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Ca’*-activated K * channel in rat pancreatic islet B cells:
permeation, gating and blockade by cations
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Actwation of Ca’*-dependent K* conduc.ance has long been postulated to contribute to the cyclical pauses in
plucose-induced electrical activity of pancreatic wslet B cells Here we have examined the gating, permeation and
Mockade by cations of a Iarge-conductance, Cal*-activated K* channel in these cells, This channel shares many
features with BK (or maxi-K ) Ca®"-activated K * channels in other cells. (1) Its ‘permeability’ selectivity sequence is
Pry Puv Ppyr Prypge Pra Lt o= 1.3.10 05:0.17: <005, Permeant, as well as impermeant, cations reduce
channel conductance (2) Its conduciance saturates at 325-350 pS with bath KCl > 400 mM (144 mM K1 pipeite). (3)
It shows asymmetric blockade by tetraethylammonium ion (TEA) and Na*. (4) It is sensitive to CaZ* over the range §
nM-100 uM; over the range 50-200 nM, channel activity varies as [Ca®* free]'-2. (5) It is sensitive to internal pH over
the range & 85-7.35, but the decrease in channel actwity seen with reduced pH; may be partially compensated by the
increase m free Ca®* concentration which occurs on acidification of buffered Ca’* /EGTA solutions

Introduction

Simce the discovery that mmection or trapping of
Ca®* m cells produces transient hyperpolanzation and
mcreased membrane potassium permeabdity [1], actva-
tron of Ca®*-dependent potassmum (or K *(Ca?*)) chan-
nels 1n cell plasma membranes has been proposed to
underlie a vaniely of cellular phenomena These include
the penodic pauses of electrical activity displayed by
neurons and endocrine cells which fire as bursung
pacemakers, as well as receptor-mediated changes 1n
potassium permeability (Py+) m cells which display
changes m cytosolic Ca®* [2] Since the identification of
single K* {Ca*) channels by patch-clamping [3-5], the
biophysical study of their gating and 1onic permeability
has become an area of miense actiwvity Some of these
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channels have unexpeciedly large conductances, are ex-
quisitely sensitive to Ca®”, and are gated as well by
membrane voltage (for a review, see Blatz and Magleby
Ref 6)

Rodent pancreatic istet B cells are bursting pace-
maker cells set in action by enhanced metabolism of
fuel substrates An early model of B-cell excitability
proposed that closure of the K*(Ca**) channels under-
hes the slow glucose-induced declme i Py+ and de-
polanzaton which then triggers repetitive trains of
Ca®*-dependent action potentials Re-opemng of the
K *(Ca?*) channels, due to Ca?* accumulation during
the spike tran, was considered to underlie the penods
of electncal quiescence separating spike trains {7] More
recently, 1t has been found that many cell-attached
patches of rodent B cells contan large-canductance
channels which open and carry outward current m
response 10 large depolanzatiens, often bevond the range
of the action potential (e g, Refs 8 and 9} In inside-out
excised membrane patches, these channels are clearly
idenufied as large-conductance, K*(Ca®*) channels
whose probability of opening 1s enhanced by nanomolar
mcereases i bath Ca2* (e g, Refs 10 and 113

Dunng the course of investigating the activity of the
maxiconductance K*{Ca?*) channel for its possible
physiological role {12], we had the opportumty 1o ex-
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amine, 1 excised patches, 1ts interacuon with catons
which permeate, block or gate 1t These results demon-
strate that the large conductance K*(Ca’“) channel of
the B cell 1s fundamentally similar 1o the *maxr’, or BK,
K*(Ca®*) found 0 many other cells Some of these
results have previously been represented in abstract
form (13,14}

60-65 pS voliage-mdepundent channel was seen at all
membrane potentials, it 1s the ATP-sensaiive K or K*
{ATP), channel charactenisuc of B cells (2) A 200-230
pS woltage-dependent channel was seen dunng, large
steady-state membrane depolanzations (¥, > + 100 mV
with respect to bath ground). thus 15 a calcnm- and
voltage-actvated K*. or K*(Ca®*), channel These
patches were excised n either the mside-out or outside-
out paich configuraton ¥n approx B80% of excised
patches, K* (ATP) channel acunty rapudly disappeared
{15], but K "(Ca®*) channel actvity persisted and was
stable dunng steady-state depolarnzauon (Figs 1b. 1
and 2) Patches which displaved time-dependent
K*(Ca’*) channel mactivation, ‘cychng' of chanmel
actwvity through long, ciosed penods or sudden high-
frequency bursts of activity (Figs 1b, 3 and 4), were
discarded Durnng each expenment, the K*(Ca’*)
The bath soluuon was rapudly changed to IS, ths channel was demonstrated to be Ca’*-acuvated by
abolished the membrane potential of the cell Patches raising bath Ca’* to 05 mM and noting the greatly
which seemed promusing for study displayed two types enhanced actmity In the outside-out patch, the
of unitary channel current, as shown m Fig 1a (1) A K*(Ca**) channel was recognzed as a large conduc-

