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Ca2÷-aotivated K + channel in rat pancreatic islet B cells: 
permeation, gating and blockade by cations 
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Ac~valion of Ca2÷~epen4ent K + conductance has long been postulated to contribute to the cyclical pauses in 
glucose-induced electrical activity of pancreatic islet lg cells Here we have examined the gatins, permeation and 
blockade by cations of a large-conductance, CaZ+-acflvated K + channel in these ceils, This channel shares many 
features with BK (or maxi-K +) CaZ*-acnvated K* channels in other cells. (1) Its 'penneahihty'  selectivity sequence is 
PTI*" Ps. +" Pnh+ PNlff" PN~%I.,*.(s . m  L 3 . 1 0  05 :0 .17 :<0 .05 .  Pemeant ,  as well as impermeant, catlens red.¢e 
channel conductance (2) Its conductance saturates at 3Y.2~3.f~0 pS with hath KCl > 400 mM (144 mM KCi pipette). (3) 
It shows asymmetric blockade by tetraethylammonium ion (TEA) and Na +. (4) It is sensitive to Ca2~ + over the range 5 
nM-100 #M; over the range $0-200 nM, channel activity varies as ICa 2+ freep-z.  (5) [t is sensitive to internal pH over 
/he range 685-7.35, bat the decrease in channel aetlvi~ seen witit reduced pHI may be partially cempensated by the 
increase m free Ca ~* concentration whleh occurs on acidification of buffered CaZ+/EGTA solutions 

Introduction 

Since the chsCovery that mje.~'hon or trapping of 
Ca 2+ m veils produee~ transient hyperpolarLzatton and 
increased membrane potassium permeability [1], aeUva- 
tton of Cat÷-depcndm3t potassium (or K+(Ca2+)) chan- 
nels m cell plasma membranes has been proposed to 
underhe a variety of cellular phenomena These include 
the penodm pauses of electrical acUvtty displayed by 
neurons and endocrine ceils wluch fire as bursting 
pacemakers, as well as reveptor-med]atcd changes tn 
potassium permeablhty (PK*) ] n  cells which display 
ehange~ m eytosohc Ca 2÷ [2] Since the identification of 
single K* (Ca 2+) channels by patch-clamping [3-5], the 
biophysical study of their gating and tome permeabthty 
has become an area of t~tl-u-~nse aetiv, ty Some of these 

* Pr in t  addi~s Deporlmenl o[ Physiology, MeGlll Umvers, ly, 
Montreal, Quebec, Canada H3G 1Y6 

Abhre~attnns EGTA, ethylenegly¢ol bls(J~-ammoethyl ether)- 
~,N, ~',N'-LcLrRa~LLC acid, IS, tatraceUular.hke solution, ES, ex- 
|racellqlar-hke soluuon, TEA, lelra~tkylammomum ton, NBA, ?4- 
brornolc~talmde 

Coff~pondcnc¢ S Mtsler, Renal Dtvls,on (Yalem 713). The J~wlsh 
Hosi}ttal of St. Lotus, 216 S K.mgslugb.was, Boulevard. St. I ores MO 
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channels have unexpectedly large conductances, are ex- 
qmstte[y sensitive to Ca2+, and are gated as well by 
membrane voltage (for a revmw, see Blatz and Magleby 
Re[ 6) 

Rodent panereatzc zslet B veils arc bttrstmg pave- 
maker cells set m acOon by enhanced metabolism of 
fuel substrates An early model of B-cell exalabd,ty 
proposed that closure of the K*(Ca z+) ci~annels under- 
hes the slow glucose.-,nduced dechne m PK+ and de- 
polarization winch then tuggers repetmve trams of 
Ca~+-dependcnt action potentaals Re-opemng of the 
K+(Ca 2+) channels, due to Ca 2+ accumulation dunng  
the sp~ke tram, was considered to underhe the pcneds  
of electncal quiescence separating spike trams [7] More 
recently, it has been found that many cell-attached 
patches of rodent B cells contain large-conductanve 
channels which open and carry outward current m 
response to large depolanzatmns, often beyond the range 
of the action potential (e g .  Refs 8 and 9) In reside-out 
excised membrane patches, these channels are clearly 
idcntlhed as large-conductance, K+(Ca 2*) channels 
whose probab~hty of opcnmg zs enhanced by nanomolar 
increases in bath Ca 2* (e g ,  Refs 10 and 11) 

Dunng  the course of Investlgatmg the acuvlty of the 
morn-conductance K+(Ca 2~) channel for its possthle 
physiological role f12], we had the opportumty to ex- 
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attune+ m excised patches, it~ mteractton wath cartons 
whtch perrrle~ate, block or gate tt These results demon- 
strate that  the Large conductance K+(Ca x ~) channel of 
the B celt Js fundamental ly mrmlar to the "max/ ' ,  or BK, 
K + ( C a  z+) found m man2~ other cells Some of these 
results ha~e prevtously been represented In abstract 

form [13,14] 

M a l e r l d s  and Methods 

The general methods for mitt  preparatton and culture 
and  basra patch-clamp recording and charme[ anal.yms 
were ]derttical to those we have prevmusly described 
[15] Using ptlmttes fdled wxth mlracellular-lLke mlut ton  
(IS), defined below, call-attacked patched were formed 
on the largest ldentafiable trolls m small tslet cell clumps 
exposed to  0 glucose extraceilular-hke solutton (E$) 
The  bath  s~[utton was raptdly changed to IS, thts 
abohshed the mm'nbrane potential  of the cell Patches 
whteh seemed promtsmg for study displayed two types 
of umtary  ¢harm¢l current, as shown m Fig l a  (1) A 

