regard- 
less of  the exact mechanism for the effect of ionic strength on the dissociation rate it 
appears that these conditions allow the effects of  Ca ~+ permeation in the channel, 
which would otherwise occur well outside the experimental  range, to be measured. 
The  dissociation rate of Ca 2+ to the cytoplasmic solution is weakly voltage dependent  
and is in the range 109-103 s -1. The permeation rate of vacuolar Ca 2+ in the channel 
is the product of the occupancy of site 2 (see Fig. 4) and the dissociation rate. The 
Ca  2+ permeation rate so calculated varies from 5 s - l  at 0 mV to 500 s -x at - 2 0 0  mV. 

Cytoplasmic sites. Sites 3 and 4 are located at 21 and 60% of the way along the 
membrane  PD (from the cytoplasmic side), respectively. These sites that are respon- 
sible for cytoplasmic Ca 2+ inhibition of channel conductance are assumed to exhibit 
rapid binding kinetics. 

Site 5 is located deep within the pore (~5 = -0 .7 )  and the Ca 2+ binding kinetics at 
this site are slow. The ion association and dissociation rates have opposite voltage 
dependences of similar magnitude, which suggests that Ca 2+ at this site dissociates 
primarily back to the cytoplasmic side. 

Sites 2 and 5 appear  to be located on the same membrane  plane within the pore, 
which raises the possibility that they are in fact the same site. However, this cannot be 
the case because sites 2 and 5 have quite different properties. For example, C a  2+ at 
site 2 exits rapidly to the vacuolar solution with a dissociation rate of  5.4 × 10 4 s-1 at 
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50 inV. At this membrane  PD Ca 2+ at site 5 has a low dissociation rate which ranges 
from 20 to 150 s -1, where most  o f  these dissociation events involve Ca 2+ exiting to 
the cytoplasmic solution ra ther  than the vacuolar solution. 

Competition between Divalent Ion Sites 

T he  concentrat ion dependence  o f  the Ca 2+ block over a wide range fits well with that 
expected f rom Ca 2+ binding to discrete saturable sites on the channel  protein (Fig. 
8). The  two rapid cytoplasmic sites appear  to compete  for Ca 2÷. The  voltage 
dependence  o f  the rapid Ca ~+ block in Fig. 9 B fitted better with the predictions o f  a 
competit ive kinetic model  than with a model  where it was assumed that Ca 2+ binds 
independent ly  at sites 3 and 4. 

Compet i t ion between rapid and slow sites for Ca 2+ can be de termined from the 
[Ca ~+] dependence  o f  the Ca 2+ association and dissociation rates. I f  Ca 2+ only binds 
to a site when the o ther  divalent ion sites in the same vestibule are unoccupied,  then 
the association rates at sites 2 and 5 have the following concentrat ion dependence:  

k~)n(aca) = acak°(i)(1 - P); i = 2 or  5 (15) 

where aca is the Ca 2+ activity, k °(i) is the association rate constant  for an unoccupied  
channel,  and P is the probability that other  sites in the same vestibule are occupied. 
In  Eq. 15 k(i) n is propor t ional  to aca at low concentrat ions and levels off  at high 
concentrat ions where P approaches  one. It is also possible that Ca 2+ at sites 2 or  5 
can be "locked in" to the channel  by Ca 2+ at a more  superficial site (Neyton and 

1,0) will decrease as the o ther  sites in the same vestibule Miller, 1988b). In that case '~oU 
saturate due to either high [Ca 2+] or  membrane  PD. Laver (1990) found that ko~n does 
saturate at high vacuolar [Ca 2+] and that ko~fr is independent  of  vacuolar [Ca2+]. In  
this way it was established that sites 1 and 2 cannot  be simultaneously occupied. 