Materials and Methods

The general methods for 1slet preparation and culture
and basic patch-clamp recording and channel analysis
were 1dentical to those we have previously descmbed
[15] Using pipettes filled with intraceliular-tike soluuon
(IS), defined below, cell-attached patched were formed
on the largest identifiable cells 1n small 1stet cell clumps
exposed 10 0 glucose extracellular-like solunon (ES)
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Fig 1 Idenufication of K™ (Ca®*) channels, (a} Current traces displaymg typical smgle X (ATF) and K*(Ca?* ) channe! currenis seen n
AL hed patches of B-cell b (Cell hed patch IS in bath and pipette) (b) Typcal ume-indepeadent behavior of K*(Ca®*)
channel depictng hittle or no mactivaton with sustaned depolanzation (Traces 1 and 2) Aberrant behavior patterns of K™ {Ca® " chaanels, namely
termitent “bursting’ actvily and tme-dependent macuvation after depolanzation, are depicted 1n Traces 1 and 4, respectvely (IS pipente, ES
bath, traces recorded at ¥, = +60 mV immediately after (Traces 1,4) or beginning 1 5 after (Traces 2 and 3) transinon from — 90 mV) Insets at the
bottom of the figure depict channel actvty averaged over 4 s {arcles) and 8 5 {tnangles) for sample patches displaying steady-state (left) and
burstng (nght} actvaty patterns Note that, in the absence of abvious burstng, channel actuvily averaged aver short micrvals provides a reasonable
esumate of average channe! activity over longer recordings
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Fig 2. K™ selectrvity of K~ (Ca**) channel n the mside-out patches (a) Current traces al vanous ¥, values depicung the shuft n sigle-chanael
reversal {or zero curseni) potential from 0 mV to > 60 mV when the bath sclution was changed from 144 mM KCI to NaCl m the presence of ¢ 1
mM Ca®* (IS pipette) (bl) Curmreni—vollage curves displayed by membrane patch after the concentration of KCI of bath was mereased from 34
mM (¥) to 70 mM {O) to 405 mM (m) and 505 mM (<) mn the presence of 20 mM Hepes-KOH {pH 72) (b2) Sing! A

{computed as AF/AF al I values near E,., in each sol )

d as a £ of the

1ance channel opemng with mcreasing frequency with
mcreasingly negative ¥, values In this conditon, alter-
1ng the bath Ca?* had no effect on channel activity

To standardize nomenclature, the membrane (or
clamping) potential, ¥, was defined as the potential at
the nner surface of the membrane with respect to
ground Analysis of channel amplitude and activity was
done using digatized data and an interactive graphcs
display /1, or the average number of channels open
dunng a 20-120 s segment of record, was measured
from raw dala using interacuively specified half-ampli-
tude level crossings to determune the frachon of iume
that 0, 1, 2, 3 or more channels were open

The standard IS used for the pipette and bath con-
sisted of 144 mM KCL/01-05 mM MgCl, /(no added
CaCl,)/Hepes-KOH (pH 730) for a final pH of
720-725 The distilled, deionized water used conianed
10-20 pM free Ca?* by Ca®* electrode measurement
Subsuitution of other umvalent cations or divalent cat-
tons was made by 1so-osmotic replacement of KCl In
most experiments where channel selectiity was in-
vestigated, MgCl, was removed from the IS and 50-100
1M CaCi, was added to ensure channel activity over a

wide range of membrane voltages The Ca®*-sensitivity

of KCl in three separate experiments

of channel activity was calibrated using IS solutions
contatmng, various concentrations of CaCl, and EGTA
Free Ca®* concentrations 1n these solutions were calcu-
lated using a computenzed nomogram first presented
by Fabiato and Fatnato and modified by B.A. Wolf
who kindly provided it for our use (16] ES which
bathed the cells duning uutal patching consisted of 138
mM NaCl/55 mM KCl/2 mM CaCl,/1 mM
Mp?* /Hepes-NaO,1 (pH 7 35) for 2 fmal pH of 7 3

Resulis

Cation permeation of the Ca®*-actiwated K charmel in
excised patches of B-cell membrane

The K*-selectivity of the large-conductance voltage
and Ca®*-activated channel in B cells was demonstrated
n two ways First, using mnside-out patches symmetn-
cally bathed in IS, we replaced the IS solution n
contact with the ‘cytoplasm¢’ surface of the membrane
with ES The zero current or reversal potential ( E,.,) of
the 200 pS channel was raised from V=0 mV to ¥, of
at least +60 mV, suggesting that the channel s lughty
selectsve for K* over Na™ (Fig, 2), Second, 1n indhividual
mside-out patches formed with IS-filled pipettes, we
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Fig 3 D of ‘permeability’ selectmily sequene of