60-65 pS vohagt.-mdt:pt.ndem channel was seen at a|t 
membrane potertt]a]s, zt ts the ATP-sensttlve K +" or K + 
(ATP), channel  eharactensttc of  B cells (2) A 2P~-250 
pS ,mltage-depcndcnt channel was seen dunng large 
steady-state membrane depoiarmauons t V= > + 100 mV 
with respect to ba th  ground), flus LS a calcmm- and 
voitage-actwated K +. or K+(Ca2+),  channel These 
patches v, ere exosed  m etther the mmde-uut or outstde- 
out patch conhgurat~on In approx 80'$ of ¢xc~sed 
patches, K + (ATP) channel  acttv~ty raptdly d~sappear~xl 
[151, but  K * '(Ca ~+) channel a e t w . y  permsted and ,~as 
stable during steady-state depolarmatton (F~gs l b .  1 
and  2) Patches which thsplaved time-dependent 
K+(Ca ~ )  chanael  macttvatt0n, "cychng' of channel 
ac tmW through long, closed per iods o r  sudden Mgh- 
frequency bursts  of acttv~ty (Figs lb ,  3 and 4), were 
discarded During each expertment, the K+(Ca 2+ ) 
channel  was demonstrated to be Ca,~+-act~vated hy 
raising bath Ca z+ to 0 5 mM and noting the greatly 
enhanced actwtty In the outstde-out patch, the 
K+(Ca  z+) channel was r¢cograzed as a large ¢ondue- 
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FI 8 I ldcnufi~tl0n of lk ÷ (Ca z+ ) ckanncb, (a) Curt<m1 traces dtsplsymg t~pzcaI ~m#c K *  b,S, TP) and K + (Ca z* ) char, net cuneurs seen m 
cell-attached patches ot B-cell membrane (Cell-attached imteh IS m bath and l~pett¢) (hi Typical nme-mdegeadent beha~aor of K+(Ca 2÷ ) 
chalmcl depleting httle or no macavat~oa w~th sustained depolanzatmn (Traces ] and 2) Aberrant beha~aor ~ i t , c ~  of g + (Ca z + channds, namely 
lnterlnltiGLI "bursting' acnv1|y algl Umc-dclnmdcnt mactLvauoa after dcpolargaUon, atg d~mt :0  m Traces 3 and 4, n : q ~ v c l y  {15 p,pcna, ES 
bath, true.ca r¢O~l"dltd at Vc -- +60 mV uttme&ate~y after ('traces 1,4) or belvammg I b after (Traces 2 and 3) ~ t t t m ,  from --90 mV) ]r,.qets at the 
bottom or the figure delact chnnnel acutely a~aged over 4 s (mrdm,) and 3 s (mangles) for saraple patches dis#eying steady-state (left) and 
bursting (right) aeU~aty ~ttems Note that, m the absence of obvt0us burStliag, channel actively av~-ageO ov~r short mterv'.2s proctdes a reasonable 
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Fig 2. K* sel~tr/aty af K ° (Ca z* ) channel m the m~tic-uut patches (a) Curtgnt tr~c.~ at yahoos ~ vMu~ dc.p~ctm[~ tl~ iluft m sm#e-charm¢l 
reversal (or zero ~ur~enl) potenUal from 0 mV to ~- 60 mV when the bath ~olutlon was changed from 14~. mM KCI to NaC1 m the presee~ of 0 l 
m.M Ca 2+ (IS pipette) Col) Currcnt-vollsge curv~ dtspla)M by membrane patch after the coaccntrauon of KCl ~ bath wa~ tnetca.~ from M 
mM (~') to 7{) mM (C3) to 405 tnM (1) and :505 mM (o) m the pre.~rw.* of 20 mM Hep¢~KOH (pH 7 2) (b2) Stagl~channtl cand,~tar~ % 

(c~mpute~ a~ AI/A[ ~ at V¢ value~ near E,e ~ m ~ch solutmn) presented am a functton of the concentratmn of KCI in tht~e sep~a'ste exl3ea'llD~t$ 

lance channel  opening  with increas ing f requency  x, n th  
increasingly negatave V c values In  this c o n d m o n ,  alter- 
a rg  the ba th  C a  :~÷ had  n o  effect on  channel  ac t twty  

To standardize nomenclature, the membrane (or 
clamping) potentml, Vo, was defined as the potenttal at 
the mner  surface  of  the  m e m b r a n e  va th  respect to  
g r o u n d  Analysts  o f  channel  anaphtude  a n d  a f u w t y  was  
done  urn.rig dtgtttzed da ta  a n d  a n  mteractave g raph lcs  
&splay  I l l ,  or  the a, ,erage n u m b e r  o f  channels  open  
d u n n g  a 2 0 - 1 2 0  s segment  of  record,  was  measured  
f rom raw d a t a  us ing mte racave ly  spcczficd ha l [ - amph-  
rude ievea crossings to  de te rmine  the f r a c n o n  of  tLme 
tha t  0, 1, 2, 3 or  more  channels  were open  

The  s t anda rd  IS used for  the ptpet tc  a n d  ha th  con-  
stste.d of  144 m M  K C | / 0  1-0 5 m M  M g C l ~ / ( n o  a d d e d  
C a C l 2 ) / H e p e s - K O H  (pH 7 3 0 )  for  a f inal  o H  of  
7 2 0 - ' / 2 5  The  dtsttUed, detomzed water  used con ta ined  
1 0 - 2 0  ~ M  tree C a  a÷ b y  Ca  2÷ electrode measu remen t  
Subsu tu tmn  of o the r  antvalent  cottons or thvalent  ca t -  

tons was made by tso-osmottc replacement of KCI In 
most experiments where channel seleetmty was m- 
vesugated, MgCla was removed from the IS and 50-100 
#M CaCI2 was added to ensure channel acttwty over a 
vade  range  of  m ~ m b r a a e  voltage6 The C a a " - s e n s m w t y  

of channe l  act ivi ty  was  cahb ra t ed  us ing IS so lu tmns  
~Oflt~[In|l~g V~rlOUS concen t ra t ions  of  CaCi  2 a n d  E G T A  
Free Ca:"  coneentraUons m these soluttons were calcu- 
lated using a computertzed nomogram first presented 
b y  F a b m t o  a n d  F a b l a t o  a n d  modJfted b~ B.A. Wol f  
w h o  Mndly  provaded t t  f o r  ou r  use  [16|  ES winch  
ba thed  the  cells d u n n g  tmttal  pa t ch ing  conststed of  138 
m M  N a C ] / 5 5  m M  K C I / 2  m M  C a C l a / 1  m M  
Mg~+/Hepes -NaO,~ l  ( p H  7 35) for  a final DH of  7 3 

Results 

Cat,on permeatton of the Ca'~ +-actwated K ~ channel m 
excmed patches of B-cell membrane 

