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ABSTRACT The gat i ng ki net i cs of a Cat ' - act i vat ed K' channel f r om adul t

r at muscl e pl asma membr ane ar e st udi ed i n ar t i f i ci al pl anar bi l ayer s . Anal ysi s

of si ngl e- channel f l uct uat i ons di st i ngui shes t wo Ca 2 ' - and vol t age- dependent

pr ocesses : ( a) shor t - l i ved channel cl osur e ( <1 ms) event s appear i ng i n a bur st i ng

pat t er n ; ( b) openi ng and cl osi ng event s r angi ng f r om one t o sever al hundr ed

mi l l i seconds i n dur at i on . The l at t er pr ocess i s st udi ed i ndependent l y of t he f i r st

and i s denot ed as t he pr i mar y gat i ng mode . At const ant vol t age, t he mean open

t i me of t he pr i mar y gat i ng mode i s a l i near f unct i on of t he [ Ca211, wher eas t he

mean cl osed t i me i s a l i near f unct i on of t he r eci pr ocal [ Ca" ] . I n t he l i mi t s of

zer o and i nf i ni t e [ Ca 21] , t he mean open and t he mean cl osed t i mes ar e,

r espect i vel y, i ndependent of vol t age . These r esul t s ar e pr edi ct ed by a ki net i c

scheme consi st i ng of t he f ol l owi ng r eact i on st eps : ( a) bi ndi ng of Ca 21 t o a cl osed

st at e ; ( b) channel openi ng ; ( c) bi ndi ng of a second Ca 21 i on . I n t hi s scheme, t he

t wo Ca2' bi ndi ng r eact i ons ar e vol t age dependent , wher eas t he open- cl osed

t r ansi t i on i s vol t age i ndependent . The ki net i c const ant der i ved f or t hi s scheme

gi ves an accur at e t heor et i cal f i t t o t he obser ved equi l i br i um open- st at e pr oba-

bi l i t y . The r esul t s pr ovi de evi dence f or a novel r egul at or y mechani sm f or t he

act i vi t y of an i on channel : modul at i on by vol t age of t he bi ndi ng of an agoni st

mol ecul e, i n t hi s case, Ca" i on .

I NTRODUCTI ON

The openi ng and cl osi ng pr ocess of i on channel s i s r egul at ed by t wo di st i nct
physi ol ogi cal mechani sms : t r ansmembr ane el ect r i cal pot ent i al or bi ndi ng of
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an agoni st mol ecul e . For exampl e, t he f l uct uat i on r at es of Na' channel

( Si gwor t h and Neher , 1980) and del ayed r ect i f i er ( Cont i and Neher , 1980)

ar e modi f i ed by an appl i ed vol t age, wher eas gat i ng and desensi t i zat i on

ki net i cs of acet yl chol i ne r ecept or channel s ar e medi at ed by bi ndi ng of ace-

t yl chol i ne ( Sakmann et al . , 1980) . Recent l y, a hi gh conduct ance ( 200- 230

pS) K+- sel ect i ve channel t hat i s act i vat ed by bot h vol t age and Ca21 i ons has

been obser ved by pat ch- cl amp r ecor di ng f r om di ver se bi ol ogi cal pr epar a-

t i ons : bovi ne chr omaf f i n cel l s ( Mar t y, 1981) , r at myot ubes ( Pal l ot t a et al . ,

1981 ; Met hf essel and Bohei m, 1982) , ant er i or pi t ui t ar y cel l s ( Wong et al . ,

1982) , and ver t ebr at e neur ons ( Adams et al . , 1982) . A si mi l ar channel has

been st udi ed i n ar t i f i ci al pl anar bi l ayer s by i ncor por at i ng vesi cl es der i ved

f r om t r ansver se t ubul e of r abbi t skel et al muscl e i nt o pl anar membr anes

( Lat or r e et al . , 1982) . For al l cases st udi ed i n det ai l , bot h Ca. 2' and vol t age

act i vat e t hese channel s by i ncr easi ng t he f r act i on of t i me t he channel spends

i n t he open st at e ( Lat or r e et al . , 1982 ; Bar r et et al . , 1982 ; Wong et al . , 1982 ;

Met hf essel and Bohei m, 1982) . The pr oper t i es of hi gh conduct ance and

sel ect i vi t y, combi ned wi t h t he ubi qui t ous pr esence of t he channel i n di f f er ent

cel l s and t he possi bi l i t y of i n vi t r o assay syst ems, make t hi s channel an

at t r act i ve syst em i n whi ch t o i nvest i gat e t he mechani sm of vol t age- and

agoni st - dependent gat i ng .

I n t he pr esent st udy, we anal yze t he gat i ng behavi or of a si mi l ar Ca t +-

act i vat ed K+ channel i ncor por at ed i nt o pl anar phosphol i pi d bi l ayer s f r om a

vesi cul ar pr epar at i on of pl asma membr ane f r om r at skel et al muscl e . Pur e

phosphat i dyl et hanol ami ne bi l ayer s ar e used t o mi ni mi ze possi bl e ef f ect s of

sur f ace char ge on Ca2' bi ndi ng i n membr anes cont ai ni ng negat i vel y char ged

l i pi d ( McLaughl i n, 1977) . We f i nd t hat t he r econst i t ut ed channel i n decane-

cont ai ni ng bi l ayer s behaves i n a manner r emar kabl y si mi l ar t o t hat of t he

channel f r om r at myot ubes pr evi ousl y descr i bed i n nat i ve membr ane pat ches

( Bar r et et al . , 1982 ; Met hf essel and Bohei m, 1982) and t o t hat of t he r abbi t

T- t ubul e channel char act er i zed i n ar t i f i ci al membr anes ( Lat or r e et al . , 1982) .

We ar e abl e t o der i ve a compl et e set of ki net i c const ant s f or a gat i ng model

i n whi ch t he vol t age dependence r esi des i n t he Ca 2' bi ndi ng r eact i ons . The

f i r st - or der r at e const ant s f or t he cl osed- open conf or mat i onal t r ansi t i on ar e

f ound t o be vol t age i ndependent wi t hi n t he r esol ut i on of our met hods .

Sever al al t er nat i ve mol ecul ar model s t hat may account f or vol t age- dependent

Ca 2' bi ndi ng t o act i vat i on si t es on a t r ansmembr ane i nt egr al pr ot ei n ar e

di scussed .

MATERI ALS AND METHODS

Membr ane Pr epar at i on and Pl anar Bi l ayer Syst em

Pl asma membr ane vesi cl es f r om adul t r at skel et al muscl e wer e pr epar ed by t he
met hod of Rosembl at t et al . ( 1981) . Thi s pr epar at i on has been char act er i zed as
t r ansver se t ubul e membr ane wi t h cont ami nat i ng amount s of sur f ace sar col emma by
measur i ng ouabai n and saxi t oxi n bi ndi ng act i vi t i es ( Moczydl owski and Lat or r e,
1983) . Membr ane suspensi ons ( 5- 10 mg pr ot ei ns/ ml i n 0 . 3 Msucr ose) wer e st or ed
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i n smal l sampl es at - 70° C and t hawed as needed . Channel i ncor por at i on can be
obser ved wi t h t hawed sampl es st or ed up t o 1 wk on i ce .

Pl anar bi l ayer s wer e f or med by t he Muel l er and Rudi n ( 1969) t echni que usi ng 20

mMphosphol i pi d i n decane . The l i pi d sol ut i on was pai nt ed on 200- / Am hol es i n a

pol yst yr ene par t i t i on . Pur e bovi ne br ai n phosphat i dyl et hanol ami ne ( PE) was used t o

f or m bi l ayer s . Membr ane capaci t ance was 100- 200 pF.

Si ngl e- channel membr anes wer e obt ai ned by addi ng 5- 20 Ag pr ot ei n t o one si de

( ci s) of a pr ef or med bi l ayer separ at i ng 2. 5- ml ( ci s) and 4. 5- ml ( t r ans) chamber s

cont ai ni ng 10 mM MOPS- Tr i s, pH 7. 0, 0 . 1 MKCI , and 1 mMß- mer capt oet hanol .

To pr omot e channel i ncor por at i on, an osmot i c gr adi ent was cr eat ed by addi ng 0. 1

MKCI t o t he ci s chamber wi t h const ant st i r r i ng. Af t er i ncor por at i on, 0. 1 MKCI was

added t o t he t r ans chamber , gi vi ng a f i nal symmet r i cal KCI concent r at i on of 0. 2 M.

The CaC12 concent r at i on was var i ed f r om 1 j uM t o 10 mMby consecut i ve addi t i ons

of st ock sol ut i ons t o t he ci s chamber . t r ans CaC12 t est ed up t o 1 mMhad no ef f ect on

t he gat i ng ki net i cs . CaCl 2 concent r at i ons wer e det er mi ned by at omi c absor pt i on

spect r ophot omet r y . Exper i ment s wer e per f or med at ambi ent t emper at ur e, 20- 22° C.