K*{Ca’*) channel in the nside-om excised patch (2) Current-volt-

age curves tabulated for a patch formed wath IS 1n pipette and bath

() or after 1s0-osmoue substitution of KCl content of IS bath walh

RbC1 (#), NH,4C1 {a) or LiCI (@) (b} Current-voltage wurves tabu-

lated for a simular patch where KCl content of IS bath was 1so-osmou-
cally replaced by K* acetate (@) or T acetate (a)

systernatically altered [KCH],, the KCl concentration of
the solution bathing the cytoplasmuc surface, by adding
concentratsd KC1 or replacing a portion of IS with
distilled water or sucrose Increasing [KCl), from 34 to
506 mM shufted E,, of the current—valtage curves by
—67 mV (e, from +37 mV to —30 mV), this 1 very
close to the 70 mV change in E,_, predicted from the
Nemst equation for a channel permeable to K™, but not
Cl1™ (see Fag 2b1) The smgle-channel conductance, as
well as reversal potential, i1s ighly sensiive to [K'],
The slope of the current voltage curves measured at
¥, =0 mV increased with [KCl], and then saturated at a
value near 325-350 pS at [KCl], > 400 mM (see Fig
2b2), The saturation of channel conductance as a func-
ton of [KCIl, suggests speaific interaction of K ions
with at least one site 1n the channel dunng the process
of traversal

To better understand the abihty of CaZ*-actvated
K* channels to select among umvalent cations, we
examuned m more detail (a) the ‘permeability’ selectiv-
ity sequence of the channel, and (b) the effects of other
wons on K* conduction. In Eour expennments, similar to
that shown 1n Fig. 3a, an inside-out excised patch was
formed with 1S i the pipette and bath The KCl
content of the cytoplasmic bath was then sequentiatly
substituted mole for mole with NaCl, RbCl, LiCl, and
NH,Cl Current-voltage curves were measured n the
presence of each cation In iwo uther expenments,
represented by the sample m Fig 3b, the selectivity of
the channel to thalbum was studied by replacing 144
mM potassium acetate with thallum acetate, the acetate
salt was used due to the low solubality of TICl 1in water
E,., was measured as +17 mV in RbCl, +40 mV in
NH,Cl, £, in thallium acetate was 7 mV negative to
that in K* acetate Reversal potenbals were not mea-
surable m NaCl, LiCl or CsCl (data not shown), as the
mward current was not seen to reverse at large de-
polanzing ¥ values In the latter solutsons, the lower
hmut of E,, was esumated as +70 mV by lnear
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extrapolauon of the nearest pornon of the current/
voltage curve obtamable Assuming perfect caton-selec-
tivity, the cauome permeabilities relative to K* were
calculated under these nearly *bi-ionic’ conditions, using

Eqn 1

RT P, K™ pipette]

F Py-[K" bath)+ Fc [C* bath} .

AE _ =

where RT/F=256 mV and [K* bath] was th: con-
centration of K* (6 mM) m the final K* concen’ration
contributed by the Hepes-KOH buifer This calculanion
vielded the following ratios Pp+/Pg-=13, Pgy-/Py+
=05, Pyy,/Pgx =017, and Py, Pyg-, Poye/Py- <
095 These data suggcst that, despite its large conduc-
tance m the presence of K7¥, the channel 1s hghly
selechive among catiens The carrent-voltage relation-
ship 1 T1* also demonstrates that though Tl 15 more
‘permaeable than K°, judging from the channel reversal
potental, the channel conducts’ T1* sigmficantly less
well than 1t *conducts’ K* (1 ¢, the maxumum slope of
the current/voltage curve for outward current n the
presence of thallum acetate in the cytoplasmic solution
1s approx 10 pS, as compared with 208 p5 for outward
K* current) Hence, the relative cation permeability, as
calculated from reversal-potential measurements, may
be a poor estima‘or of relative 1onic conduction through
the channel

Another set of expeniments was performed 10 test
how the presence of combimations of catons i the
cytoplasmuc solution affects channel conduction Fig. 4
demonstrates that addinon of either a permeant or
impermeant univalent cation (Rb* vs L1” or Cs*) to
the cytoplasmc solution reduced outward current flow
through the channet The reduction it current flow was,
m some cases (eg. Cs*} clearly voltage-dependent,
with larger fractional reductions seen with increasing
membrane depolarization (or driving force for owward
cation movement across the channel) Mote that Rb',