However, the same conclusion cannot  be drawn from the blocking kinetics of  
cytoplasmic Ca ~+. The  dissociation rate from site 5 is found to decrease with 
increasing occupancy of  sites 3 and 4. Hence two Ca 2+ can occupy the vestibule that  
faces the cytoplasmic side; one  at site 5 and another  at either site 3 or 4, which locks 
Ca 2+ into site 5. The  Ca 2+ association rate saturates at high cytoplasmic [Ca~+], which 
means that Ca 2+ cannot  bind at site 5 when sites 3 or 4 are occupied. This does not  
imply sites 3 -5  compete  for Ca 2+ because it has just  been shown that two Ca 2+ can 
occupy the cytoplasmic vestibule. Rather, this means that Ca z+ at the superficial sites 
occludes the deep site. These  propert ies are characteristic of  a kinetic scheme where 
the cytoplasmic solution (state 0) and sites 3 -5  are connected in series. The  "lock in" 
effect contributes an additional state where Ca ~+ is bound  at site 5 and site 3 or  4. 

0 <--> (3 <--, 4) o (5 o [lock in]) 

Rapid block Slow block 

Scheme 1 

For such a model  the association and dissociation rates are given by Eqs. 16 and 17: 

koSn(V) = P4(V)k45(O) exp [ - (85 - 84)zFV]2RT] (16) 

koSff(V) = [1 - P3(V) - P 4 ( V ) ] k 5 4 ( O )  exp [(85 - 84)zFV/2RT ] (17) 
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where k54(0) and k4s(0) are the rate constants for Ca 2+ exchange between sites 4 and 
5 at zero voltage. P3 and P4 are the voltage-dependent probabilities that sites 3 and 4 
are occupied while site 5 is occupied. The occupancies of  sites 3 and 4 are likely to 
depend on whether site 5 is occupied. However, here it is assumed that the values for 
P3 and P4 are independent  of the occupancy of site 5 so that the values in Eq. 17 can 
be obtained from the analysis of  the rapid Ca 2+ block where site 5 is empty. The 
solutions of Eqs. 16 and 17 predict the gross features of the [Ca 2+] and voltage 
dependences of  kSo~ and koS, shown in Fig. 12, A and B. The exponential term in Eq. 
17, where (85 - 84) = -0 .1 ,  accounts for only 15-25% of the observed voltage 
dependence of koSfr. The rest of the voltage dependence comes from the voltage 
dependence of  the lock in effect. 

Competition between Divalent and Monovalent Cations 

The vestibule facing the vacuole. All forms of vacuolar and cytoplasmic Ca 2+ block were 
alleviated by an increase in [K +] on the same side of  the channel. This indicates that 
there is a limit to the number  of  ions that can occupy each vestibule so that the K + 
and Ca z+ sites compete for ions. 

In a previous study of the properties of  Ca 2+ binding at site 1 in the presence of 
high [K +] (Laver, 1990) it was found that Ca 2+ block was predicted by single-ion 
models; i.e., only one ion could occupy the channel at any one time. However, 
single-ion models fall short of explaining the Ca 2+ inhibition of conductance at low 
vacuolar [K +] in Fig. 3. The biphasic inhibition is a characteristic of both multi-ion 
occupancy of the pore and surface charge effects. To  illustrate how this arises from 
multi-ion kinetics, consider the following scheme for rapid ion binding in the 
vacuolar vestibule. It can be empty (state 0), occupied by either one K + (state K) or 
C a  2+ at site 1 (state Ca), occupied by both K + and Ca 2+ together (state KCa), or 
occupied by two K + (state 2K). 

K - -  2K 
/ \ 

O KCa 
\ / 

Ca 

Scheme 2 

Ions binding to channels that already contain one ion are expected to do so with 
relatively low affinity due to the effects of ion repulsion. It serves the purpose of this 
illustration to make the simplifying assumption that ions are in equilibrium with the 
vacuolar solution and that the K + current associated with each state, /state, is 
proportional to the mean K + occupancy, Psta te ,  of  that state: 

I = IK'P K + IKca'PKCa + I2K'P2K (18) 

The  occupation probabilities for the states are related to the dissociation constants in 
the kinetic scheme. Hence: 

IK'aK/KDK + IKca'aKaca/KDKKDKCa + I2K'aK2/KDKKD2 K 
I = (19) 

1 + aK/KDK + aKaca/KDKKDKCa + aK~/KDKKLD2K + aca/KDCa 
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Here  aK and aca are the vacuolar K + and Ca 2+ activities, respectively. KDK and KD2a 
are the dissociation constants for the first and second K +, KDCa is that for Ca 2+, and 
KDKCa is that for K + in the presence of bound Ca 2+. 