The vol t age- cl amp ci r cui t f or measur i ng si ngl e- channel cur r ent s was as pr evi ousl y

descr i bed ( Lat or r e et al . , 1982) , usi ng an LF157 oper at i onal ampl i f i er ( Nat i onal

Semi conduct or , Sant a Cl ar a, CA) wi t h a 10 8- 51 f eedback r esi st or . Vol t age i s r ef er r ed

t o t he ci s chamber ; t he t r ans chamber i s vi r t ual gr ound . Pr act i cal t i me r esol ut i on of

t hi s syst em was l i mi t ed t o 4- 5 kHz by cur r ent noi se f r om t he bi l ayer . For anal ysi s of

t he pr i mar y gat i ng mode s 1 kHz r esol ut i on was suf f i ci ent .
For ki net i c exper i ment s, si ngl e- channel f l uct uat i ons wer e r ecor ded on magnet i c

t ape wi t h a 4D 4714 FMr ecor der ( Lockheed, Sar asot a, FL) at 30 i n . / s ( 10 kHz) . For

t he exper i ment s of Fi g . 14, st eady st at e cur r ent was r ecor ded di r ect l y on a char t

r ecor der by heavi l y f i l t er i ng channel f l uct uat i ons wi t h a 1- Hz RC passi ve ci r cui t .

Dat a Anal ysi s

Onl y si ngl e- channel membr anes wer e used f or det ai l ed st ochast i c anaysi s. We con-

f i r med t hat membr anes cont ai ned onl y one channel by checki ng t hat t her e was a

si ngl e open- st at e l evel at open- st at e pr obabi l i t i es appr oachi ng 1 . 0, i . e . , hi gh Ca" and

posi t i ve vol t ages . Popul at i ons of dwel l t i me event s i n ei t her t he open ( 290 ± 30 pS

at 0. 2 MKCI ) or cl osed ( zer o conduct ance) st at es wer e anal yzed usi ng a MI NC 11/

23 comput er ( Di gi t al Equi pment Co . , Mar l bor o, MA) . Cur r ent r ecor ds f i l t er ed at 1-

4 kHz wer e di gi t i zed at sampl i ng r at es of 1, 000- 4, 000 poi nt s/ s . Open- st at e and

cl osed- st at e event s wer e i dent i f i ed by set t i ng a di scr i mi nat or at 50%of t he open- st at e

cur r ent . Cumul at i ve pr obabi l i t y di st r i but i on hi st ogr ams wer e const r uct ed by consec-
ut i ve addi t i on of poi nt s t o a number vs . t i me ar r ay f or each event . Pr obabi l i t i es wer e
nor mal i zed t o uni t y by di vi di ng t he t ot al number of event s, t ypi cal l y i n t he r ange of
200- 1, 000 f or 20 s of channel t i me . Wher e i ndi cat ed, shor t - l i ved cl osi ng event s
( " f l i cker s) wer e excl uded f r om t he anal ysi s by count i ng a cl osi ng event l ast i ng <1

ms as par t of t he pr ecedi ng open- st at e event .
I n addi t i on t o r api d f l uct uat i ons bet ween cl osed- and open- st at e l evel s on a

mi l l i second t i me scal e, we have obser ved t hat Ca' - act i vat ed K+ channel s f r om r at

muscl e membr ane pr epar at i ons somet i mes exhi bi t cl osi ng event s of up t o sever al

seconds i n dur at i on . Fi g . 1 A shows an exampl e of such a sl ow cl osur e . Thi s phenom-

enon has been pr evi ousl y descr i bed f or a si mi l ar pr epar at i on f r om r abbi t muscl e

( Lat or r e et al . , 1982) and al so by ot her l abor at or i es usi ng pat ch- cl amp t echni ques

( Bar r et et al . , 1982 ; Met hf essel and Bohei m, 1982) . These event s wer e st udi ed
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i ndependent l y of t he pr i mar y gat i ng act i vi t y and wer e wel l descr i bed by an anal ysi s
based on vol t age- dependent bl ockade by Ca" . We r ef er t o t he accompanyi ng paper
f or a det ai l ed st udy of t hi s phenomenon ( Ver gar a and Lat or r e, 1983) . Because sl ow
cl osur es ar e best t r eat ed as a separ at e phenomenon, cl osi ng event s l ast i ng l onger
t han 500 ms wer e excl uded f r om t he pr esent anal ysi s . Fewer t han 10 of such event s
wer e act ual l y r ej ect ed f r om many t housands of t r ansi t i ons t hat wer e anal yzed . Our
l abor at or y and ot her s ( Bar r et et al . , 1982 ; Met hf essel and Bohei m, 1982) have al so
not ed a r ar e subst r at e conduct ance l evel of ^ - 50%of t he f ul l open st at e, l ast i ng as
l ong as 50 ms i n dur at i on ( e . g . , Fi g . 1 B) . The appear ance of t hi s st at e was l ess
f r equent t han t he sl ow cl osur es and di d not appear t o var y wi t h vol t age or Ca21

concent r at i on . No at t empt was made t o excl ude such event s i n t he comput er anal ysi s
of t he open- and cl osed- st at e popul at i ons . Because of t hei r r ar i t y, nei t her t he sl ow
cl osur e nor t he subst at e phenomenon coul d si gni f i cant l y af f ect our r esul t s .

1s

n
N

f i l ~~wl ~ I

11 7TV. `

100 ms

A sl ow cl osur e

6 subst at e

FI GURE 1 .

	

Exampl es of sl ow cl osur e event s and subst at e conduct ance l evel s .
Condi t i ons : ( A) 5 AMCa" , +50 mV; ( B) 3, uM Ca" , +30 mV. 1 kHz f i l t er i ng .
Zer o- cur r ent l evel s ar e i ndi cat ed by t he ar r ow t o t he r i ght of each t r ace .

A mor e ser i ous pr obl em t hat coul d af f ect our anal ysi s of channel gat i ng was
var i at i on i n t he Ca" concent r at i on dependence and vol t age dependence f r om chan-
nel t o channel . The ext ent of t hi s var i at i on i s descr i bed i n mor e det ai l i n t he Resul t s
sect i on . I n addi t i on t o sampl e var i at i on, we somet i mes obser ved sudden or gr aded
shi f t s i n t he open- st at e pr obabi l i t y t hat may or may not r et ur n t o t he pr evi ous l evel
( e . g . , see Fi g . 15) . Because of t hese obser vat i ons, we cannot assume t hat l i f et i me dat a
f r om a r andom sampl i ng of di f f er ent channel s can be aver aged . Ther ef or e, i n our
anal ysi s of t he pr i mar y gat i ng mode, we anal yzed dat a i ndi vi dual l y f r om si ngl e-
channel membr anes t hat exhi bi t ed r el at i vel y st abl e gat i ng behavi or . These wer e
st udi ed over a wi de vol t age ( +60 t o - 60 mV) and Ca' concent r at i on ( 1 AMt o 10
mM) r ange . The mi cr oscopi c ki net i c r esul t s ar e based on an anal ysi s of f our di f f er ent
si ngl e channel s ( a t ot al of 72 di f f er ent Ca2+ concent r at i on and vol t age combi nat i ons) .
I n addi t i on, t he vol t age and Ca 2+ concent r at i on dependenci es of 40 di f f er ent bi l ayer s,
each cont ai ni ng one t o f our channel s, wer e anal yzed at a macr oscopi c l evel by
r ecor di ng st eady st at e cur r ent ( e . g . , exper i ment s of Fi g . 14) t o conf i r m t hat r esul t s
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at t he mi cr oscopi c l evel wer e r epr esent at i ve of t he popul at i on of channel s i n t he

pr epar at i on .

Mat er i al s

PE was f r om Avant i Pol ar Li pi ds ( Bi r mi ngham, AL) , decane was f r om East man

Or gani c Chemi cal s ( Rochest er , NY) , and KCl was pur at r oni c gr ade f r om Al f a

Di vi si on, Vent r on Cor p . ( Danver s, MA) .

RESULTS

I dent i f i cat i on and Anal ysi s of t he Pr i mar y Gat i ng Mode

Fi gs . 2 and 3 ar e r epr esent at i ve 800- ms segment s of r ecor ds f r om a si ngl e

100 ma

A 1 AI M Ca

w,

	

I Mf i r '

	

I r

	

t i ++

	

~
6

	

3 pA Ca

1 t ! MF

	

~1I g4 I r ' 'r e 10

C

	

5 ; * A Ca

0

	

OPM Ca

FI GURE 2 .