The  K*-s~leettvtty o f  the l a rge-conduc tance  vol tage 
a n d  Ca2+-aetavated channe l  m B calls was  demons t r a t ed  
m two ways  First ,  us ing  res ide-out  pa tches  s y m m e m -  
eally ba thed  m IS, we replaced  the IS so luhon  m 

con tac t  wtth the ' ey top lasmtC surface  of  the  m e m b r a n e  
w~th ES The  zero cur ren t  o r  reversal  po t~nna l  (E,~v) of  
the 200 pS  c h a r r e d  was  raised f rom ~ = 0 m V  to  V~ of 
at least + 60 mV, suggesting that the channel ts highly 
selective for  K + over N a  ÷ (Fig, 2), Second,  m m 4 t w d u a l  
mmde-on t  pa tches  fo rmed  with IS-filled ptpettes,  we 
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FI s 3 Detenmrtatlon of Lperm=abthty" sel¢ctl~tv seqt~e~ Of 
K+ tea 2+ ) claalm¢l m the tamale-eat exmsed patch (a) Currem-voh- 
agt~ curves tAbttlated for a patch formed w~ti!, IS t~ plpelt¢ 0rod bath 
(O) or Mter I~O-O$111OtlC $uhgtllullon Of EEl content of IS bath wllh 
R I l l  (e), Nit4C1 t/x) ol" LIC1 (11) (b) Current-vo|tage t, nt'ves tabu- 
luted for a ~mnhur p=tteh where KCI content of IS bath was tso-osmot~- 

tally replaced by K + ae.¢tate (~) oe "i3 - acetate O,) 

systematically altered [KCII,. the KCI concentrat ion of 
the solution badung the cytoplasmic surhee,  by  adding 
concentrated KCI or replacing a porUon e l  IS v, ath 
thstdled water or sucrose Increasing [KC1], from 34 to 
506 mM sbMted Er~ of the cur rent -vol tage  curves by 
- -6" /mV 0 e~ from + 3 7  mV to - 3 0  mV), thus t~ very 
d o s e  to the 70 mV change m E,~  predicted from the 
N e m s t  equation for a ehatme] permea'ole to K +, hut  not  
E l -  ( s ~  Fig 2b l )  The single-channel conductance,  as 
well as reversal potential,  ts hJ#dy  sensttw© to [K+I,  
The slope of the current  voltage curves measured at  
V~ = 0 mV inereasDd with [KC|], and then saturated at  a 
value near 325-350 pS at [KCl], > 400 mM (see Fig 
262), The saturataon of e h ~ m d  conductance as a ftmc- 
t toa of [KCI], suggests sp¢Cafte interaction of K ~ ~ons 
~ath at  least  one site m the channel  dunng  the process 
of traversal 

To bet ter  understand the abthty of Ca2+-actwated 
K + cha imds  to select among umvalent  caU0ns, we 
examined m more detarl  (a) the "pe rmeab th t f  s¢lo;tlv- 
l ty  seq.uenee of the chmanel, and Co) the effects of other 
lens  on K + ¢onduelaon. In four experLments, mnular to 
that  shown m Fig. 3a, a~ mstde-out exosed  patch was 
formed with IS m the pipette and bath  The KCI 
content  of the eytoplasrmc bath  was then sequenaal ly  
substatuted m0te for mote with NaCl,  RbCI, LtCI, amd 
NHaCI  Current -vol tage  curves were measured m the 
preSenea of each carton In two other experiments.  
represented by the ~ample m Fig  3b, the seleeuvaty of 
the channel  to thalhum was studied by  replacing 144 
mM potassmm acetate with thalhum acetate, the acetate 
salt  was used due to  the low solublhty of T1CI in water  
E ,~  was measured as + 17 mV m RbCL + 40 mV tn 
NH4CI,  E,~, in thal l ium acetate was 7 mV negatwe to 
that m K + acetate Reversal potent ials  were not  mea- 
surable m NaCl,  LaCI or CsCi (data  not  shown), as the 
reward eurr~at was not  s~¢n to reverse at  large de- 
polarmmg V c values In  the lat ter  soLuUons, the lower 
hrmt of  Erev was est imated as +70  mV by tmear 

ex t r apo l a t i on  o f  the nearest  po r t ion  o f  the c u r r e n t /  

voltage curve obtainable ~.qqtlmlng perfect catton-selec- 
Unity, the cauome permeab~htaes rda t tve  to K* were 
calculated under th~se nearl) "hi-tome' conditions, using 
Eqn 1 

RT P, [K" plpeael 
~ t E , ~ = ~  P~-IK* bdlh]+P c [C* bath] {l, 

~here  R T / F = 2 5 6  mV and [K + bath] was the con- 
centration of K + (fi rqM) m the final K + eoneen'ratton 
contributed by the Hepes-KOH buffer Tins calculattnn 
yielded the followmg rat,as P n + / P g -  = 1 3, PRb'/PK* 
--05, PNH,/PK = 0  [7, and PL, ' ,  PSa ' ,  Pes'/Pg "< 
0 05 These data suggeot that, despite i ts  large conduc- 
tance in the pre~ene. ~ of K +, the channel is baghly 
se l~ l tve  among cations The current-vol tage relatton- 
stup m TI + also demonstrates that though TI ÷ ts more 
'permeable  than K ". judging from the cha.rmel reversal 
potential ,  the channel conducts" TI* mgmheantly less 
wall than  tt "conducts + K ~ (t e ,  the maximum slope of 
the c u r r e n t / v o h a g e  curve for outward current m the 
presence of thalhum acetate m the cytoplaslmc solutmn 
ts approx lfl0 pS, ab ~ompated with 200 pS for outward 
K ÷ current)  Hence, the relative caUon permeabthty, as 
calculated from reversal-potent=at measurements, may 
be a poor  est~ma*or of relative tome conduction through 
the channel  

Another  set of experiments was performed to test 
how the presence of combmaUons of caUons m the 
cytoptasrmc ~olut~on affects cban=nel conduction F~g. 4 
dernonstratc=s that  addit ion of either a permeant  or 
tmpermeant  umvalem cation (Rb + vs Lt + or Cs + ) to 
the ¢ytoplasnue solution reduced outward current flow 
through the channel  The reduction in current flow was, 
m some caves ( e g ,  Cs+~ clearly voltage-dependent, 
w~th larger fractaonal reductions seen vath increasing 
membrane depolanzauon (or driving force for outward 
eauon movement  acr0s~ the channel) Note that Rb ~, 