18

C/f’
-16

Fig 4 Permeant and non-permeant cations alter the conductance o
K*(Ca?* ) channgl i the wside-ont excised patch Effects of ad
dition of 80 mM NaCl (@), RbCl (a) or CsCl (W) to a bath contaimn;
70 mM KCI 20 mM Hepes-KCH (pH 72) and no added Ca?* Not

the promunent voltage-dep m cause
by bath RbCt and CsCl
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Fig 5 Effects of Na} and Na; on vhannel conductance (a) In an imside ont patch formed wath 144 mM KCl pipette, replacement of 20 mM KCl

in bath with NaCl results in a small voltage-dependent reduction in oulward cusrent (b) In a simlar patch formed with 144 mM NaCl m pipette,

replacemient of 2) mM KCl with NuCl results v a profound reducuon of owward current and inductian of a region of *negative-slope”

d {c) In an de-out patch formed with 144 mM KCl m the pipette and 144 mM NaCl m the bath, 1s0-osmotcally substtuting 20
mM WC for NaCl mereases outward current flow through the channel

whuch 15 calculated to be at least 7-umes more perreant
than Na*, reduces outward unitary carrent more effec-
tvely These results are contrary to the 1dea of indepen-
dent movement of 1ons through the channel, in which
case conlributions of various 1uns to current flow should
be additive The voltage-dependence of conduction block
also suggests that 1on ‘mteraction’ 15 takmg place within

ness of “‘cytoplasmuc® Na™, at a concentration approach-
mg physiological intracellular level, 1n reducing the
amphtude of outward current through the K*(Ca*)
channel, as well as the effectiveness of external K* in
reversing that block In mside-our patches formed with
IS m the pipette, substituuon of 20 mM KCl of the
cyloplasme IS with NaCl results in a small, vollage-de-

an electrie field (1 e, within the membrane)

In physiological conditions, Na* 15 the major impar-
meant urvalent cation avalable to compete with K*
for entry into the channel at both the cytoplasmic and
external faces of the channel Fig 5 shows the effective-

pendent reduction n the amphtude of outward current
(Fig 5a) In mside-out patches formed wrth ES in the
pipette, sumtlar substitution of KCl, with NaCl results
in more dramatic reductions 10 single-channel amph-
tudes at comparable I, channel amphtude actually falls

(a) {b)
R0 5
A © 0 Mg i
|
(DA) 2 Mg (pA) 15 + 2Mg
15 5 Mg 165 v 146
10 Mg ¥ 10He
20 Mg - CcH attached
W 40 60 8 100 o 0 m T
Ve (mV) Ve (mv)

Fig. & (2) Aty of mereasing concentrauons of internal Mg?* to progressively block outward conduction through 2 K*{Ca®* ) channel 1n an

inside-out patch, (IS pipette, MgCl; 150-0smotically substituted for KCl in bath) (b) Additien of small concenlrations of Mg2* and Na* to the

cytoplasnuc bath of an inside out excised patch induces inward-going rectiftication and a region of negative slope conductance resemblng that seen

1 tell attached patch (IS pipette, IS bath (0), IS bath with 2 mM MgCl, (m), IS bath with 2 mM MgCl, and 10 mM NaCl (©), cell-attached
patch with IS bath (#)
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Fig 7 Chaunel blockade by additon of TCA from mternal {left) and external (nght) surfaces of K* {Ca®* > 13 bath and pipette Ins de out patch
on leii, outstde out patch on night ¥, 1s the potentsal in the pipetie with respect 1o bath ground

with ncreasing depolanzauon, hence. producting 2 re- pipetie substituttion ot 20 mM NaCl; vith KCI s
gion of negative-stope conductance 1n the current—volt- sufficient 1o increase channel ampiitude and remove the
age curve (Fig. 5b) However, m outside-out excised negatve-slope conductance (Fig 5¢) These results sug-

patches formed with ES in the bath and 18 m the gest thar internal Na] intubus, while external K*
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Fig 8 Ca?*-dependent of K*(Ca®* ) actmty 1n an rside-cut excised patch (standard IS prpelte} (a) Sample effects of Ca?* on channel activity

measured as a function of clamping voltage at low ¢lett) and hugh (nght) calcim concentrations Estimaled free Ca?* 1n parentheses. (al) ¢, 1 mM

EGTA 15 with no added Ca®* (approx. 5 nM), a, +250 uM Ca>* (spprox 46 nM), B, + 500 uM Ca®* (approx 140 niM), @, +650 aM Ca?*

(approx 260 oM} (22) @100 uM Ca2* IS, @, 80 uM EGTA (approx 22 M Ca?*) a +100 pM EGTA (approx. 35 pM Ca?*y o, +2 mM

EGTA (approx § nM Ca?*) (b) Dependence of actvity on calculated free Ca 1 1 vanous solutions &, Ca?* added n I8 contaimng

1 mM EGTA, ®, Ca®* added in IS contaimmg 15 mM EGTA and 05 mM ATP and B, Ca®* added in 1S contamng 2 mM EGTA and 1 mM
ATP
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facilitates, outward K* flax through this channel These
results suggest cooperative interaction of k¥ m channel
conduction

Effects of K * channel biockers (Mg’ and TEA*) on
conduction through K *(Ca’* ) channels