	

Ef f ect of Ca t + concent r at i on on si ngl e- channel cur r ent f l uct uat i ons

at const ant vol t age . Fl uct uat i ons f r om a pur e PE bi l ayer wer e r ecor ded at a

hol di ng vol t age of +40 mV and t he i ndi cat ed concent r at i on of ci s CaCl 2 . The

measur ed pr obabi l i t i es of r esi dence i n t he open st at e, aver aged over 20 s, wer e :

( A) 0 . 22 ; ( B) 0 . 66, ( C) 0. 81 ; ( D) 0. 93. Zer o- cur r ent l evel s ar e i ndi cat ed by t he

ar r ow t o t he r i ght of each t r ace . Ti me pr oceeds f r oml ef t t o r i ght i n al l cur r ent
r ecor ds . 1 kHz f i l t er i ng .

channel t hat i l l ust r at e t he ef f ect of Ca 2+ concent r at i on and membr ane pot en-

t i al , r espect i vel y . Fi g . 2 shows t hat as Ca21 concent r at i on i s i ncr eased at f i xed

vol t age, t he t i me- aver aged pr obabi l i t y of r esi di ng i n t he open st at e, Po , i s

i ncr eased f r om zer o at l ow Ca
21

t o val ues cl ose t o uni t y at hi gh Ca 21 ( Lat or r e

et al . , 1982) . Fi g . 3 shows t hat as t he hol di ng vol t age i s made mor e posi t i ve

at a f i xed Ca 2+ concent r at i on, Po i s al so i ncr eased i n a si mi l ar f ashi on . Thi s

behavi or has been anal yzed pr evi ousl y i n t er ms of a t wo- st at e, cl osed- open,

vol t age- dependent equi l i br i um whi ch pr edi ct s t hat Po i s a si gmoi d f unct i on
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of membr ane pot ent i al t hat shi f t s al ong t he vol t age axi s as a f unct i on of Ca21

concent r at i on ( Lat or r e et a1 . , 1982 ; Met hf essel and Bohei m, 1982 ; Wong et

al . , 1982) . The pr esent goal i s t o devel op a ki net i c model abl e t o pr edi ct bot h

t he mi cr oscopi c and macr oscopi c behavi or of t he channel .

We anal yzed t he Ca2' act i vat i on of t hi s channel f ol l owi ng t he appr oach

descr i bed f or agoni st - act i vat ed channel s by Col quhoun and Hawkes ( 1981) .

The st r at egy i nvol ves measur i ng t he mean open and cl osed t i mes as a f unct i on

of agoni st concent r at i on, i . e . , Ca
2+

concent r at i on . Si nce di f f er ent ki net i c

schemes pr edi ct uni que r el at i onshi ps f or t he mean open and cl osed t i mes vs .

agoni st concent r at i on, t he most economi cal scheme t hat pr edi ct s t he obser ved

r el at i onshi ps mi ght be i dent i f i ed .

A

	

+20 mV

B

	

+30 mV

TL"

	

~' ( ' ~r ~~' ~ ~M

Jw i ~ I w i 0V
'

7~,
C

	

+40 mV

D

	

+50 mV

FI GURE 3 .

	

Ef f ect of appl i ed membr ane pot ent i al on si ngl e- channel f l uct ua-

t i ons at const ant Cat + concent r at i on . Fl uct uat i ons f r om t he same channel as

t hat of Fi g . 1 ar e shown at 3 AM ci s CaC1 2 and t he i ndi cat ed hol di ng vol t ages .

The t i me- aver aged open- st at e pr obabi l i t i es wer e : ( A) 0. 16; ( B) 0 . 29; ( C) 0. 66;

( D) 0. 87 . 1 kHz f i l t er i ng .

Fi g . 4 i l l ust r at es t he met hod used t o i dent i f y t he pr i mar y gat i ng mode and

t o measur e t he mean open and cl osed dwel l t i mes f or t hese st at es . Fi g . 4A

shows a segment of a r ecor d f r om t he same channel of Fi gs . 2 and 3 at a 4-

kHz r esol ut i on and expanded t i me scal e . Si mpl e i nspect i on of t hi s r ecor d

r eveal s t hat t her e ar e t wo t ypes of cl osi ng event s . One t ype consi st s of wel l -

r esol ved cl osed- st at e event s, whi l e t he second t ype consi st s of shor t - l i ved

cl ust er ed spi kes or " f l i cker s" emanat i ng f r omt he open- st at e l evel i n a bur st i ng

pat t er n . Most of t hese f l i cker event s ar e not f ul l y r esol ved even at 4 kHz, t he

pr act i cal l i mi t of our r ecor di ng syst em. Fi g. 4B ( l ower cur ve) shows t he

cumul at i ve pr obabi l i t y di st r i but i on of r esi dence t i mes i n t he cl osed st at e

r esul t i ng f r om comput er compi l at i on of 5 s of channel act i vi t y ( 422 event s)
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sampl ed at 4 kHz as descr i bed i n Mat er i al s and Met hods . Thi s di st r i but i on

cl ear l y exhi bi t s t wo component s, as expect ed f r om si mpl e i nspect i on of t he

r ecor ds . The l ong component , consi st i ng of wel l - r esol ved cl osur es, compr i ses

s
n
0
N

r

a
a
0
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0. 04

0. 02

%(

	

1

	

4 4
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FI GURE 4 .

	

Ef f ect of excl udi ng f l i cker cl osur es on t he pr obabi l i t y di st r i but i ons
of cl osed- and open- st at e dwel l t i mes. I n A, par t of a si ngl e- channel cur r ent
r ecor d t aken at +50 mV hol di ng vol t age and 1 I AM ci s Ca" i s shown at 4 kHz
f i l t er i ng. Shor t - l i ved cl osi ng event s ( " f l i cker s" ) t hat vi sual l y cl ose t o at l east hal f
of t he open- st at e l evel ar e mar ked wi t h a ver t i cal ar r ow. The cl osed- ( B) and
open- ( C) st at e cumul at i ve pr obabi l i t y di st r i but i on hi st ogr ams of dwel l t i mes
wer e t abul at ed by a comput er pr ogr amas descr i bed i n Mat er i al s and Met hods,
af t er di gi t i zat i on of 5 s of anal og i nput ( 4 kHz f i l t er i ng) at 4, 000 poi nt s f r om
t he same r ecor d shown i n A. The l ower di st r i but i ons i n B and C, l abel ed
" unr est r i ct ed, " count al l t r ansi t i ons r eachi ng 50%of t he open- st at e l evel as
event s . The t ot al number of event s f or t hese di st r i but i ons was 422 . The upper
di st r i but i ons i n B and Cwer e t abul at ed f r omt he same dat a as t hat of t he l ower
di st r i but i ons, except t hat al l cl osi ng event s 51 ms i n dur at i on ( " f l i cker s" ) wer e
count ed as par t of t he pr ecedi ng open- st at e event . The t ot al number of event s
f or t hese di st r i but i ons was 158 af t er excl udi ng 264 f l i cker event s . Dat a poi nt s
f or each di st r i but i on ar e pl ot t ed at ar bi t r ar i l y chosen i nt er val s . For t he pur pose
of i l l ust r at i on, st r ai ght l i nes wer e dr awn by eye and t he mean dwel l t i mes, T,
cor r espondi ng t o t hese l i nes ar e gi ven i n t he f i gur e . See t ext f or expl anat i on .
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37%of t he popul at i on and has a mean of 16 ms . The 63%r emai ni ng event s
bel ong t o t he f l i cker popul at i on wi t h a mean t i me of <0 . 4 ms . Because t he

f l i cker l i f et i me i s ver y shor t , t he channel spends onl y a smal l f r act i on of t he

t ot al t i me i n f l i cker event s . However , i t i s possi bl e t hat t hese event s ar e i n

some way r el at ed t o t he ki net i c pat hway f or channel act i vat i on and shoul d

ul t i mat el y be i ncl uded as par t of any compl et e ki net i c scheme . As a met hod

of f aci l i t at i ng t he pr esent anal ysi s, t he ef f ect of i gnor i ng t he f l i cker event s by

t r eat i ng t hem as par t of t he open st at e i s i nvest i gat ed bel ow.

I n or der t o excl ude t he f l i cker s, we empi r i cal l y det er mi ned a mi ni mum

cut - of f t i me f or cl osi ng event s t hat r esul t ed i n a si ngl e- exponent i al di st r i bu-

t i on of cl osed- st at e dwel l t i mes . Fi g . 4B( upper cur ve) shows t hat by excl udi ng
al l cl osi ng event s <I ms i n dur at i on, t he f ast component of t he di st r i but i on

i s ef f ect i vel y el i mi nat ed, r esul t i ng i n a di st r i but i on wel l f i t by a si ngl e expo-
nent i al wi t h a t i me const ant equi val ent t o t he sl ower component of t he
unr est r i ct ed popul at i on ( l ower cur ve) . Fi g . 4 C i l l ust r at es t he ef f ect of t hi s
pr ocedur e on t he open- st at e di st r i but i on . The mean open t i me i s i ncr eased

( f r om 6 t o 18 ms) af t er f l i cker s ar e excl uded si nce an openi ng event i s

t er mi nat ed onl y af t er a cl osur e >1 ms i s count ed . The open- st at e di st r i but i on

i s wel l f i t by a si ngl e exponent i al at t i mes >1 ms bef or e and af t er f l i cker s ar e

excl uded . However , t her e al so appear s t o be an excess of shor t - l i ved openi ng

event s . Thi s i s i ndi cat ed by an or di nat e ext r apol at i on of t he dat a i n Fi g . 4 C

t o 0 . 8 i nst ead of 1 . 0 . The t wo br i ef openi ng f l i cker s i n t he r ecor d of Fi g . 4A

ar e l i kel y exampl es of t hi s 20%popul at i on of a f ast component i n t he open

st at e .