A) "r16 

I 
- t o  -40 40 80 

~1~ -a vc (mY) 

FIg 4 Permeam and non-permeaal cations alter the condtclanca o 
K " ( C a  2" ) chgna~l m the mside-o~t excused patch Effects of ad 
chtton of 80 mM NaCI (e), RbCI (x)  or CsL"I ( l l )  to a bath eontamm~ 
70 caM KCI 20 mM Hepes-KOH (pH "/2) and no added Ca 2+ Not 
the pronunent v01tage-dcpcndent redact.on m outwmd extra1 came 

by both RbO and C~CI 
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Fig ~ E[fc~ts of Na~ and Na, + on t.bannel conductance (a) In an ms,de out patch formed ~th 144 mM KCI plpctt¢, raplao~ment of 20 mM KCI 
m bath ruth NaCI results m a small voltage-dependent r~dueuon m outward current (b) In a smular patch form~ vnth 144 mM NaCl m plpene, 
replacement of 23 mltt KCI with lquCI tesuhs m a profound reduction of outward current and mducUon of a region of "negative-slope" 
conductance (c) In an outstd~out patch formed vath 144 mM KCI m the pipette and 144 mM Naeq m the bath, tso-o+mot~cally subsutaung 20 

mM kCl for NaCI mcr¢.a~s omward current flow through the channel 

wiuch ts calculated to be  a t  least  7 . u m e s  more  p e r m e a n t  
than Na++ reduces ou tward  un i t a ry  cur ren t  more  effec- 
Uvely These results are con t ra ry  to the idea  of  mdepen -  
denl  movement  o f  tons through the channel ,  m which 
case c o n m b u U a n s  of  var ious tons to cu r ren t  f low mhould 
be  addit ive The vol tage-dependence  of  conducUoa  b lock  
also suggests that  ton 'mte racUon '  tb t ak ing  place  wi thin  
an  ele~.trm field 0 e ,  w'J~ the membrane )  

In  phymologlcal  con&t~ons, N a  + ~s the m a j o r  tmper-  
m e a n t  umvalen t  ca t ion  avai lable to compete  with K + 
for entry  mto  the  channel  a t  bo th  the cy toplasmic  a n d  
external  faces of  the channe l  Ftg  5 ~hows the effccuvc-  

hess o[ "cytop[asnuc" N a  +, a t  a conccn t raUon  a p p r o a c h -  
m g  phystologmal  mt race l lu la r  level, m reducing  the 
a m p h t u d e  o f  o u t w a r d  cur ren t  t h rough  the  K + ( C a  z+) 
channel ,  as well as  the effoctweness o f  external  K + m 
r~rsmg t ha t  b lock  In mstde-ouz pa tches  fo rmed  with  
IS m the  pipet te ,  subst t tuUon of  20 m M  KC!  of  fit© 
cytoplasrm¢ IS with NaCI  results  m a small ,  voltase-d©- 
penden t  r educ t ton  m the  a m p h t a d e  o f  o u t w a r d  cur ren t  
(Fig 5a) In  ms tde -uu t  pa tches  fo rmed  va th  ES m the 
pipette,  sumla r  subs ta tuuon of  KCI.  w~th NaCl  results 
m more  d r a m a u c  r c d u c u o n s  m single-channel  a m p h .  
tudes a t  compa rab l e  ~ ,  channe l  a m p h t u d ¢  ac tua l ly  falls 

(a~ (b) 

?0r f+ 
(pA) , ~, (pA) ,s +2,~ 

+I +" ++" 
10 [dg + ~.0 Ns 

V c {mY) V c (mV) 

Fig. 6 (~) Ahhty el mcrea~mg coae.eatratlons of internal Mg 2+ to progr,'~wely block outv, ard comiucUoa tluough a K + (Ca 2+ ) channd m an 
ms,de-out patch. (IS pipette, MSCI 2 ,~,-osmot,~dly substtl~te.d for KCl m bath) (b) AddRton of ~mall ~onccnlrattons of Mg 2+ aqd Na + to the 
cytoplasmic bath of an mst0¢ out excised patch mduoes reward-going t~ t t f l caaon  and a regtan of  ~.egatLve slope ¢..ondueta~.ce rcscmblm 8 that seen 
m t~}.l atlached patch (IS plp~tc, IS bath (n], IS bath with 2 mM MgCI 2 (Ill), IS bath wRh 2 mM MgCI 2 and 10 mM NaCI (o), cell-attached 

patch wllh IS bath tO) 



(a) 2o, (b) ~ 
TEA I (pk) 

I(pA) *~ TEA 

1c- lo  

-~o-,'o / A ;  ~'o A do ~'o : 

~ o D TEA 

0 5 TEA 

20 40 6(3 8D 

Vm(~v) 

67 

F,g 7 Ch~nel blockade by addmon of TEA rtom internal (luftt and cxternat (nghtl ~u rfaces of K + (Ca ~ + ~ IS bath and plpct~ Ins de out patch 
on lefL oatstde out patch on right V m ts the potentmi m the ptpell~ wtlh r~p~Lt ro b~th ground 