Attention has recently been focused on mtracellular
Mg?* as a contnbution to mward-going rectification
displayed to varying degrees by many K* channels (see
Ref 17} Fig 6a demonstrates that addition of ncreas-
ing concentration of Mg?* (2-20 mM) to the IS bath of
an mside-out paich produces a block of outward current
which 1ncreases with increasing depolanzation (L&, -
creasing driving force for outward current flow through
the channel} Fig 6b demonstrates that, on addition to
the IS bath of 2 mM Mg?* and 15 mM Na' (e,
concentrations resembling physiological intraceflular
levels). K*(Ca®") channels display mward rectificattion
simular to that seen 1n celi-attached patches

Alkyl-substituted ammonum 10ns, such as tetraethyl-
ammonum, are often-used K™-channe} blockers Their
blocking action 15 often voltage-dependeni and mare
potent when apphed to one side of the channel or the
other Fig 7 compares the action of TEA on K*(Ca?*)
channel currents after its apphcation to the ‘cyto-
plasmuc® surface of an mside-out patch (a) and 1its
apphcation to the external surface of an outside-out
patch (b) External TEA 1s roughly 100-fold more potent
i reducing winward current than internal TEA 15 m
reducing outward current {Compare the K, of 05 mM
for TEA , with 10 mM for TEA, )

These results suggest that the pathway of approach
of 10ns from the cytoptasmue and external membrane
surfacs to the saturable site(s) wathin the channel,
which regulates ion flow, may be asymmetric

Ganng by dwalent cations of the Ca’*-actwated K*
channel in excised patches of C-cell membrane

In survey expenments [13]. we have demonstrated
that the large-conductance, voltage-dependent K* chan-
nel of the B cell was sensitive to cytoplasmic Ca®* over
the nanomolar to mucromolar range In several weli-
controlled expenments, we attempied to quantitate this
Ca’*-sensttivity As demonstrated by the sample expen-
ments and compilaton graph of Fig, 8, the K*(Ca?™)
channel 15 indeed sensitive 1o [Ca®*], over a concentra-
uon range spanmung several orders of magmtude Several
pronunent features emerge from these expenments (1)
The Ca?*-sensttivity of the channel is low at [Ca?*]
values below 20-50 oM, but mcreases substantially at
[Ca?*] values between 50 nM and 1 pM, where I/1 15
preportional 1o [CaZt,]t-2

Within most of thus range of calcium concentrations,
channel activity 15 voitage-dependent, with mean chan-
nel achivity maximally mncreasing e-fold per 10-12 mV
mcremental depolarzation (2) At [Ca?*] values greater

than 10 pM, channel activity shows reduced voliage and
Ca®*-sensitwvity, channel activily sometimes even de-
creases with mcreasing depolanzation Examunation of
the latter current records reveals the development of
intermittent long pauses (n channel actvity (3) [Ca?*],
values greater than 10-20 uM were needed to produce
even detectable channel actvity at ¥, equal to or nega-
tive to 0 mV The Ca’*-sensitivily seen here resembles
that previously found with K*(Ca?*) channels n
neonatal 1at 1sles [10] Apparently. fugher Ca®*-sensitiv-
ities have been previously reported for adult rat islet
based on solutons where EGTA Ca concentration
ratios were near 1.1 [11]

To better understand the nature of Ca?* gaung, we
have mvestigated whether other divalent caunons can
substitute for Ca®* Rather than chelating Ca?* and
then adding other divalent cations, we added test con-
centrations of a vanety of divalent cations to the small
but fixed concentration of Ca®* (= 15 M) contamed in
no added Ca** IS In Fig 9, which 15 representative of

(@)

204
197 jouM ©
LA
rno added Ca
011
10uM Ba
I L 1 1
001 26 40 80 a0 100
Ve (mv)
(b)
+10uM Ca 100 MV {stgady stata}
|
Ho0uM Ba 100 mV (steady stated}

i RN RN O |

(lvansieat)

20 pA
is

Fig 9 (a) kffects of internal apphcation of vanous divalent cations
on voltage dependent gaung of K*(Ca** ) channel (1S pipette and
IS bath with added chlonde salts of divalents as mdicated) (b) Abiliy
of 10 pM Ba®* 1o produce a ume-dependent block of actmuy of
K*(Ca®") chanuel a large depolanzing voltage, hence producing a
of activity bling voliage-dep 1 channel inactivanon
Steady-state effect of 10 pM Ca?* shown for comparison
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Ve {mV)
Fig 10 miemal apphcaton of NBA reduces [Ca?* | -sensitraty of
K* (Ca?* ) channel 1n the mside out excited patch withaut altenng its
voltage dependence (18 pipette IS+100 pM Ca?* bath) Control
{0}, +100 pM NBA (9), + 100 pM NBA+1 mM CaCl, (W)

three expenuments, addinon of 10 pM Sr™* increased
mean channel activaty more than 10-fold above that in
no-added Ca?", bui only 30% as much as did the
addinion of 10 uM Ca®* In contrast, addition of 10 pM
Mn?* only mereased mean channel activity 2-fold above
the no-added Ca®* condion Note that the voliage-de-
pendence of channel achvity was not altered The effect
of Ba2* 1s considerably more complicated Addition of
Ba?* sigmificantly mcreases channel activity at negative
V., but decreases achwity at posiuve ¥, values Fig Sb
suggests the ¢ ongn of Ba?* mbubition of channel
activity may o¢ due to time and voltage-dependent
channel block by Ba2* The block appears to be depen-
dent on the magmtude of the electrochemcal gradient
drrving Ba®* into the channel Hyperpolanization tran-
siently rehieved the steady-state block