I n Fi g . 5, Aand B, cumul at i ve pr obabi l i t y di st r i but i ons f or cl osed and open

st at es const r uct ed by excl udi ng 1- ms cl osur es ar e shown at sever al Ca21

concent r at i ons at f i xed vol t age ( +20 mV) . These r esul t s ar e t ypi cal f or t he

compl et e r ange of Ca 2+ concent r at i ons ( 1 Mt o 10 I nM) and hol di ng pot ent i al s

( +60 t o - 60 mV) we have i nvest i gat ed at 0 . 2 MKCI . We f i nd t hat t he

popul at i ons of cl osed and open dwel l t i mes ar e wel l descr i bed by si ngl e-

exponent i al di st r i but i ons t o t he l evel of 2- 5% of t he event s . We al so f i nd

t hat t he f ast component of t he open- st at e popul at i on i s onl y det ect abl e at t he

l ower Ca 21 concent r at i on r ange f or any gi ven vol t age . Thi s i s i ndi cat ed i n

Fi g . 5Bby or di nat e ext r apol at i ons <1 . 0 at 1 and 3 AMCa 2+ . At most , t hese

event s compr i se 20%of t he popul at i on and do not st r ongl y af f ect t he over al l

mean . An i nt er pr et at i on f or t hi s behavi or i n t he l ow Ca 2+ l i mi t wi l l be

pr ovi ded i n a l at er sect i on of t he Resul t s .

I n summar y, we f i nd t hat by excl udi ng cl osur es of <1 ms i n dur at i on,

si ngl e- exponent i al di st r i but i ons of t he cl osed and open dwel l t i mes ar e
unmasked ( i . e . , Fi g . 5, A and B) . We r ef er t o t hi s r esi dual gat i ng pat t er n as
t he pr i mar y gat i ng mode, si nce t he channel spends >97%of t ot al t i me i n

t hi s mode . I n anal yzi ng t he pr i mar y gat i ng mode by t hi s met hod, t he mean

open t i me t hat we obt ai n i s act ual l y t he mean bur st l engt h of openi ngs

separ at ed by f l i cker cl osi ngs . We al so f i nd t hat a sampl i ng r at e of 1 kHz f or

r ecor der s f i l t er ed at 1 kHz i s suf f i ci ent t o r esol ve t hi s pr i mar y gat i ng mode,
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Cl osed- and open- st at e pr obabi l i t y di st r i but i ons f or a si ngl e channel

at var i ous Ca" concent r at i ons . Si ngl e- channel cur r ent f l uct uat i ons wer e r e-

cor ded at +20 mV hol di ng vol t age and t he i ndi cat ed Ca" concent r at i ons .

Cl osed- ( A) and open- ( B) st at e cummul at i ve pr obabi l i t y di st r i but i on hi st ogr ams

obt ai ned af t er di gi t i zat i on of 20 s of anal og i nput ( 1 kHz f i l t er i ng ; sampl i ng

r at e: 1, 000 poi nt s/ s) . Al l cl osed event s of 1 ms i n dur at i on ( 1- poi nt " f l i cker s" )

wer e count ed as par t of t he pr ecedi ng open- st at e event . Dat a poi nt s f or each

di st r i but i on ar e pl ot t ed at ar bi t r ar i l y chosen i nt er val s . St r ai ght l i nes ar e dr awn

accor di ng t o l east - squar es semi l ogar i t hmi c f i t s of t he dat a ( cor r el at i on coef f i -

ci ent s wer e 0 . 99) . The cor r espondi ng mean cl osed and mean open t i mes f or

t hese di st r i but i ons ( det er mi ned bot h as t he si mpl e aver age and t he mean gi ven

by t he l east - squar es f i t ) ar e pl ot t ed i n Fi gs . 6A and 7A, l abel ed as " +20 mV. "
The measur ed t i me- aver aged pr obabi l i t y of open- st at e r esi dence, Po , was : 1

AM, 0 . 06 ; 3 AM, 0 . 16 ; 5 pM, 0 . 44 ; 9 AM, 0 . 73 ; 19 AM, 0 . 82 ; 39 AM, 0 . 95 . The

t ot al number of event s measur ed f or each di st r i but i on was : 1 AM, 183 ; 3 AM,
386 ; 5 AM, 591 ; 9 AM, 571 ; 19 AM, 456 ; 39 AM, 246 .

si nce pr obabi l i t y di st r i but i ons accumul at ed under t hese condi t i ons ar e equi v-
al ent t o t hose t aken at 4 kHz, when f l i cker s ar e excl uded . '

' By sampl i ng at I kHz and excl udi ng 1- ms cl osur es f r om t he cl osed- st at e popul at i on, we ar e
ef f ect i vel y l i mi t ed t o condi t i ons i n whi ch t he over al l mean cl osed t i me i s >3 ms . As t he ext r eme
of shor t cl osed t i mes i s appr oached ( i . e . , Fi g . 2D) , we r i sk over est i mat i ng t he mean open t i me
by excl udi ng cl osur es t hat do not bel ong t o t he popul at i on of f l i cker s . I ndeed, t hi s met hod i s
onl y l egi t i mat e when t he dur at i on of f l i cker cl osur es i s wel l separ at ed f r om t he dur at i on of
i nt er - bur st cl osur es . Ther ef or e, t he anal ysi s i s r est r i ct ed t o condi t i ons i n whi ch t he mean open
or mean cl osed t i me i s >3 ms .
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Fi gs . 6A and 7A show t he Ca
2+

concent r at i on dependence of t he mean open

and mean cl osed t i mes, r espect i vel y, f or a si ngl e channel st udi ed at posi t i ve
vol t ages, +20 t o +50 mV. Fi gs . 6B and 7B show t he same measur ement s f or
a di f f er ent si ngl e channel st udi ed at negat i ve vol t ages, - 20 t o - 60 mV. Si nce
t he pr obabi l i t y di st r i but i on hi st ogr ams ar e wel l f i t by si ngl e- exponent i al
f unct i ons, t he aver age dwel l t i me of t he popul at i on shoul d equal t he t i me
const ant of a l i near l east - squar es f i t of t he semi l ogar i t hmi c hi st ogr am pl ot s,

80

60

I dent i ff i cat i on of a Scheme Compat i bl e wi t h t he Ca" Concent r at i on Dependence

of t he Mean Dwel l Ti mes

20

60
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40
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0
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FI GURE 6.

	

Li near r el at i onshi p bet ween t he mean open- st at e dwel l t i me and
Ca" concent r at i on at const ant vol t age . Si ngl e- channel cur r ent f l uct uat i ons wer e
r ecor ded at t he i ndi cat ed Ca" concent r at i ons and hol di ng vol t ages . The dat a
wer e anal yzed as descr i bed i n Fi g . 5 . The mean open t i mes cal cul at ed as a
si mpl e aver age ( open symbol s) or as t he t i me const ant of a l east - squar es semi -
l ogar i t hmi c f i t ( cl osed symbol s) ar e pl ot t ed vs . Ca" concent r at i on . I n cases
wher e t he t wo met hods of obt ai ni ng t he mean wer e equi val ent , onl y a f i l l ed
symbol i s shown . Dat a shown i n A ( posi t i ve vol t ages) and B ( negat i ve vol t ages)
wer e obt ai ned f r om t wo di f f er ent channel s . Not e t he di f f er ent absci ssa scal es
f or A vs . B.

as expect ed f or a Poi sson pr ocess. As a t est of goodness of f i t t o a si ngl e
exponent i al , t he mean open and cl osed t i mes ar e det er mi ned by bot h met h-
ods . The si mpl e aver ages of t he event popul at i ons ar e pl ot t ed as open symbol s

and t he means det er mi ned by l east - squar es f i t t i ng ar e pl ot t ed as f i l l ed symbol s

i n Fi gs . 6 and 7 . I n cases wher e t he t wo val ues ar e i dent i cal , onl y a f i l l ed

symbol i s shown . The r esul t s of t hi s compar i son i ndi cat e t hat , i n most cases,

t her e i s excel l ent agr eement bet ween t he t wo met hods of eval uat i ng t he

mean dwel l t i me . I n t he wor st case, t he t wo met hods di f f er by 10%.