wi th  increas ing  d e p o l a n z a u o n ,  hence,  p r o d u c t m g  a re- 

. o n  of  nega t ive-s lope  conduc tance  m the c u ~ r e n t - v o h -  

ago curve (Fig.  5b) H o , ~ v c r .  m ouLqxdc-out excl~cd 

pa tches  form¢~l wt th  E S  m the b a t h  and  IS m the 

pLpOtte subs t t t u t t on  ot 20 m M  NaC10 ,vtth KC] is 

suf f ic ien t  to  , n ~ e a s e  channel  a m p h t u d e  and  remove  the 

negahve - s lopc  c o n d u c t . n ~ c  (F ig  5c) These  resul ts  sug- 

gest  t ha t  ,mcrna i  N a ~  mlubt ts ,  whde  external  K + 
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F,g 8 CaZ÷-depeadent of K + (Ca 2+ ) actawty m an ,rsldc-car ¢,~ca.u:d patch (standard IS plpelte) fa) Sample efgccL~ of Ca z+ on channel acttwty 
treasured as a [unCuOl3 of ¢l~mplag voltage at low (left) and lath (nghf) r, alcaum concgn.allonb EMtmaled free Ca ~+ m pa.tenthese~ (at) o .  ] mM 
EGTA 1S with no alJglcd Ca 2÷ (approx. 5 riM), A, + 250 pzM Ca z + (apptox 46 aiM). l -t. 500 pM Ca a+ {approx 140 riM), t .  +660/aM Ca 2~ 
(ppprox 260 nM) {a2) • 100 tam Ca 2÷ IS, I ,  .80 .aM EGTA (approx 22/~M Ca 2+ ) a + 100 pM EGTA (approx. 3 5 p.M Ca 2+ ) o,  + 2 mM 
EGT ~. (appmx 5 nM Ca 2 + ) (h) Depend~rce of acbvtty on calculated fcee Ca ¢o~e.:eatrauon m vanous solaUons ,t. Ca z÷ added m IS ¢onlaJmng 
t m M  EGTA, o, Ca 2+ added m IS ¢otllanlxtlg 1. 5 mM EGTA and 0 S mM ATP and L Ca ~ ~ added m IS contawang 2 mM EGTA and 1 ram 

ATP 
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faohtates, outward K + flax through this channel These 
results suggest cooperative interaction of k + m channel 
conduction 

Effects of I~ + channel btockers (Mg "+ and TEA +) on 
conduction through K +(Ca z +) channels 

AtlenUon has recently been focused on mtracellular 
M~ 2+ as a contribution to reward-going reetffmataOn 
thspla~ed to varying degrees by many K ÷ channels (see 
Ref 17) Fig 6a deanonstrates that addttlon of increas- 
ing ¢oncen~ranon of M~ 2+ (2-20 raM) to the IS bath of 
an ms,de-out patch produces a block of outward ¢urrem 
wluch increases w~th mereasmg depolarization (t e,  m- 
creasing driving force for outward current flow through 
the channel) F~g 6b demonstrates thaL on addmon to 
the IS bath of 2 mM Mg ~+ and 15 mM Na ® 0 e ,  
cortcentratton~ resembhng physiological mtraceilular 
levels). K+(Ca ~+) channels dasplay reward rectification 
mrmlar to that seen in call-attached patches 

Alkyl-subst~tuted ammomum tons, such as letraethyI- 
anunomum, are often-used K+-chartnel blockers Their 
blocking actmn is often voltage-dependent and more 
potent when apphed to one side of the channel or the 
other Fig 7 compares the action of "lEA on K+(Ca ~+) 
channel currents after its apphcauon to the 'cyto- 
plasrmc" surface of an reside-out patch (a) and its 
apphcatton to the external surface of an outside-out 
patch (b) External TEA ~s roughly l(30-fold more potent 
m reducing reward current than internal TEA is m 
reducing outward current ~Compare the Ka of 0 5 mM 
for 7EAo wRh 10 mM for TEA~ ) 

These results suggest that the pathway of approach 
of tons from the cytop|asrm¢ and external membrane 
surfat.cs to the saturable site(s) wRhm the channel, 
which regulates Ion flow, may be asymmetric 

Galm~ by dwalent caOons of the Ca:÷-actwated K + 
channel tn exased patches of C-cell membrane 

In survey experiments [13]. we have demonstrated 
that the large-conductance. ~oltage-dependent K + ehan- 
rtel of the B cell was sensitive to cytoplasmic Ca 2+ over 
the rtanomolar to attcromolar range In several welt* 
controlled experiments, we attempted to quantltate th~s 
Ca2+-sensmwty As demonstrated by the sample experi- 
ments and compda,aon graph of Fig, 8, the K+(Ca z+) 
channd Is indeed sensitive to [Ca2+], over a concentra- 
tion range spannu~ several orders of magmtude Several 
prorranent features emerge from these cxpcrunents (1) 
The CaZ+-sensmvlty of the channel ts low at [Ca 2+ ] 
values below 20-5(I aM. but increases substantially at 
[CaZ+l values between 50 nM and 1/~M, where I/~ Is 
preportmnal 2+ t-: to [Caf,~] 

Wtttnn most of this range of calcium concentrations, 
channel aettvaty is voltage-dependent, with mean chan- 
nel aeLtwty maxamallv increasing e-fold per 10-12 mV 
incremental depolarization (2) At [Ca 2+ ] values greater 

than 10/~M, channel act, vtty show~; reduced voltage and 
Ca2+-senslhwty, channel achvJty sometimes even de. 
creases with increasing depolanzat~on Examination of 
the latter current recorcls reveals the development of 
intermittent ]~ng pauses m channel aettwty (3) [Ca2+], 
values greater than 10-20 p.M were needed to produce 
even detectable eharmel aetmty at V m equal to or nega- 
tare to 0 mV The Ca2+.senslttvtty seen here resembles 
that prevmusly found with K ( C a  2+) channels m 
neonatal rat Islet [10] Apparently, bJgher Ca:+-sensmv - 
rues have been prewously reported for adult rat islet 
based on solutions where EGTA Ca concentration 
ratios were near 1.1 [111 

To better understand the nature of Ca z÷ gating, we 
have investigated whether other thvalent canons can 
substitute for Ca 2+ Rathc¢ than chelatm 8 Ca 2. and 
then addmg other thvalent cataons, we added test con. 
¢entrattons of a variety of divalent canons to the small 
but hxed eoncemratton of Ca ~+ (-- 15 tzM) contained m 
no added Ca 2+ IS In Fig 9. which is representative of 

(a) 

Ve (mV) 

(b) 

+IOvM Ba 100 mVlstead7 slate) 

~ L  ~ ,  I. 
t l  

~_Ol  . . . .  