The solution to this equation is compared with the data in Fig. 3. At low [K +] and 
[Ca 2+] only states 0, Ca, and KCa have significant probabilities. Ion binding under 
these conditions will reflect competition between these high affinity sites. The 
noninhibited component  of  the current which is observable when [Ca 2+] is high and 
[K +] is low arises from K + permeation through the channel in the presence of bound 
Ca2+; i.e., state KCa is a conducting state (Iac~ is nonzero). In the limit of  high [K +] 
only states K, KCa, and 2K have significant probabilities, and when 12a :~ IK Eqs. 18 
and 19 reduce to a form that is the same as that used for predicting ion block of 
single-ion channels. This explains the success of single-ion models in accounting for 
the Ca 2+ block in previous studies. Hence, contrary to the previous conclusion drawn 
by Laver (1990) at least one K + and one Ca 2+ can simultaneously occupy the vacuolar 
vestibule of the channel. 

The  alternative explanation is that Ca 2+ can not only bind but can also screen fixed 
charges on the channel or the membrane  (Moczydlowski, Alvarez, Vergara, and 
Latorre, 1985; MacKinnon et al., 1989; Villarroel and Eisenman, 1989). A surface 
charge density as small as - 5  × 10 -4 C / m  2 in the vacuolar vestibule in conjunction 
with single-ion binding kinetics could account for the Ca 2+ block. The most 
convincing evidence against this alternative is found in Fig. 9 A, which shows that 
cytoplasmic Ca 2+ block is independent  of  the ionic strength of the vacuolar solution. 
Gouy-Chapman theory predicts that a surface charge of - 5  × 10 -4 C / m  2 will 
generate a surface potential of  - 4 3  mV in a solution with an ionic strength of 3 mM 
and - 8  mV in 150 raM. This surface potential offsets the trans-pore PD from the 
membrane  PD. Such an increase in ionic strength would shift the Ca ~+ block as 
shown in Fig. 9A by 35 mV to the right along the voltage axis. Even though 
cytoplasmic Ca 2+ block was found to be very sensitive to vacuolar [K+], it was 
independent  of  vacuolar ionic strength. 

The  competitive binding of K ÷ and Ca 2+ at site 2 has also been reported by Laver 
(1990). It is difficult to determine whether a competitive mechanism similar to site 1 
applies to site 2. This is because it is not possible to obtain reliable measurements of  
open and closed durations of  channels when the unitary currents are small, such as is 
the case when modeling Ca 2+ binding at site 1. However, one obvious difference in 
the K+-Ca 2+ competition at sites 1 and 2 is that Ca 2+ at site 2 can totally block the 
current, whereas Ca ~+ at site 1 allows K + permeation. 

The vestibule facing the cytoplasm. Rapid binding of cytoplasmic Ca 2+ is alleviated 
by cytoplasmic K + and single-ion models cannot account for the observed results. 
First, these models predict that an increase in [K +] from 150 to 500 mM (a 2.8-fold 
increase in activity) cannot increase the observed KI for the Ca 2+ block by a factor 
greater than 2.8. Second, they predict that K + will alter Ca 2+ binding at all the 
cytoplasmic sites in the same proportion. However, cytoplasmic K + is shown here to 
increase Kis and KI5 by a factor of 1.9 and Kx4 by a factor of  4.3. 