I n Fi g . 6 t he mean open t i mes ( To) ar e pl ot t ed vs . Ca" concent r at i on, and

i n Fi g . 7 t he mean cl osed t i mes ( - r c) ar e pl ot t ed vs . r eci pr ocal Ca" concent r a-
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t i on . The r esul t s show t hat at any gi ven f i xed vol t age, To i s a l i near f unct i on

of [ Ca
2

' ] and Tc i s a l i near f unct i on of 1/ [ Ca2+ ] . Si mi l ar dat a f r oma t ot al of

f our di f f er ent si ngl e- channel membr anes conf i r med t he r esul t s shown i n Fi gs .
6 and 7. The l i near r el at i onshi ps of To a [ Ca 2

' ] and Ti c oc 1/ [ Ca2+ ] ar e f ound

t o hol d over t he r ange of open- st at e pr obabi l i t i es of 0 . 05- 0 . 95, t he r ange

accessi bl e t o t he pr esent anal ysi s because of t he 1- ms r esol ut i on l i mi t . Fi gs . 6

and 7 al so show t hat t he mean dwel l t i mes ar e st r ongl y dependent on vol t age .

Sur pr i si ngl y, however , at l ow Ca
21

concent r at i ons t he mean open t i mes at

di f f er ent vol t ages t end t o conver ge t o t he same val ue, and at hi gh Ca21 t he

mean cl osed t i mes at di f f er ent vol t ages t end t o conver ge t o t he same val ue .

Thi s r esul t has pr of ound i mpl i cat i ons f or t he vol t age dependence of t he

channel , as di scussed i n t he next sect i on .

0 . 4

	

0 . 8

	

6
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18

[ CaCI Z ]
i
( p. M- I )	 1CaCi 2 1 - I ( mM- I )

FI GURE 7 .

	

Li near r el at i onshi p bet ween t he mean cl osed- st at e dwel l t i me and
r eci pr ocal Ca' concent r at i on at const ant vol t age . The dat a wer e col l ect ed and
anal yzed as descr i bed i n Fi g. 6 .

We i dent i f y now a ki net i c scheme of Ca2+ act i vat i on compat i bl e wi t h t he

dat a of Fi gs . 6 and, 7 . We i nvest i gat ed t he pr edi ct ed behavi or of t he di f f er ent

model s wi t hout maki ng any assumpt i ons about t he magni t ude of t he bi ndi ng
and r at e const ant s and t hei r vol t age dependenci es and wi t hout i nvoki ng t he
exi st ence of char ged gat es or bl ocki ng par t i cl es ( e . g . , Met hf essel and Bohei m,
1982) . One i mpor t ant f act t hat must be t aken i nt o account i s t he obser vat i on
t hat t he sl ope of Hi l l pl ot s of t he open- cl osed equi l i br i um vs . Ca21 concent r a-
t i on i s >1 . 0, r angi ng f r om 1 . 2 at negat i ve vol t ages t o 1 . 8 at posi t i ve vol t ages
( Fi g . 11 C) . Thi s r esul t suggest s t hat a mi ni mumof t wo Ca21 i ons ar e bound
t o t he channel f or compl et e act i vat i on . Ther ef or e, we wi l l consi der t he
gener al model of Fi g. 8 f or channel act i vat i on t hat i ncl udes t he sequent i al
bi ndi ng of t wo Ca 21 i ons t o cl osed and open st at es wi t h zer o, one, or t wo
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bound Ca21 i ons i n r ever si bl e equi l i br i um. We assume t hat al l cl osed st at es

exhi bi t zer o conduct ance, wher eas al l open st at es exhi bi t t he same conduct -

ance val ue . Fr oma t her modynami c st andpoi nt , we cannot excl ude any of t he

st at es shown i n Fi g. 8 f or a channel t hat has t wo Ca 2' bi ndi ng si t es . However ,

i t i s possi bl e t hat t he pr obabi l i t i es f or some of t he st at es ar e smal l under
nor mal condi t i ons, so t hat we can ef f ect i vel y i gnor e t hem. Ther ef or e, al l

possi bl e subset pat hways of t he gener al model of Fi g . 8 t hat i ncl ude a st at e

wi t h t wo bound Ca
21 i ons ar e exami ned t o f i nd t he si mpl est scheme t hat

account s f or our dat a . Sever al of t hese subset pat hways, al ong wi t h expr es-

si ons f or uncondi t i onal mean open and cl osed t i mes as a f unct i on of Ca"

K

A1
C T- - - - 0

a l

02
C- Ca

	

~~

	

O- Ca
a

2

03

K3

C' Ca 2	 O' Ca2

a3
FI GURE 8 .

	

A gener al ki net i c scheme f or a channel t hat bi nds t wo Ca" i ons .
Fi r st - or der conf or mat i onal t r ansi t i ons bet ween cl osed, C, and open, O, st at es
ar e denot ed by f or war d and r ever se r at e const ant s, , Q and a. Ca 2' bi ndi ng
r eact i ons ar e denot ed by di ssoci at i on equi l i br i um const ant s : K, , K2 , Ks , and K, .

concent r at i on, ar e gi ven i n Tabl e 1 . Expr essi ons f or To and T, ar e obt ai ned

by met hods out l i ned i n Col quhoun and Hawkes ( 1977) . Not e t hat t he

schemat i c r epr esent at i on of model 5 of Tabl e I cor r esponds t o t he gener al

model of Fi g . 8 . 2

2 Al t hough t he mean dwel l t i mes gi ven i n Tabl e I ar e gener al f or any val ues of t he r at e

const ant s, t he f or m of t he pr obabi l i t y di st r i but i ons wi t h mor e t han one cl osed or open st at e
ar e sums of exponent i al s wi t h ampl i t udes and t i me const ant s gi ven by compl ex combi nat i ons

of r at e const ant s . The f act t hat we obser ve mean dwel l t i mes appr oxi mat el y equal t o l i f et i mes

of si ngl e- exponent i al decays suggest s t hat i f t her e ar e mul t i pl e open and cl osed st at es, a si ngl e-

exponent i al t er m domi nat es t he di st r i but i on . See t he Appendi x f or a possi bl e exampl e of t hi s

behavi or .
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I nspect i on of t he pr edi ct ed Ca" concent r at i on dependence of t he var i ous

model s i n Tabl e I r eveal s t hat model 3 cont ai ns t he l east number of ki net i c

st at es r equi r ed t o account f or t he dat a of Fi gs . 6 and 7 . Model s 1 and 2 ar e

i nadequat e because i n model 1 t he mean open t i me i s i ndependent of [ Ca2+]

and i n model 2 t he mean cl osed t i me i s i ndependent of [ Ca
21] . Model 3,

however , pr edi ct s bot h t hat t he mean open t i me i s a l i near f unct i on of Ca 21

concent r at i on and t hat t he mean cl osed t i me i s a l i near f unct i on of r eci pr ocal

Ca21 concent r at i on, i n agr eement wi t h our obser vat i ons . Model s 4 and 5 ar e

not t he si mpl est model s t hat expl ai n our dat a because t hey pr edi ct t hat t he

mean open t i me appr oaches a l i mi t i ng val ue at hi gh Ca 21 concent r at i on . On

t he ot her hand, model 5 pr edi ct s t hat t he mean cl osed t i me has a l i mi t i ng

val ue at l ow Ca 21 concent r at i on . Fi gs . 6 and 7 show no i ndi cat i on of such

sat ur at i on behavi or i n t hese ext r emes ; however , we cannot excl ude t he

possi bi l i t y t hat sat ur at i on mi ght be obser ved at open- st at e pr obabi l i t i es be-

TABLE I

Dependence of t he Mean Open or Cl osed Ti me on Ca" Concent r at i on f or Var i ous Ki net i c Model s

a, + a2C/ K3 + a3C2/ KX4

	

#, + , #2C/ KI + f t sC2/ KI K2

The model s shown ar e subset pat hways of t he gener al model of Fi g . 8 . Not e t hat t he schemat i c

r epr esent at i on of model 5 cor r esponds t o Fi g . 8 . Equat i ons f or t he uncondi t i onal mean t i me i n al l

open or cl osed st at es as a f unct i on of Ca t * concent r at i on and ki net i c const ant s wer e der i ved by means

of Eq . 74 i n Col quhoun and Hawkes ( 1977) . Not e t hat C= [ Ca
2+1 ;

K' s ar e di ssoci at i on equi l i br i um

const ant s. Not al l t he par amet er s ar e i ndependent : KzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� B, / a, = K302/ a2 ; K4#3/ C' 3 = K202/ a2 .

yond our r esol ut i on l i mi t . Model 3 i s advant ageous because i t i s a si mpl e

l i near ki net i c scheme f or whi ch exact anal yt i cal expr essi ons f or t he t i me

dependent pr obabi l i t y di st r i but i on f unct i ons of t he var i ous st at es can be

obt ai ned . Fr om t hi s poi nt , we wi l l consi der t he f ol l owi ng scheme ( model 3)

i n det ai l as a wor ki ng hypot hesi s f or t he gat i ng act i vat i on pat hway :

k, [ Ca] a k4[ Ca]

C
' Ca

	

O- Ca
O- Ca

	

( R1)
k_ 1 a k_ 4

Vol t age Dependence of t he Gat i ng React i ol t s

Scheme R1 pr edi ct s t he f ol l owi ng l i near r el at i onshi ps f or t he mean open and

cl osed dwel l t i mes :

To = a - ' ( 1 + [ Ca] / K4) ; Tc = a- ' ( 1 + K1/ [ Ca] ) .