Fig 9 (al Effects el internal apphcatton of ~anous davalent cations 
on voltage dependent gating of K÷(Ca ~+ ) channel (IS pZl~tte and 
]S balh with added chloride Salts of dtvalcnls as re&cared) {b) Abdlty 
of tO p.M ~la 2+ to produce a ttrne-depcndent block of aetmty of 
K + (Ca =+ ) channel al largo depolarmmg voltage, hen~ producln$ a 
pattern of acUvxty r~emblmg volta£.~-dcpendcnl channel m~¢tnvatton 

~;tead3/-state effect of tO pM Ca 2+ shown for cffmpamcs~n 
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Fig 10 Internal apphcanon of NBA r~ducns [Ca z+ ],-sensltrvUy of 
K + [Ca :+ ) eharmel in the reside out excited patch wtthout altenttg ttg 
voltage dependence IIS p~petle IS+t00 pM Ca ~+ bath) Control 

(o), +100 pM NBA (0), + 100 #M NBA+I mM CaCI2 (11) 

three exper iments,  addmon of 10 i tM Sr "+ increased 
mean channel acavRy more than 10-fotd above that  m 
go-added Ca 2+, but  only 30~ as much as dzd the 
adchhon of 10 FM Ca 2+ In con t r a s t  addi t ion of 10 12M 
M n  2+ only increased mean channel actav~ty 2-fold abo,~e 
the no-added Ca 2+ condmon Note  that the voltage-de- 
pendence of channel  aematy  was not  al tered The effect 
of Ba 2+ is conmderably more compkeated A d d m o n  of 
Ba z+ ssgmficantly increases channel  acuvny at negauve 
V=, bu t  decreases actavtty at  posattve V: values F ig  9b 
suggests t~ "  e o n g m  of Ba 2+ m i ~ t t o n  of channel 
actt~qty may  oe due m ttme and voltage.dependent  
channel  block by Ba z+ The block appears to be  depen- 
dent  oa  the magmtude of the eleclax3chermcal gradtent 
d n w n $  Ba ~+ mto  the channe l  Hyperpolartzatton trz.n- 
s~ently reheved the steady-state block 

Expertments of the type del:ncted m Ftgs g and 9 
demonstra ted a rather  charactenst tc  voltage-depert- 
deuce of channel  gat ing over a w~de range of  davalent 
canon  co~acentrattons, suggesting that,  at  ]east under  
some eondtttons, voltage and ton ga tmg of the channel 
might  be  independent  (Under  other condmons,  how- 
ever, such as the presence of cytoplasmac Ba 2+ or [Ca z'] ,  
gxeater than  20 jaM, voltage and dzvalcnt catmn ga tmg 
were related tktouSh voltage-dependent b lock  of the 
channel  by  gatmg cations.) Keeendy, Pal lot ta  [18] has 
reported that  small  coneentrauons of N-bromoaeeta-  
made (NBA) made the K*(Ca 2+) channel of myotubes 
nearly msensmve to Ca~ + Hence, m another set of 
experiments, we added 100 FM NBA to the cytoplasrmc 
bat inn  8 so]utton of an  mstde-out patch, winch aLso 
continued either 10 or 100 raM CaCI~ In  1 0 / t M  CaCiz ,  
we noted a progresswe reductton m channel  achwty  
wtth trine, but after 10 man, smgle-channel currents 
became rather 'ragged' In three such experanents using 
100 ?M CaCI z (see, for c~ampl¢, Ftg 10), we were able 
to examine the voltage-dcp~mdeuce of channel acuvay 
m f t r~  Ca~ + before and 10 nan after addatton of 100 
# M  NBA F ~  10 shows that,  whde the CaZ+-senstuvaty 
t s  dearly reduced, the charactenstte voltage-dependence 
of channel aetmty and the maxtmum average number 

of channelq activated ~s basxcally unchanged Thts fur- 
ther suggests that  Ca ~'  and ~oltage acUvalton of the 
chmnc l  can be mdcp~.ndt.ntlv altered under eertm= 
cLrcumstanees 

Effect of pH, on aettetfv of K "(Ca"*) channel 
In prevaous experiments, K+(Ca  z+) channels m 

membrane patches egClSed reside-out from rat neonatal  
islet ceils dtsptayed increased actwtty v~th alkahmza- 
tton of the 'eytoplasrme soluuon'  (from pH 7 2 to 7 g) 
and decreased acttvzty with ac]dtftcatton (from pH 7 2 
to 6 g) []0] However, m our recordings from cell.at- 
tached patches, addttton of NH,,CI to a KCI bath, 
~ tuch should result m prolonged tntracellut_qr Mkahm- 
zatton, produced no dtscernable effect on K+(Ca ~+) 
t .hannd acttvltV [191 

A possible reconoha t lon  of tklS dtscrepanc-,, ts pre- 
sented in Fig l l  In part  (a) K+(Ca "-*) channel acuvsty 

a) ~Onlrol  Ve • ~ ~ -I- 20 ~ N l ~ C i  

I 80 ~v  i I0 9% 

no 8dde el Ca 
~D| 4- 05  mM leGTA 
,,t, le 

r / l  

o o s  o ~  

a ,1~ 8 0  o 
ve(m 

rm Ltdded CII 

O,r  ,,is_ H t;;] 

2 
F~B IL (a) Lack of effect of cell alkalzmzaUon, produced ~y bath 
addmon of 20 told I"IH4CI. on K+(Ca z+ ) channel actmty m the 
cell-atlach~ pmlch (s~mzmemc IS m ~ ptp~tte ~ bath) (b) Varia- 
ble efr~'t of pH, on galm$ of K + (Ca 2+ ) chmmel in 1[~E-..OI.1L 
excised l~tel~ (IS ptpette modified IS hath ¢.ontmomg 05 mM 
MgCI 2 and 0 5 mM ATP) No r ~ . o r ~  m channel aeuvt w was 
when pH 1 was reduced from 7 35 to 6 SS m IS contazmng no added 
Ca and 05 mM EGTA (left) but a nearly 4-fold redoclmn m eham~] 
achwty w~a seem with ~'~ id~aoca111Mncttoa m pH 1 m i],e absence of 
~GTA (n~at) in the pretence nr EGTA. rcducm 8 pH, is calculated 
to lnerea.se free Ca 2+ roughly 7-B fold from approx 6 to 46 nM 
Judging from F=8 8b, thJS should mca'=as¢ J'/ l  by 2-7-fuld m the 
ab~nce of any emuntera~ng effect "l['hls ks, however, roughly com- 
parable to the decrease m }/I ~e.ea with tile saffm maneuver m the 