To illustrate how multi-ion kinetic models can predict these competitive effects, 
consider kinetic Scheme 3. Scheme 3 is similar to that used for describing the ion 
binding kinetics at the vacuolar vestibule except that in this case two cytoplasmic 
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Ca 2+ sites are included. 
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C 3 - - K C 3  

I I 
C 4 - - K C 4  

Scheme 3 

The  states and dissociation constants are named  according to the convention used for 
Scheme 2. States C3 and C4 refer to Ca 2÷ bound  at sites 3 and 4, respectively. In a 
similar way to the derivation o f  Eq. 19 it can be shown that the probabilities o f  states 
C3, C4, KC3, and KC4 occurr ing are given by Eqs. 20-22:  

Pc0) = Aac,/KDc(i); i = 3 or  4 (20) 

and 

and  where 

PKC(i) = AaKaca/KDKKI~(i); i = 3 or 4 (21) 

aK2 aK aC~a aca  aKaca aKaCa .1-1 

A = 1 + KDKKD2--~K + KD-----KK + KDC3 + ~ + KDI~KDc----~ + KDKKDc4J (22) 

where aK and aca are the cytoplasmic K + and Ca 2+ activities. 
T he  results show that Ca 2+, when bound  to sites 4 and 5 and also possibly site 3, 

totally blocks the K + current. Hence in Scheme 3 the only conduct ing states are K 
and 2K. States KC4 and probably KC3 do not  contribute to the total current;  i.e., 
Ca 2+ is assumed to totally block the channel  f rom the cytoplasmic side. To explain 
the strong competi t ion between K + and Ca ~+, consider the case when Ca 2+ and K + 
are unable to simultaneously occupy the pore;  i.e., states KC3 and KC4 have low 
probabilities. Rearranging Eqs. 20 -22  then reveals that the half-inhibition constants 
associated with sites 3 and 4 have the following dependence  on as: 

Kl(i) = KDC(i)(1 + aK/KDK + aK2/KDKKD2K); i = 3 or  4 (23) 

Thus  increasing aK by a factor of  2.8 could increase/(Is and KI4 as much as 8.3-fold, 
i.e., propor t ional  to a2x. 

To  address the problem of  why K ÷ competes  differently with Ca 2+ at sites 3 and 4, 
consider the case when states KC3 and KC4 have high probabilities o f  occurrence. 
T h e n  KI3 and/([4 can be shown to be approximately propor t ional  to aK rather  than 
a~: 

K1(i) = KDC(i)(KDK/aK + 1 + aK/KD~K); i = 3 or 4 (24) 

If  KC3 has a high probability and KC4 has a low probability of  occurrence, then 
cytoplasmic [K ÷] could have a much stronger effect on  Ca 2+ binding at site 4 than at 
site 3. T he  fact that this is observed suggests that  one Ca 2+ at site 3 can occupy the 
pore  along with one K +, while Ca ~+ at site 4 almost completely excludes K + from the 
pore. In a similar way it can be argued that Ca 2+ can occupy site 5 while one K + is in 
the pore. 
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Trans-Channel Competition 

T he  slow blocking kinetics o f  cytoplasmic Ca 2+ has been analyzed in terms of  a 
sequential b inding model  (Scheme 1). The  effect o f  vacuolar K + is analyzed here by 
its effect on the model  parameters.  Increasing vacuolar K + is interpreted as an 
increase in the dissociation rate constant (see Eq. 17). Fig. 14 shows the sublinear 
[K +] dependence  o f  ks4 (0 mV) which is fitted with Eq. 25: 

k54(aK) = k54(0 ) + k~4(o0 ) • (1 + KD7/aK) -1 (25) 

where aK is the vacuolar K + activity and KD7 is the K + dissociation constant  at site 7. 
T he  kinetics o f  the rapid cytoplasmic Ca 2+ block shows that 87 is so small that in Eq. 
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FIGURE 14. The external [K +] (aK) dependence of the Ca 2+ binding rate constants at zero 
membrane PD, k~4 (filled symbols) and k4s (open symbols). The curve represents the fit of Eq. 25 
with the data. The parameters of the fit are: k45(a~ -- 0) = 20 s -I, k4s(aK = 0o) = (5,500 - 4,000) 
s -l, KD7 = (1.7 - 1) M. The large errors on k54 data are primarily due to uncertainties in 
estimates of the occupancy of site 4, P4- 

25 it is assumed to be zero. Site 7 has a relatively low affinity compared  with site 6 
(KD7 > 500 mM). 