	

( 1)

Model

1 . L
2

Tp�

a3 - 1

aI - ' ( 1 + C/ K3 + C2/ K3K4)

Td. - d

03' ( 1 +K2/ C + KI K2/ C2)

SI - '

3 . a2' ( 1 +C/ K4) t 32' ( 1 +KI / C)

4 .

6
I + C/ K4 I + C/ KI + C2/ KI K2

02 + a3C/ K4 02C/ K, + #3C2/ KI K2

5. 1 + C/ K3 + C2/ KSK4 1 + C/ KI + C2/ KI K2
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Eq . 1 al l ows us t o der i ve t he ki net i c const ant s of scheme R1 by anal yzi ng t he
sl opes and i nt er cept s of t he st r ai ght l i nes shown i n Fi gs . 6 and 7 . Accor di ng
t o Eq . 1, a pl ot of T o vs . [ Ca" ] has an or di nat e i nt er cept of I / a and a sl ope
of 1 / aK4 ; a pl ot of Tc vs . 1 / [ Ca 2+ ] has an or di nat e i nt er cept of I / # and a sl ope
of K, / f l . Si nce t he i nt er cept s of t he pl ot s shown i n Fi gs . 6 and 7 do not
exhi bi t si gni f i cant vol t age dependence, wher eas t he sl opes ar e st r ongl y vol t -
age dependent , we can concl ude t hat most of t he vol t age dependence r esi des

i n t he Ca 2' di ssoci at i on const ant s f or t he cl osed and open st at es . The or di nat e
i nt er cept s, a' and a - ' , wer e obt ai ned by l i near r egr essi on f r om t he mean
cl osed and mean open t i me dat a, r espect i vel y, at var i ous hol di ng pot ent i al s .
These r esul t s, obt ai ned f r om f our di f f er ent channel s, ar e shown i n Fi g . 9 .
The dat a of Fi g . 9, A and B, i ndi cat e t hat a and a val ues f or di f f er ent channel s
and hol di ng vol t ages t end t o cl ust er about common mean val ues of a = 480
s - ' and a = 280 s- ' . These val ues f or , 0 and a and t he mean dwel l t i me dat a
wer e used t o obt ai n t he Ca 2' di ssoci at i on const ant s f or scheme R1, K, and

K4, f r om Eq . 1 .
The r esul t s of t hi s anal ysi s ar e shown i n Fi g. 10 f or t wo di f f er ent channel s,

wher e t he most ext ensi ve dat a wer e col l ect ed . The K, and K4 val ues f or
di f f er ent Ca 21 concent r at i ons ar e pl ot t ed i ndi vi dual l y t o show t he r ange of
var i at i on i n t he K val ues at a gi ven hol di ng pot ent i al . The K, and K4 val ues
f r om+60 t o - 60 mV ar e f i t wel l by a si mpl e- exponent i al f unct i on of vol t age .

Vol t age- dependent bi ndi ng const ant s can be expl ai ned by usi ng t he anal ysi s

of Woodhul l ( 1973) f or t he case of i oni c channel bl ocker s . Usi ng t hi s anal ogy,

we can expr ess t he vol t age dependence of t he K, and K4 di ssoci at i on const ant s

as :

K( V) = K( 0) exp( - zbFV/ RT) ,

	

( 2)

wher e K( 0) i s t he zer o- vol t age di ssoci at i on const ant , z i s t he Ca 21 i on val ence

( +2) , S i s t he f r act i onal di st ance of t he el ect r i c f i el d t hat i s f el t by t he i on,

and F, V, R, and T have t hei r usual meani ngs . The dat a of Fi g . 10 ar e f i t t ed

t o Eq . 2 by an unwei ght ed l east - squar es anal ysi s t o obt ai n val ues f or K( 0) and

S, whi ch ar e gi ven i n Tabl e 11 .
The r esul t s of Fi g. 10 and Tabl e 11 i ndi cat e t hat t he Ca 2+ bi ndi ng r eact i on

t o t he cl osed st at e exhi bi t s a l ower af f i ni t y t han t he Ca 2' bi ndi ng r eact i on t o
t he open st at e, si nce K, i s l ar ger t han K4 at al l measur ed vol t ages . However ,

as Fi g. 10 shows, t he di f f er ence i n af f i ni t i es i s enhanced as t he vol t age i s

made mor e posi t i ve . Accor di ng t o our t r eat ment , t hi s i s due t o di f f er ent d

val ues f or t he t wo bi ndi ng r eact i ons . The l ow- af f i ni t y bi ndi ng si t e ( K, ) i s

l ocat ed at 70- 80% ( a1 = 0 . 67, 0 . 84) of t he el ect r i c f i el d, wher eas t he hi gh-

af f i ni t y bi ndi ng si t e ( K4) i s l ocat ed at 90- 100% ( S4 = 0 . 91, 1 . 0) of t he f i el d .

Does Scheme R1 Pr edi ct Equi l i br i um Behavi or ?

Fr om t he pr ecedi ng anal ysi s of t he dwel l - t i me di st r i but i ons of t he open and

cl osed st at es, we ar r i ved at a model ( R1) f or t he Ca2' act i vat i on ki net i cs . The

anal ysi s al so gave est i mat es of t he r at e const ant s ( a, Q) f or t he cl osed- open
conf or mat i onal t r ansi t i ons and expl i ci t expr essi ons ( Eq . 3 ; Tabl e 11) f or t he
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vol t age- dependent Ca 2' bi ndi ng di ssoci at i on const ant s ( KI , K4) . I t i s of i nt er est

t o eval uat e t he success wi t h whi ch scheme RI can account f or t he equi l i br i um

Ca2' and vol t age dependence of t he pr obabi l i t y of r esi dence i n t he open

st at e, Po ( [ Ca 21] ,
V) . An expl i ci t expr essi on f or t hi s dependence can r eadi l y

be der i ved f r om an equi l i br i um t r eat ment of scheme RI , wher e Po i s equal
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FI GURE 9. Vol t age i ndependence of f i r st - or der conf or mat i onal t r ansi t i ons .
The cl osi ng, a, and openi ng, 0, r at e const ant s of scheme R1 ar e gi ven by t he
or di nat e i nt er cept s of pl ot s shown i n Fi gs . 6 and 7, r espect i vel y, accor di ng t o
Eq . 1 . Or di nat e i nt er cept s wer e cal cul at ed as l east - squar es i nt er cept s f r ommean
open and cl osed t i me dat a at sever al Ca" concent r at i ons f r om f our di f f er ent
channel s ( O,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , x, +) at t he i ndi cat ed hol di ng vol t ages . The sol i d l i ne i ndi cat es
t he mean val ues f or t he r eci pr ocal openi ng r at e const ant , a- ' i n A, and t he
r eci pr ocal cl osi ng r at e const ant , ( 3- ' i n B, cal cul at ed as t he si mpl e aver age over
al l vol t ages . The l i mi t s of one st andar d devi at i on f r om t he mean ar e shown as
dot t ed l i nes . A f ew val ues gr eat er t han t wo st andar d devi at i ons f r omt he mean
wer e di scar ded .
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t o t he equi l i br i um r at i o of t he sumof t he t wo open st at es over t he sumof al l

t he st at es . The r esul t i ng expr essi on i s :

wher e K, and K4 ar e f unct i ons of vol t age accor di ng t o Eq . 2 . I t i s wor t hwhi l e

t o not e t hat Eq . 3 can al so be der i ved f r om t he expr essi ons f or t he uncondi -

E

Y

O

Y

10- 2

10

10 - °

10 - 1

10
- s

10 - 7

Po ( [ Ca
2+] , V) - [ Ca] 2 +

[ Ca] K4( 1 + a/ S) + KI K4( al f l )
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FI GURE 10 .