absence of the EG'TA buffer 
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m the cell-attached patch appears to be unaffected by 
ad&ttoa of 20 mM NH4CI, though the acuwty of the 
K+[~,TP) channel ts greatly enhanced, as indicated by 
the increase m acttwty of smaller conductance channels 
Following excision of the patch m the reside-out config- 
uration (Fig llb), reduong pH, from 7 35 to 685 
reduced K+(CaX÷) channel acnvtty m the absence, but 
not the presence, of EGTA The buffenng capacity of 
EGTA is strongly pH-dependent Hence, tt is possrble 
that, m the presance of EGTA, the increased effectave- 
aess of Ca2. ÷ m gating the channel othervose seen at 
htgher pH,. is largely countermanded by the reduetton 
lu free Ca 2+ resulting from enhanced chelatton, when 
H + ls less avadable to compete at a Ca 2+ chelatton stte 
Cytoplasnuc buffers mtght functton m a stmalar manner 

Discussion 

We trove described a variety of features of tome 
selecttvaty and gating of a l~ge-conductanc¢ Ca ~+- and 
voltage~aettvateal K + channel an patches of plasma 
membrane exctsed from panereatm tslet I3 cells (1) 
These channels have an overwhelming s~ectr, aty for 
K + over CI (2) Channel conductance m reside-out 
exctsed patches formed wtth tsotomc KCI pipettes In- 
creases v~th bath K*, but appears to saturate stmply at 
approx 350 pS at KCI coacentrattons bagh~r than 400 
mM (3) The permeabthty sel¢cttvtty sextucncc ratto to 
K ¢ as determined from the Goldman-Hodgkm-Katz 
extuatloawasl.3Tl ÷ 1 0 K  ÷ 0 5 R b  + 0 1 7 n H ~  < 
0 05 Na +, Ls + or Cs + (4) Permeant alkah earth canons 
(eg.. Tl* and Rb +) reduce conducuon through the 
~hanuel Impermeant cartons are also able to do ttus 
For example. Na ÷ and Mg =+ when added to the cyto- 
ptasrmc side of the membrane reduce the outward flux 
of tons, hence, offertng a clue to the ongm of reward- 
going roettficatton displayed by the channel an cell-at- 
tached patches The well-estabhshed K*-channel 
blocker, TEA, was also tested, tt was found to be a 
more potent channel blocker from the external rode 
(Ka ~ 0 5 raM) than the cytoplasrmc stde (K d := 30 raM) 
(5) The channel ts senstttve to [CaZ ÷]~ over a wide range 
( <  5 nM te > 100 pM). over the range 50-500 aM, 
whch is the range over winch average, free cytosohe 
Ca z+ vanes for most cells, channel acttxaty vanes as the 
1 5-1 6 power of [Ca2*],. (6) In the presence of Ca 2+, 
addmon of davalent cartons enhances channel acttvaty 
wlth an order of potency Ca z÷ > Sr z÷ > Ba 2+ > Mn 2+, 
Co a÷ The effect of Ba 2+ Ls comphcated by tts ainhty to 
produce tmae-dependent channel mactwatton at poten- 
trois at w~ch :t is dnven into the membrane (7) Chan- 
nea acuvlty shows a charactenstt~, voltage-dependence, 
maximally mcreasmg e-fold per each 10-12 mV nn, re- 
mental depolanzatton, tl-as charactensttc persasts over a 
wide range of Ca 2+ concentrations, and even dunng 
augmented aettvatton by other dtvalent caracas (8) The 
channel ts senstttve to pH,, at hxed [Ca2+],, ~ to-  

plasrmc alkahmzatlon increases achvity Features (1). 
(2). (3), (4), and (7) closely resemble those reported m 
detail for the large-conductaoee K+(Ca 2+) channel m 
mstde-o,at oxctsed patches from cultured rat muscle 
sarcol~mma [4,20] The voltage and Ca2÷-dependence of 
channel gating at low levels of channel actmty most 
closely resemble those of the sarmlar conductance 
K+(Ca 2 . )  channel in cultured Inppocampal neurons 
[21] The channel described here shares features also 
displayed by 'maya' K+(Ca 2+) channels ~eo m many 
other cells, such as adrenal chromaffin ceils [3,21,221, 
renal corttcal collecting tubule cells 124] and ampinb,an 
~astnc smooth muscle cells [25] In the latter cell types. 
however. 'mum ° K + channels m the cell-attached patch 
are often open over a ruder range of V. values than 
what is seen with the channels m the B cell 

The 'maxf  K"(Ca 2+) channel m nauve and retch- 
sutured membrane patches has been a favorite channel 
for permeaUon studies, because its currents are easdy 
recorded over a wide rouge of eondmons and because 
its very large conductance poses the paradox of how 
selecttvtty can be mamtamed as tons traverse the chan- 
nel at a surpne~ngl) D.st rate For example, if the 
channel wero 60 A m length by 6 A m dtameter (or 
large enough to span the membrane and accommodate 
a hydrated K"  1on), tts calculated conductance m sym- 
metric 120 mM KCI solutton would be approx 50 pS, 
the actual conductance ts more than *fold hlsher (see 
Hdlc, Ref 2 and Yellen, l~d 76) While there ts no 
dtrcct knowledge of the condo ,  tan,  e mechanisms of a 
real K+(Ca 2+) channel, expertments such as those de- 
seabed here suggest that ton traversal Is far more eom- 
pltm than free mmc diffusion through a flmd-fdled pore 
(1) The ooncentratton vs conductance curve of the 
channel (Fig 2b) suggests at le~,st one 'saturable' select. 
tiwty stte wt thn  the ch~rmel wMeh permits passage of 
K +, Tl* and Rb + and, only grudgingly, NH2 (2) The 
voltage-dependent reducttons m channel cur~nt by am- 
permeant and pe~me~at cottons alike suggest that K + 
and other ions interact at a rote winch ¢xpertemces an 
electric field 0 e ,  wtthm the membrane) and that ions 
cannot pass each other at that sue (3) The abthty of 
large-chameter tons (i.e., alkyl-sabsututed NH~" runs) to 
reduce eonduclion vath &fferem potenetes from the 
outside or the ms,de surface of the membrane suggests 
that pathways for approach to the mtramembrane brad- 
mg stte may be vest~bule or antechamber-hke and also 
asymmetric (4) The abthty of small concentrattons of 
external K + to parually reheve block of K + efflux 
caused by internal Na + 0 e ,  a "trans-K ÷ '  effect) (see 
Fag 5) ts consistent with the long-chstance mtera~,tton 
between K + togs m the channel, perhaps by mutual 
electrostatte repulston between tons wmtmg or bindtng 
at the saturable sttes [26] 