Within the framework of  Scheme 1, the vacuolar K+-induced decrease in koS. is due 
to an associated decrease in the occupancy of  site 4. Furthermore,  vacuolar [K +] has 
a small but  opposi te  effect on  the association rate constant k45 which increases with 
increasing vacuolar [K ÷] (see Fig. 14). It therefore appears  that vacuolar K ÷ raises the 
energy of  the minima associated with the cytoplasmic Ca 2+ sites but does not  have as 
strong an effect on  the energy barriers between the sites. 

Binding of  Ca 2+ to the two outer-most  sites on each side o f  the channel  is weakly 
dependen t  on [K +] on the opposi te  side o f  the pore, whereas the deeper  sites (sites 2, 
4, and 5) are strongly affected by K +. The  fact that  Ca ~+ at site 1 does not  interact 
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with K + in the opposite vestibule is not surprising since it has been shown that K + 
and Ca/+ can also cohabit in the vacuolar vestibule (see previous section). 

Analysis of the slow blocking kinetics at sites 2 and 5 shows that K ÷ increases the 
Ca z+ dissociation rates. For this to occur both Ca ~+ and K + must simultaneously 
occupy opposite ends of the pore. The fact that trans-channel competition is more 
pronounced for the deep Ca ~+ sites is consistent with them being in closer proximity 
to the monovalent cation sites in the opposite vestibule. 

One explanation for why [K +] has different effects on kon and ko~ for Ca 2+ binding 
in the opposite vestibule has been provided by Neyton and Miller (1988b). They 
point out that ko~ is measured while the channel is blocked and in equilibrium. Hence 
the saturating [K +] dependence of ko~ can be used to measure the occupancy of the 
K + site. However, kon is measured when the channel is conducting and K + is not in 
equilibrium so that saturating curves fitted with variations in kon give misleading 
estimates of the occupancy of the K + site. 

The different effects of [K ÷] on kon and kn~ also reflect other differences between 
the blocked and unblocked states of the pore. For example, measurements of 
vacuolar Ca 2+ binding were made here at negative membrane PDs where K + can 
permeate the channel from the vacuolar side and bind to and saturate site 6 on the 
cytoplasmic side. Thus small changes in cytoplasmic [K +] would have little effect on 
the occupancy of site 6. However, when the channel is blocked by Ca 2+ site 6 is only 
accessible to ions from the cytoplasmic solution, thus revealing the binding kinetics of 
cytoplasmic K +. 

Ion Selectivity 

By considering binding between hydrated ions Eisenman (1961) showed that the 
equilibrium selectivity of an anionic site for monovalent cations (group Ia) could be 
modeled on the basis of a balance between ion-water and ion-site interactions. He 
concluded first that the order of ion specificity is largely determined by the anionic 
radius, or surface electric field strength, of the binding site. Second, the magnitude of 
the selectivity depends on the amount of water admitted into the vicinity of the 
binding site. Truesdell and Christ (1967) extended Eisenman's model to account for 
divalent ion selectivity by considering binding sites consisting of pairs of monovalent 
anions. They showed that these sites are selective for divalent ions over monovalent 
ions when the negative charges are separated by < 0.5 nm. The order of selectivity 
among divalent ions is dependent  on the anionic radii at the binding site. 

The superficial divalent ion sites (sites 1 and 3) have a low selectivity which 
indicates that these sites have a high degree of hydration. The weak voltage 
dependence and selectivity both suggest that these sites are located so that they are 
relatively open to the bulk solutions in the channel vestibules. The cytoplasmic site 
(site 3) has a type VI selectivity sequence which corresponds to site radius of 0.06 nm 
(Truesdell and Christ, 1967). The large polyatomic divalent cation Pt(NH4)~ + binds 
to these sites with higher affinity than the group IIa cations. This further supports the 
notion that sites 1 and 3 are located on relatively accessible parts of the protein 
structure. 