	

Vol t age dependence of t he t wo Ca 2+ bi ndi ng r eact i ons of scheme

R1 . Ca 2+ di ssoci at i on const ant s K) and K4 of scheme R1 wer e cal cul at ed f r om

mean cl osed and mean open t i me dat a, r espect i vel y, at var i ous Ca
21

concent r a-

t i ons and hol di ng vol t ages, usi ng Eq . 1 gi ven i n t he t ext . Mean open and mean

cl osed t i mes wer e obt ai ned as descr i bed i n Fi g . 5 . Fi r st - or der r at e const ant s, a
and a, needed f or t hese cal cul at i ons wer e mean val ues det er mi ned i n t he

exper i ment of Fi g. 9 . The sol i d l i nes ar e unwei ght ed l east - squar e f i t s . Par ame-

t er s f or t hese f i t s ar e gi ven i n Tabl e 11 . Resul t s i n A and Bwer e obt ai ned f r om

t wo di f f er ent channel s .

t i onal mean open and cl osed t i mes f or r eact i on scheme R1 by means of t he

r el at i on

Po ( [ Ca" ] , V) = Tol ( To + - i c) .

	

( 4)

Thi s equi val ence i s a si mpl e i l l ust r at i on of t he r at i onal e f or st ochast i c anal ysi s :

t he mi cr oscopi c behavi or of a syst em i s pr edi ct ed by equi l i br i um t her mody-

nami cs .
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Fi g . 11 shows t he r esul t s of a compar i son of t he t heor et i cal Ca" concen-

t r at i on and vol t age dependence of scheme R1 ( usi ng Eq . 3 and t he best - f i t

val ues of a, ß, KI , and K4) wi t h t he act ual exper i ment al Po val ues, measur ed

as t he f r act i on of t i me i n t he open st at e . The r esul t s f or t wo di f f er ent

channel s ( Fi g . 10, A and B) i ndi cat e cl ose agr eement bet ween t he cal cul at ed

and measur ed open- st at e pr obabi l i t i es over t he f ul l r ange of [ Ca" ] ( 1 / , M t o

10 mM) and vol t age ( - 60 t o +60 mV) t hat was i nvest i gat ed . I n par t i cul ar

cases, t he t heor et i cal cur ves ei t her under est i mat ed or over est i mat ed t he

act ual dat a by ^- 0 . 1 Pa uni t s . Di scr epanci es bet ween t he cal cul at ed and

obser ved dat a appear t o be r andomt hr oughout t he Ca" concent r at i on r ange.

Such devi at i ons can be wel l expl ai ned by i nher ent i nst abi l i t y of t he gat i ng

behavi or , descr i bed i n a l at er sect i on .

Ki net i c Behavi or i n t he Li mi t of Low Ca 2+ Concent r at i on

I n t he l i mi t of l owCa" concent r at i on, scheme R1 pr edi ct s t hat t he pr obabi l i t y

of t he doubl y bound open st at e i s l owand t hat t he mean open t i me appr oaches

a- I , t he t i me const ant f or cl osi ng f r om t he open st at e wi t h one bound Cat + .

TABLE I I

Par amet er s f or Two Vol t age- dependent Ca 2+ Bi ndi ng Const ant s of Scheme RI

Channel K, ( 0)

	

S,

	

K4( 0)

	

64

A

	

1 . 8 x 10 - 4 M

	

0. 84

	

1 . 1 x 10- 5 M

	

1 . 0

B 3. 7x10- ' M 0. 67 1 . 4x10- 5 M 0. 91
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Zer o- vol t age di ssoci at i on const ant s, K, ( 0) and K4( 0) , and f r act i onal di st ances of t he el ect r i c f i el d, d,
and E4 , f or t he t wo Ca s+ bi ndi ng r eact i ons of scheme R1 wer e det er mi ned by l east - squar es f i t t i ng of

t he dat a i n Fi g. 10 accor di ng t o Eq . 1 . Resul t s f or t wo di f f er ent channel s. A and B channel s

cor r espond t o A and Bof Fi gs . 10 and 11 .

Al so, t he mean cl osed t i me i ncr eases i n t hi s l i mi t , whi ch r ef l ect s t he f act t hat
t he r at e const ant f or Ca 2' bi ndi ng t o t he cl osed st at e, k I [ Ca] , becomes smal l
enough t o t r ap t he channel i n t he unbound cl osed st at e, C, f or l ong per i ods
of t i me, as i n t he r educed r eact i on scheme :

kl [ Ca] ß

C . - - I
C' ~

	

Oca

	

( R2)
k_, a

Ki net i c mechani sms such as scheme R2 ar e known t o pr edi ct a bur st i ng
pat t er n of channel openi ng . Expl i ci t l y, t he mean number of openi ngs per
bur st i s ( 1 + ß/ k_ I ) and t he mean l engt h of cl osi ng event s wi t hi n a bur st
i s ( ß + k_ I ) - I ( Col quhoun and Hawkes, 1981) . Thus, i f ß i s l ar ge compar ed
wi t h k_ 1 , openi ng event s t end t o occur i n cl osel y spaced cl ust er s .

We i nvest i gat ed t he char act er i st i cs of t he channel f l uct uat i ons at l ow

Ca
2+

concent r at i on i n an at t empt t o measur e k_ I ( see scheme R2) . Fi g .
12A shows a si ngl e- channel r ecor d t aken at 1 p, M Ca2+ , f or whi ch t he
t i me- aver aged pr obabi l i t y of t he open st at e i s Po = 0. 024 . Under t hese
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condi t i ons, channel f l uct uat i ons appear as br i ef spi kes wi t h a mean open
t i me of 2 ms . At a gr eat er t i me r esol ut i on, t wo t ypes of openi ng event s
can be r esol ved . The gr eat maj or i t y of event s ar e si mi l ar t o t hose shown
i n Fi g . 12B, si mpl e open- cl osed t r ansi t i ons wi t h no f i ne st r uct ur e ot her

ao

a
o

a
0

PO

0

- L0
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t han backgr ound noi se . I n r ar e i nst ances, some of t he openi ng event s ar e

punct uat ed by br i ef cl osi ngs, as shown i n t he exampl es of Fi g . 12 C. Thi s

l at t er t ype of event s i s possi bl e evi dence f or bur st i ng behavi or i n t he l ow

[ Ca
21] l i mi t .

Fi g . 12Dshows open- and cl osed- st at e pr obabi l i t y di st r i but i ons obt ai ned

f or t he r ecor d of Fi g. 12A . The cl osed- st at e di st r i but i on exhi bi t s a sl ow

component compr i si ng 90%of t he popul at i on wi t h a mean of 80 ms . Fi g .

12D al so shows a f ast component t hat compr i ses t he r emai ni ng 10% of

t he popul at i on . Thi s l at t er component cor r esponds t o t he br i ef cl osi ng

event s shown i n Fi g. 12 C. I f we assume t hat t he f ast component r epr esent s

t he cl osi ng event s wi t hi n bur st s pr edi ct ed by scheme R2, t hen t he number

of cl osi ngs per bur st i s gi ven by t he r at i o of t he ampl i t udes of t he f ast and

sl ow component s, 0 . 1/ 0 . 9 = 0. 1 ( see Appendi x) . Si nce t her e must al ways

be one mor e openi ng event t han t he number of cl osi ngs per bur st , we

obt ai n an est i mat ed mean of 1 . 1 openi ngs per bur st or a r at i o of 10 f or

k_I / , Q. Thus, t he absence of dr amat i c bur st i ng behavi or i n t he l ower Ca"

l i mi t can be i nt er pr et ed as evi dence t hat t he r at e of Ca" di ssoci at i on, k_ I

i s much f ast er t han t he r at es f or channel openi ng and cl osi ng, a and a.

Our est i mat e of k_ I = 100 = 5, 000 s- ' i s pr obabl y an under est i mat e . We

cannot di st i ngui sh whet her t he br i ef cl osi ng event s at l ow Ca2' r epr esent

i nt r a- bur st cl osur es pr edi ct ed by scheme R2 or whet her t hey bel ong t o

t he popul at i on of " f l i cker " event s t hat pr edomi nat e at hi gher Ca2+ ( see

bel ow) .

I f t he r at es of Ca 2' bi ndi ng ar e f ast compar ed wi t h t he , B/ a t r ansi t i on

of scheme RI , as t he r esul t s of Fi g . 12 suggest , t hen t he pr obabi l i t y

di st r i but i ons pr edi ct ed by scheme R1 r educe t o si ngl e- exponent i al decay

l aws f or bot h cl osed- and open- st at e event s . Ther ef or e, our obser vat i on

of si ngl e- exponent i al pr obabi l i t y di st r i but i ons under most condi t i ons ( Fi g .

5) i s consi st ent wi t h f ast r at es of Ca 2+ bi ndi ng compar ed wi t h a sl ow

FI GURE 11 .