Others have modelled s~mtlar data for the 'maxt' 
K*(Ca2+), rather an terms of a single-non channel vetth 



two Eynng rate bamers and an lntervemng low-energy 
well c.ontmntng an ton binding site [20], or as a mulu-~on 
channel with two low-energy wells, each of wtuch can 
simultaneously accommodate one ton [23,26,27] From 
our date, the strongest evidence m favor of a two-~on 
channel IS the 'trans.K + '  effect Two other pzeces of 
our evidence, winch might ue used to dtstmgmsh a 
' two-zoo" from a "one-ion' channel model are app~,rently 
more consistent with a one-ion channel mode', (1) The 
channel conductance vs K* concentration curve ap- 
pears to saturate as a simple hyperbola, at least over the 
range exarmncd (,2) At constant total P.b + ÷ K ÷, vary- 
mg the R b + / K  + ratio (or 'mole fraction') does not alter 
the PRb'/PK÷ calculated from the E~e v seen at each 
combination (see Tabcharam et al, Ref 13, data not 
presented here) (It has been argued that Cs + may be a 
better ton fcr the examination of possible anomalous 
mole-fraction features [27] In our experiments, Cs ÷ 
Increased channel noise and patch mstabthty ) 

The joint gaUng of the 'maya' K+(,Ca z+) channel by 
transmembrane voltage and cytoplasrmc Ca 2 ÷ has mm- 
gued investigators since the discovery of the channel As 
nanomolar concentrations of Ca. z+ alter channel activ- 
Ity even In the presence of nullmaolm" concentrations of 
Mg 2+, electrostatm sereemng by Ca 2+ at the negative 
surface charge of a voltage-scnsmve 'gate" is an unlikely 
mechamsm for Ca~+-senslttvRy l~ the exqulstte Ca2+- 
sensmvity due to the presence of a Ca~+-bmdmg r~'y~un 
of the channel resembhng other Ca~%bmdmg protems~ 
How is such a reg#on functionally linked to the voltage 
gate ? Our data support the idea that over a wide range 
of function, voltage and Ca z+ gating of the channel may 
be somewhat mdependent First, the maximum 
voltase-dependcalce of Ca 2+ activity ts not altered over 
a wide range of [Ca2+], (approx 10-9-10 -s  M) Sue- 
and, the CaZ+.sensxttwty of the channel can be greatly 
reduced by treatment with N-bromoaoetamtde. a pro- 
rein modafymg agent wluch cleaves pepude bonds on 
the COOH terminal side of several amino acids, without 
affecting voltage-sensmvtty Estabhshnmnt of the senm- 
tiwty of the channel to a variety of divalent cations 
rmght be used to compare lhe Ca z+ gate vath isolated 
Ca 2+ binding proteins, Our data suggest that Sr z* and 
Ba 2÷ can augment the channel gaUng by Ca 2+, but do 
not dtstmgmsb whether these ions actually substitute 
for Ca 2+ wRh var3ang efficiency, or change the binding 
affimty for Ca 2+ In a more thorough study using 
bflayer membranes reeonsutttted from K*(Ca 2.)  chan- 
nel-contatmng membrane vesicles from muscle sarco- 
lemma [29], the follovang order of potency of channel 
actwatton by divalent cations was estabhshed Ca 2+ > 
Sr 2+ > Cd 2* > Mn z+ > Fe 2+, Ba 2+ was ineffective l"hs 
rank order is smular for divalent cation binding by 
ealcmm-bmdmg proteins, troponm C, catmodtum and 
parvalbunun. In the presence of Ca z+, a variety of 
divalent cartons, including Cd 2., Co z+, Mn z+, Nl ~-+ and 
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Mg 2+, ln~.rcdsed the apparent afflmty of the channel for 
Ca ~ + by mcreasmg the Ca2%dependence of the channd 
(le the Hill ¢oeffielem) m a concentratmn-dependent 
manner A more fruitful long-term approach to the 
problem of Ca 2 binding may ,uvolve exanunalton of 
the homology of the sequence and three-dlmensmnal 
structure of the K+(Ca z*) chanrml and the Ca 2+ hind- 
mg proteins n, hrst step ,n thxs approach would be the 
1solution of the K+(Ca 2 ) channel, perhaps as a 
charybdotovan-btndmg protein [30] 

The function of the K+{Ca :÷) channels in B cells 
remains not.el tam~ despite their abuotLaxxc~ It is now 
generally appceclated that ATP-sensmve K. + channds, 
rather than the K+(Ca z+) channels (1) underhe the 
resting potassmm perm~abthty PK" wbach is regulated 
by cell metabnhsm [31], and (2) are the specific targets 
for pharmact>logtcal agen,s (eg~, sulfonarmdes) and 
physiolog#cal maneuvers (eg changes m tntracelfular 
pFl) #htch alter PK 119 31[ q'he data on the Ca2+-de- 
pendenee of channel activity pre~ented here suggest that 
free cytosohc Ca z+ would have to increase into the 
range of at least several micromolar for channel actl~P.y 
to be detectable at membrane potentials approaching 
normal V~. t This lg supported by data from companion 
experiments on channel activity m cell-attached patches 
where the remmnder of the cell membrane has been 
permeablhzcd lo Ca :+ by the tonophore lonomycm ,n 
the presence of 0 1-1 mM Ca z+ [12], under these condt- 
nuns. K+(Ca -~') channel acttxaly was not seen at Vm 
values negahve to 0 mV m patches containing four or 
ft~e such channels, c~en though average free intracellu- 
lar [Ca 2÷ ] would be e,tpected to use to a level equal to 
or greater than one to several rmcromotar These experi- 
ments make it less hkd'~ that K-  (Ca a+ ) channels play a 
straightforward role in secretogogue-mduced electtacal 
aclavRy 
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