The deeper sites (sites 2, 4, and 5) have strong selectivities. For example, the 
selectivity of site 5 is 104-fold larger than that for site 3. This indicates that these deep 
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sites do not admit water as easily as the shallow sites. This is consistent with these sites 
being located in a constricted part  of  the pore where the ions must sacrifice their 
hydration shell to gain access to the binding sites. These sites have a selectivity 
sequence that corresponds to type VII which is expected from a site with anionic radii 
> 0.07 nm. 

The anhydrous diameter  of  Pt(NH4) 2+ (0.7 nm) is similar to the hydrated 
diameters of the group IIa cations. However, unlike the water surrounding group IIa 
cations the amine groups are not labile. The inability of  Pt(NH4)~ + to bind to the 
deep sites is consistent with these sites being located in a constricted part  of  the 
protein structure, possibly within the narrow part of  the pore. 

In this study the selectivity sequence of two monovalent cation sites has been 
determined. The  relative ion specificities of  the cytoplasmic and vacuolar sites (sites 6 
and 7) are: K + (1, 1) > Rb + (0.15, 0.15) > NH~- (0.06, 0.056) > Na + (<0.03,  
< 0.02). Both sequences are similar to the ion permeability sequence for the channel, 

which is: K + (1) > Rb + (0.33) > NH~" (0.11) > Na + (<0.06). The correlation 
between the ion permeability sequence and binding sequences supports the hypoth- 
esis of  Neyton and Miller (1988b) that the permeability selectivity of  the channel is 
associated with relatively superficial binding sites. 

Location of Ion Binding Sites on the Channel Protein 

The data presented here clearly show that several ions can interact simultaneously 
with the K + channel protein. Multi-ion kinetic properties of  the maxi-K channel in 
Chara and in rat (Neyton and Miller, 1988a, b) are both interpreted as being due to 
ion interactions within the pore. Hence these interactions are used to probe the 
affinities and locations of  K ÷ binding sites within the pore. Draber et al. (1991) 
proposed an alternative permeation mechanism in the large conductance K + channel 
in NiteUa where ion binding at channel-modifying sites outside the pore produces 
multi-ion kinetics. Within the framework of that model, Ca ~+ could block K ÷ 
permeation in the Chara channel by binding within a cleft in the protein structure 
which is not accessible to ions in the permeation pathway. Competition between K + 
and Ca 2+ would not necessarily be due to K + in the pore. Hence ion interactions may 
reflect properties of  ion binding sites outside the pore and so have no relevance to 
K + permeation. 

It is difficult to distinguish between these models because it is possible to describe 
both processes by the same kinetic scheme. The most convincing piece of evidence 
for an interior location for site 2 is that Ca 2+ can dissociate from this site to either the 
vacuolar or cytoplasmic side of  the membrane.  Circumstantial evidence for an 
interior location for the monovalent binding sites (sites 6 and 7) can be drawn from 
the fact that the ion specificities of  these sites are the same as the ion permeation 
selectivity of  the pore. 

Comparison with Animal Maxi-K Channels 

The maxi-K channel from rat skeletal muscle has been thoroughly characterized. The 
voltage dependence of site 3 is the same as that found for divalent ion binding sites 
on maxi-K channel in rat skeletal muscle (Oberhauser, Alvarez, and Latorre, 1988; 
Ferguson, 1991) and SR K + channel in cardiac muscle (Liu and Strauss, 1991). The  
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voltage dependence of C a  2+ binding at site 1 (81 = 0.07) is much less than that 
reported for vacuolar (trans) Ca ~÷ block of the SR channel (8 -- 0.24) by Liu and 
Strauss (1991). However, considering the low bandwidth of their measurements, a 
voltage-dependence "flicker block" like that observed here would not be resolved and 
hence would be mixed in with the rapid block and so increase the observed voltage 
dependence. 