Expeniments of the type depicted 1n Figs 8 and O
demonstrated a rather charactenistie voltage-depen-
dence of channel gating over a wide range of divalent
cation concenirations, suggesting that, at least under
some conditions, voltage and 1on gatmg of the channel
might be independent (Under other conditions, how-
ever, such as the presence of cytoplasmuc Ba?* or [Ca®*],
greater than 20 pM, voltage and divalent cation gating
were related through voltage-dependent block of the
channel by gatng cauons.) Kecently, Pailotta [18] has
reported that small concentranons of N-bromeaceta-
mide (NBA) made the K*(Ca?*) channel of myotubes
nearly msensttive to Ca,” Hence, m another set of
expenments, we added 100 pM NBA to the cytoplasmme
bathung solution of an mstde-out patch, which also
contamned either 10 or 100 pM CaCl, In 10 pM CaCl,,
we noted a progresaive reduction mn channel activity
with ttme, but after 10 mun, single-channel currents
became rather ‘ragged’ In three such expenments using
100 pM CaCl, {sce, for example, Fig 10), we were able
to exarmne the voltage-dependence of channel acuvity
m fixed Ca2* before and 10 mun after addition of 100
#M NBA Fig. 10 shows that, while the Ca?*.sensitivaty
15 clearly reduced, the characteristic voltage-dependence
of channel actwvity and the maxamum average number

69

of channels activated 1s basically unchanged This fur-
ther suggests that Ca®’ and voitage activation of the
¢hainnel can be independontly altered under certan
circumstances

Effect of pH, on activsty of K *(Ca” ") channel

In previous experiments, K*{Ca’*) channels n
membrane patches excised inside-out from rat neonatal
1slet cells displayed increased activity wath alkalimza-
tion of the ‘cytoplasmc solunon’ (from pH 72 1o 78)
and decreased activity with acidification (from pH 72
to 6 8) [10] Howaver, i our recordngs from cell-at-
tached patches, addinon of NH,Cl to a KCl bath,
which should result ir prolonged mntracellular alkahn-
zation, produced no discernable effect on K*(Ca**}
channel activity [19)

A possthle reconcibation of this discrepancy 1s pre-
sented 1 Fig 11 In part (a) K*(Ca*") channel activiy
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Fig 11 {(a) Lack of effect of cell alkalimzation, produced by bath
addmon of 20 mM NH,CL on K*{Ca?*) chaanel actvity in the
cell-attached patch (symmeinc 1S m the pipette and bath) (b) Vana-
ble effect of pH, on gaung of K*(Ca®*) channel m nsde-out
excised patch. (IS pipette modified IS bath contamng 05 mM
MgCl, and 05 mM ATE) No reduction in charmel acuvty was scon
when pH, was reduced from 735 to 6 85 mn IS contauung no added
Ca and 05 mM EGTA (left) but a nzarly 4-fold redoction m channel
actwity was seera with an identical reducuon m pH, in the absence of
EGTA {nght) In the presence of EGTA, reducing pH, 1s calculated
to ncrease free Ca** roughly 7-R fold from approx 6 to 46 nM
Judging érom Fig 8b, this should merease I/ by 1-7-fold m ihe
b of any effect. This 15, hewever, roughly com-
parable 10 the decrease m I/1 seen wath the same maneuver 1n the
absence of the EGTA bulfer
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1 the cell-attached patch appears to be unaffected by
addion of 20 mM NH,C], though the activity of the
K*(ATP) channel is greaily enhanced, as indicated by
the mcrease n activity ¢f smaller conductance channels
Following excision of the paich in the inside-out config-
wration (Fag 11b), reducing pH, from 735 1o 685
reduced K *(Ca**) channel acivity in the absence, but
not the presence, of EGTA The buffering capacity of
EGTA 15 strongly pH-dependent Hence, st 15 possible
that, 1n the presence of EGTA, the increased effective-
ness of Ca?* m gating the channel. otherwise seen at
lugher pH,, 18 largely countermanded by the reduction
i free Ca®* resnlting from enhanced chelation, when
H* 15 less available to compete at a Ca* chelation site
Cytoplasmmc buffers mught function in a stnular manner