Ba 2+ binds to this channel from the cytoplasmic side at a deep site (8 = -0 .67)  
(Vergara and Latorre, 1983) which corresponds to site 5 in the Chara K + channel. 
Detailed studies of  the K+-Ba z+ interactions within the rat channel were made by 
Neyton and Miller (1988a, b). The differences between their findings and those 
presented here stem mainly from the fact that Ba 2+ can readily permeate  the channel 
in rat at modest  membrane  PDs, whereas the channel in Chara Ca 2+ permeation is 
detected only at extreme membrane  PD. The channel in rat has a cytoplasmic lock in 
site with voltage-dependent binding kinetics (8 = -0 .3 )  that parallel those of site 6 
(86 = -0 .3) .  The zero voltage binding affinity of  site 6 for K ÷ (~  10 mM) is much 
higher than that of  the cytoplasmic lock in site (330 mM). This difference could be 
due in part  to the methods used for probing these sites. Neyton and Miller (1988b) 
derived the properties of the cytoplasmic lock in site from interactions between K + 
and Ba 2+ within the same vestibule. In the present study site 6 was probed using 
interactions between ions in opposite vestibules where the repulsive forces between 
ions are weaker. This would explain the lower observed binding affinity of the 
cytoplasmic lock in site compared with that for site 6. The Ca 2+ lock in effect 
observed here has been previously observed in animal maxi-K channels by Neyton 
and Miller (1988b). They found that cytoplasmic Ca 2+ could lock Ba 2+ into the 
channel, indicating that Ca 2+ and Ba 2+ simultaneously occupy the cytoplasmic 
vestibule. 

Evidence for a vacuolar lock in site in the rat maxi-K channel was obtained from 
the effect of vacuolar K + on Ba ~+ permeation (Neyton and Miller, 1988a). Since C a  2+ 

permeation through the Chara channel is not easily measured, a vacuolar lock in site 
could not be detected by these means. The  properties of  site 7 do not correlate 
closely with any of the sites detected on the rat maxi-K channel. The location of site 7 
(87 < 0.2) corresponds to that of the vacuolar lock in site, whereas its affinity for K + 
is more like that the vacuolar "enhancement" site. 

The selectivity of the cytoplasmic divalent cation sites of the Chara channel are such 
that Mg 2+ binds mainly to site 3 and Ba 2+ binds mainly to site 5. Only Ca 2+ binds 
appreciably to three cytoplasmic sites. Thus, studies of the blocking effects of Ba 2+ 
(Neyton and Miller, 1988a, b) and Mg 2+ (Ferguson, 1991) only reflect the character- 
istics of two sites, which may explain why only two cytoplasmic binding sites have 
been reported for the animal maxi-K channel. It is the unique properties of Ca 2+ that 
have allowed the competitive interactions between the three cytoplasmic sites to be 
investigated here. 

C O N C L U S I O N S  

Fig. 15 presents a schematic diagram that outlines the main features of Ca 2+ block of 
the large-conductance K + channel in Chara. Ca 2÷ binds to the protein at five 
kinetically distinct sites. The vacuolar vestibule has two Ca 2+ binding sites (sites 1 and 
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2) which are located 8 and  30% of the way along the t rans-pore PD from the outside, 

respectively. Sites 3 -5  are situated in the cytoplasmic vestibule at 21, 60, and  70% 
along the t rans-pore PD from the inside, respectively. Vacuolar Ca 2+ has a measur-  
able permeabil i ty in the Chara K + channel .  Permeat ion  of cytosolic Ca ~+ was not  