Discussion

We have descnbed a vanety of features of 1ome
selectvity and gahng of a large-conductance Ca®*- and
voltage-activated K* channel 1n patches of plasma
membrane excised from pancreatic islet B cells (1)
These channels have an overwhelming selectity for
K* over Cl™ (2) Chann¢l conductance m mside-out
excised patches formed with 1sotomc KCl pipettes in-
creases with bath K*, but appears to sajurate simply at
approx 350 pS at KCl concentrations higher than 400
mM (3) The permeability selectivity sequence ratio to
K* as determined from the Goldman-Hodgkin-Katz
equation was 1.3 TI* 10K* 05Rb* 017 nH] <
005 Na*, La™ or Cs* (4) Permeant alkal: earth cations
{eg, TI* and Rb*) reduce conduction through the
channel Impermeant cations are also able to do this
For example, Na* and Mg®* when added 10 the cyto-
plasmuc side of the membrane reduce the outward flux
of 10ns, hence, offering a clue to the ongin of mward-
gowg rectification displayed by the channel in celi-at-
tached patches The well-established K *-channel
blocker, TEA, was also tested, 1t was found to be a
more potent channel blocker from the external smde
(K4 = 05 mM) than the cytoplasmic side ( Ky = 30 mM)
(5) The channel 1s sensitive to [Ca?*], over a wide range
(<5 oM to >100 pM), over the range 50-500 nM,
which 15 the range over which average, free cytosolc
Ca®* vanes for most cells, channel actrvity vanes as the
15-16 power of [Ca*],. {6) In the presence of Ca®*,
addition of divalent cations enhances channel activaty
with an order of potency Ca®* > §t?% > Ba?* > Mn2™,
Co’* The effect of Ba2* 15 comphcated by its ability to
produce time-dependent channs] inactivation at poten-
uials at which it 15 driven mnto the membrane (7) Chan-
nel actvity shows a characteristic voltage-dependence,
maximally increasing e-fold per each 10-12 mV nvre-
mental depolanzation, this charactenstic persists over a
wide range of Ca®* concentrations, and even dunng
augmented activation by other divalent cations (8) The
channel 15 sensiive 10 pH,, at fixed [Ca®*],, cyto-

plasmuc alkabmization increases activity Features (1),
(2), (3), (4), and (7) ciosely resemble those reported n
detasl for the large-conductance K*(Ca?*} channel n
inside-out excised paiches from caltured ral muscle
sarcolemma [4,20] The voltage and Ca® *-dependence of
channel pating at low levels of channel activity most
closely resemble those of the simular conductance
K*{Ca?') channel m culired hppocampal neurons
[21] The channel described here shares features also
displayed by “max’ K*(Ca?*) channels seen 1 many
other cells, such as adrenal chromaffin cells [3,21,22],
renal cortical collecung wbule cells [24] and amphibian
gastric smooth muscle cells [25] In the latter cell types,
however, ‘max’ K* channels i the cell-attached patch
are often open over a wider range of ¥, values than
what 15 seen with the channels 1n the B cell

The ‘maa’ K*(Ca®*) channel m native and recon-
stituted membrane patches has been a favonie channel
for permeation studics, because its currents are easily
recorded over a wide range of conditions and because
its very large cenductance poses the paradox of how
selectivity can be maintained as 10ns traverse the chan-
nel at a surpnsingly fast rate For example, if the
channel were 60 A m length by 6 A 1 diameter (or
large enough to span the membrane and accommaodate
a hydrated K™ 10n), 1ts caleulated conductance i sym-
metric 120 mM KCl solution would be approx 50 pS,
the actual conductance s more than 4-fold gher (see
Hille, Ref 2 and Yellen, Ref 26) While there 1s no
darect knowledge of the condor tance mechanisms of a
real K*(Ca?*) channel, expenmments such as those de-
scribed here suggest that 1on traversal 1s far more com-
plex than free 1ome diffuston through a flwd-filled pore
(1) The concentration vs conductance curve of the
channel (Fig 2b) suggests 4t least one “saturable’ selec-
tivity site within the channel which permits passage of
K*, TI* and Rb* and, only grudgingly, NH; (2) The
voltage-dependent reductions i channel current by 1m-
permeant and permeaat cations alike suggest that K*
and other 1005 interact at a site which expeniences an
electric field (1e, within the membrane) and that 1ons
cannot pass each other at that site (3) The ability of
large-diameter ons (Le., alkyl-subsututed NH; 1o0ms) to
reduce conduction with different powencies from ihe
outside or the wside surface of the membrane suggests
that pathways for approach to the intramembrane bind-
g site may be vestibule or antechamber-like and also
asymmetnic (4) The ability of small concentrations of
exterial K™ to partally reheve block of K* efflux
caused by mternal Na* (1e, a “trans-K™* * effect) (see
Fig 5) 15 consistent with the long-distance mteraction
hetween K* 1ons i the channel, perhaps by mutual
electrostatic repulsion between 1ons waitng or binding
at the saturable sites [26)