5= 0 0.5 1.0 
! o I I I I J ! | l I 

VACUOLE CYTOPLASM 

FIGURE 15. This schematic diagram summarizes the main aspects of Ca ~+ binding with the 
Chara K ÷ channel. The scale indicates the relative potential drop across the channel (i.e., the 
electrical distance). The profile of the pore has two vestibules which face the bulk solutions. The 
constriction in the pore indicates a region of high resistance to Ca 2+ permeation, which 
presumably separates the vacuolar and cytoplasmic vestibules. The vestibule facing the 
cytoplasm is deeper and broader than that facing the vacuolar side of the membrane. This is 
deduced from the stronger voltage dependence of ion block from the cytoplasmic solution 
found here and by others (e.g., TEA, HombM and Fuks, 1991; sodium, Bertl, 1989). Sites 
labeled 1-5 bind divalent ions and sites 6 and 7 bind monovalent ions. The bars attached to the 
sites indicate the error in estimating the location of these sites. The presence of K ÷ sites labeled 
K are postulated from competition between Ca 2+ and K ÷ from the same side of the membrane. 
The location of these sites within the pore is unknown. Site 2 is occluded when the external 
voltage-dependent gate (gate A) is closed (Laver, 1990). The pore conducts K ÷ when Ca 2÷ is 
bound at site 1 hut is blocked by Ca i+ at the other sites. The external vestibule can be 
simultaneously occupied by one Ca 2+ and one K + and the cytoplasmic vestibule can bind two 
Ca 2+. Ca 2÷ binds sequentially to sites 3-5 and Ca 2+ at either site 3 or 4 can lock Ca 2+ into site 
5. External K + alleviates Ca 2+ block at sites 1, 2, 4, and 5 and cytoplasmic K ÷ alleviates the 
block at sites 2-5. 

detected. In  the channel  vestibule facing the cytoplasm Ca 2+ must  b ind  to ei ther  site 
3 or 4 before it b inds  to site 5. 

The  K + channel  in Chara is a mult i - ion channel .  Single-ion models for K + 
pe rmea t ion  within the Chara K ÷ channel  (Bertl, 1989; Laver et al., 1989) do not  

account  for the findings of this study. The  kinetics of the slow Ca 2+ block reveals that 
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two Ca 2+ can occupy the cytoplasmic vestibule of  the channel. The  vacuolar vestibule 
is known to hold only one Ca ~+ (Laver, 1990). The  nature of  the competi t ion between 
divalent and monovalent  cations is consistent with the present  unders tanding  of  ion 
permeat ion in K ÷ channels; i.e., the maxi-K channel  can be occupied by up to four 
K ÷ ions (Neyton and Miller, 1988b). Compet i t ion between K ÷ and Ca r+ on the same 
side o f  the membrane  over a wide range o f  [K ÷ ] clearly shows the presence o f  at least 
two K + sites in each channel  vestibule. Further, competi t ion between Ca 2+ and K + at 
opposite ends o f  the channel  shows that one o f  the cytoplasmic K + sites has an 
equilibrium binding affinity of  ~ 10 mM and is located 30% of  the way along the 
trans-pore PD. Similarly it is shown that one of  the vacuolar sites has a low affinity 
(>  500 mM) and is superficially located on the protein. 

Several lines of  evidence indicate that sites 1 and 3 are located on parts of  the 
channel  protein that are relatively exposed to the bulk solutions and that sites 2, 4, 
and 5 are located deep within the pore and are relatively inaccessible: (I) The  fact 
that ions binding at sites 2, 4, and 5 must traverse a large fraction o f  the trans-pore 
PD suggests a deep location for these sites in the K + channel  protein. (2) Ca r+ 
associates and dissociates f rom site 5 via either site 3 or  4. (3) Binding o f  divalent ions 
at sites 2, 4, and 5 is most  strongly affected by monovalent  ions in the opposite 
vestibule, suggesting that these sites are in closer proximity to the opposite side of  
the membrane.  Sites 1 and 3, by the same reasoning, must be relatively superficial. 
(4) The  high ion specificity of  the deep divalent ion binding sites indicates that water 
has limited access to these sites. The  low ion specificity o f  the superficial sites (sites 1 
and 3) is indicative of  a well-hydrated, relatively exposed location on the channel 
protein. (5) K ÷ and Ca r+ are generally less able to cohabit  the pore when bound  at 
the deeper  sites than at the superficial sites. For example, one K + and Ca r+ at site 1 
are shown to cohabit the vacuolar vestibule, whereas Ca 2÷ at site 4 excludes K ÷ from 
the pore. Also, the binding of  Ca r+ at site 1 does not  totally block K ÷ conduct ion in 
the channel.  This suggests a more  confined environment  in the vicinity of  the deep 
sites. 
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