Others have modelled simular data for the ‘maxt’
K*{Ca®"), either 1 terms of a smgle-1on channel with



two Eyning rate barriers and an intervenmmg low-energy
well containing an 1on binding site [20], or as a multt-1on
channel with two low-energy wells, each of which can
simultaneously accommaodate one on [23,26,27] From
our date, the strongest evidence n favor of a two-ion
channel 1s the “trans-K™ " effect Two other peces of
our evidence, which mught ne used to disingmsk a
‘two-10n’ from a ‘one-ton’ channel moded are apparently
more consistent with a one-1on channel mode! (1) The
channel conductance vs K* concentration curve ap-
pears to saturate as a sunple hyperbola, at least over the
range examned (2) At constant total Rb* + K*, vary-
1ng the Rb* /K * ratio (or *mole fraction’) does not alter
the Pgpy+/Py+ caloulated from the E, seen at each
combmnation {see Tabcharam et al, Ref 13, data not
presented here) (It has been argued that Cs™ may be a
better 1on fcr the exammnation of possible anomalous
mole-fraction features [27] In our experiments, Cs*
ncreased channel noise and patch mstabihty )

The joint gating of the ‘maxi’ K*(Ca®*) channel by
transmembrane voliage and cytoplasme Ca** has mtn-
gued invesugators smce the discovery of the channel As
nanomolar concéntrauons of CaZ* alter channel activ-
1ty even 1n, the presence of millimolar concentrations of
Mg?*, electrostatie screemng by Ca®* of the negatine
surface charge of a voltage-sensitive ‘gate’ 15 an unhikely
mechanism for Ca?*-sensitvity Is the exquisite Ca?*-
sensivaty due to the presence of a Ca*"-binding regin
of the channel resembling other Ca®*~hinding protens?
How 1s such a region functionally hnked to the voltage
gate? Our data support the 1dea that over a wide range
of function, voltage and Ca®* gating of the channel may
be somewhat wndependent First, the maximum
voltage-dependence of Ca?* activity i not altered over
a wide range of [Ca?*], (approx 107°-10% M) Sec-
ond, the Ca?*.sensiivity of the channel can be greatly
reduced by treatment with N-bromoacetanude, a pro-
tein modifying agent which cleaves peptide bonds on
the COOH terminal side of several amino acids, without
affecting vollage-sensitivity Establishment of the sensi-
uvity of the channel to a varniety of divalent cations
mught be used to compare the Ca* gate with solated
Ca?” binding proteins. Our data suggest that St”* and
Ba®* can augment the channe] gating by Ca*, but do
not distinguish whether these 1ons acwally substitute
for Ca2* wath varying efficiency, or change the binding
affinty for Ca®" In a more thorough study using
bilaver membranes reconstituted from X *(Ca®™) chan-
nel-contauung membrane vescles from muscle sarco-
lemma [29), the following order of potency of channel
activation by divalent cations was estabhshed Ca®* >
Se2* = Cd?* > Mn?t > Fe?t, Bal* was meffective This
rank order is swular for divalent cation bindmg by
calcum-binding protems. tropomn C, calmodiwm and
parvalburun. In the presence of Ca®*, a vanely of
divalent cations, including Cd?*, Co?*, Mn®*, Ni** and

)

Mg?”, increased the apparent affinty of the channel for
Ca®* by increasing the Ca®*-dependence of the channel
(1e the Hill coefficient) 1n a concentrahon-dependent
manner A more fruitful long-lerm approach to the
problem of Ca?* binding may nvelve exammation of
the homology of ihe sequence and three-dimensronal
structure of the K *(Ca®*) channel and the Ca’* bind-
mg proteins A fust step in this approach would be the
isalation of the K*(Ca® ) channel, perhaps as a
charybdotoxin-binding protein [30}

The function of the K*(Ca®*) channels m B cells
remains uncertamn, despite their abundance It 1s now
generally appreciated that ATP-sensiive K* chancels,
rather than the K*(Ca’*) channels (1} undarhe the
resting potassium permeability Py which 1s regulated
by cell metabolism [31], and (2) are 1he specific targets
for pharmacelogical agenss (eg. sulfonamdes) and
physiological maneuvers (eg changes n intracellular
pH) whuch alter P, 119 31] The data on the Cal*-de-
pendence of channel activity presented here suggest that
free cytosolc Ca** would have to merease mto the
range of at least several micromelar for channel activity
lo be detectable at membrane potenuals approachng
normal ¥, This 15 supported by data from compamon
expenments on channel acuvity in cell-attached patches
where the remainder of the cell membrane has been
permeabilized to Ca** by the onophore ronomycin 1n
the presence of 0 1-1 mM Ca* [12)], under these condi-
tions, K*(Ca*") channel activity was not seen at ¥,
values negative to 0 mV 1n palches contaimng four or
five such channels, even though avzrage free ntracetlu-
lar [Ca®*] would be expected to nse to a level equal to
or greater than one to several micromolar These expen-
ments make 1t less hkely that K*(Ca®*) channels play a
straaghaforward role i secretogogue-induced electrical
activity
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