	

( opposi t e) Compar i son of act ual and t heor et i cal open- st at e pr oba-
bi l i t y vs . Ca 2+ concent r at i on and vol t age . The t i me- aver aged ( 20 s) pr obabi l i t y

of r esi dence i n t he open st at e, P. , was measur ed as t he si mpl e f r act i on of t i me
i n t he open st at e ( * ) at var i ous Ca 21 concent r at i ons and vol t ages . Po ( Q) was
al so measur ed accor di ng t o Eq . 4 usi ng mean open and cl osed t i mes obt ai ned
by l east - squar e f i t s of pr obabi l i t y di st r i but i ons as descr i bed i n Fi g . 5 . Ca 21

concent r at i ons f or each cur ve wer e as f ol l ows f r om l ef t t o r i ght : ( A) 1 mM, 39

AM, 19 uM, 9 AM, 5 AM, 1 AM; ( B) 7 . 6 mM, 1 . 6 mM, 560 AM, 55 AM, 15 AM,

1 AM. Sol i d l i nes ar e t heor et i cal cur ves cal cul at ed f r om Eq . 3 as der i ved f r om
scheme R1 . Ki net i c par amet er s ar e best - f i t val ues gi ven i n Fi g . 9 and Tabl e I I .
A and B ar e r esul t s of t wo di f f er ent channel s t hat cor r espond t o A and B of Fi g .
10 and Tabl e 11 . I n C, a Hi l l pl ot of dat a f r om A ( posi t i ve vol t ages, f i l l ed
symbol s) and B ( negat i ve vol t ages, open symbol s) i s shown . The l east - squar es
sl opes of t he sol i d l i nes i n C ar e as f ol l ows f r om l ef t t o r i ght : +50 mV, 1 . 8 ; +40
mV, 1 . 6 ; +30 mV, 1 . 7 ; +20 mV, 1 . 6 ; - 20 mV, 1 . 2 ; - 30 mV, 1 . 1 ; - 40 mV,
1 . 2 ; - 50 mV, 1 . 2 .
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cl osed- open conf or mat i onal t r ansi t i on . A mor e det ai l ed di scussi on of t hi s
poi nt i s pr esent ed i n t he Appendi x .

Ca" and Vol t age Dependence of t he Fl i cker Pr ocess : Possi bl e I nt er pr et at i ons

A di f f er ent t ype of bur st i ng behavi or exhi bi t ed by t hi s channel i nvol ves t he
f l i cker event s di scussed i n r ef er ence t o Fi g . 4 . The unr est r i ct ed cl osed- st at e
pr obabi l i t y di st r i but i on of Fi g . 4B i s a cl ear exampl e of t he t ype of cl osed-
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st at e di st r i but i on expect ed f or a bur st i ng pat t er n of channel openi ng. Fr om

t hi s f i gur e, t he r at i o of t he ampl i t udes of t he shor t t o l ong component s t hat

r epr esent i nt ea- bur st cl osur es and i nt er - bur st cl osur es, r espect i vel y, gi ves a

mean val ue of 1 . 7 cl osur es or 2 . 7 openi ngs per bur st . Compar i son of t hese

r esul t s wi t h t hose of Fi g . 12 cl ear l y i ndi cat es t hat bur st i ng behavi or i s mor e

pr eval ent at hi gher open- st at e pr obabi l i t i es . I n t he exper i ment of Fi g . 4, f or

an open- st at e pr obabi l i t y of Po = 0. 49, t her e ar e 2. 7 openi ngs per bur st ,

wher eas f or Fi g . 12 wi t h Po = 0. 024, t her e ar e ony 1 . 1 openi ngs per bur st .

I n or der t o char act er i ze t he bur st i ng behavi or i n mor e det ai l , we exami ned

cl osed- st at e pr obabi l i t y di st r i but i ons f or t he same channel at sever al Ca21

concent r at i ons and hol di ng vol t ages . At 2. 5 kHz r esol ut i on we est i mat e t hat

appr oxi mat el y hal f of al l r ecogni zabl e f l i cker s ar e count ed by our comput er

anal ysi s . Thi s count s onl y t hose cl osur es r eachi ng 50% of t he open- st at e

cur r ent l evel i n or der t o avoi d mi sr eadi ng noi se as t r ansi t i ons . Ther ef or e,

t he r esul t s based on t hi s met hod ar e at l east a t wof ol d under est i mat e of t he

act ual number of f l i cker s per bur st . The mean dur at i on of f l i cker event s i s

<1 ms under al l condi t i ons exami ned and appear s t o shor t en at hi gh Ca
21

concent r at i on and l ar ge posi t i ve pot ent i al s . Thus, at Po val ues of >0 . 95 t he

f l i cker event s vi sual l y shor t en and di sappear f r om t he cur r ent r ecor ds .

Despi t e t hese l i mi t at i ons, we ar e abl e t o di scer n t hat t he number of f l i cker s

per bur st i s appr oxi mat el y a l i near f unct i on of Ca 21 concent r at i on, as shown

by t he r esul t s of Fi g . 13 . Fi g . 13 al so shows t hat at f i xed Ca
21 concent r at i on,

t he number of f l i cker s per bur st i ncr eases as t he membr ane pot ent i al i s made

mor e posi t i ve .

Thi s t ype of behavi or cannot be expl ai ned by scheme RI , whi ch pr edi ct s

t hat t he number of openi ngs per bur st shoul d be i ndependent of Ca 21

concent r at i on and shoul d t end t o become ki net i cal l y i ndi st i ngui shabl e at hi gh

Ca t + , as t he Ca2' associ at i on bi ndi ng r at es become f ast .

To account f or such behavi or , i t i s necessar y t o add at l east one addi t i onal

cl osed st at e t o scheme R1 . One hypot hesi s f or t he f l i cker cl osur es i s t hat t hey
ar i se f r om a f ast bl ock of t he channel caused by Ca2' bi ndi ng t o t he open

conf or mat i ons . Thi s hypot hesi s woul d pr edi ct t hat t he number of f l i cker s

per bur st shoul d be di r ect l y pr opor t i onal t o Ca21 concent r at i on and shoul d

FI GURE 12 .

	

( opposi t e) Evi dence of bur st i ng behavi or i n t he l ow Ca21 concen-
t r at i on l i mi t . ( A) Sect i on of a cur r ent r ecor d f r om a si ngl e- channel membr ane
at 1 1M ci s Ca s+ concent r at i on and +40 mV. Open- st at e pr obabi l i t y aver aged
over 31 s was 0 . 024 . 2 kHz f i l t er i ng . ( B) Fi ve exampl es of t he maj or t ype of
openi ng event s on an expanded t i me scal e . ( C) Fi ve exampl es of r ar e bur st s of
openi ng event s . ( D) Cumul at i ve pr obabi l i t y di st r i but i on hi st ogr ams const r uct ed
f r omt he r ecor d of A as descr i bed i n Mat er i al s and Met hods wi t hout excl usi on
of shor t - l i ved cl osi ng event s . The sampl i ng r at e was 2, 000 poi nt s/ s . 421 event s
wer e count ed f or 31 s of t ot al t i me . Sol i d l i nes ar e dr awn by eye and cor r espond

t o t i me const ant s of 80 ms f or t he cl osed st at e and 2 ms f or t he open st at e . The

upper and l ower t i me scal es cor r espond t o t he cl osed- and open- st at e di st r i bu-
t i ons, r espect i vel y .
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al so be vol t age dependent . Anot her possi bl e hypot hesi s f or t he f l i cker bur st s

woul d be t o add an addi t i onal cl osed st at e wi t h t wo bound Ca21 i ons t o

scheme R1, as par t of t he gat i ng pat hway . I n cases wher e t wo agoni st bi ndi ng

st eps pr ecede channel openi ng, i t has been pr evi ousl y shown t hat bur st i ng

behavi or pr opor t i onal t o agoni st concent r at i on i s pr edi ct ed under cer t ai n

condi t i ons ( Col quhoun and Hawkes, 1981) . I n t hi s r egar d, i t may be wor t h

expl or i ng t he appl i cabi l i t y of model 4 of Tabl e I ( whi ch i ncl udes a doubl y

bound cl osed st at e) as a possi bl e gat i ng scheme t hat account s f or t he f l i cker

behavi or . I n any case, det ai l ed anal ysi s of t he f l i cker phenomenon wi l l r equi r e

hi gher t i me r esol ut i on t han t hat achi eved i n t he pr esent wor k . For t he

i nt er pr et at i on of r esul t s i n t hi s paper , t he Ca" concent r at i on- dependent

f l i cker event s can be consi der ed a si de r eact i on occur r i ng f r om t he open-

st at e t r ansi t i ons of scheme R1 . Thi s i s demonst r at ed by t he r esul t s of Fi g .

4 C, whi ch show t hat when f l i cker s ar e el i mi nat ed, t he pr obabi l i t y di st r i but i on

of t he open- st at e bur st l engt h i s wel l descr i bed by a si ngl e exponent i al .

Ki net i c Het er ogenei t y

I nspect i on of t he r esul t s shown i n Fi g . 11, A and B, r eveal s t hat t he t wo

di f f er ent channel s anal yzed i n t hese exper i ment s do not exhi bi t t he same

Ca" concent r at i on dependence at a gi ven vol t age . For exampl e, at 1 AM

Ca" , t he channel shown i n Fi g. 11 B i s shi f t ed ^- 15 mV mor e posi t i ve al ong

t he vol t age axi s t han t he channel of Fi g . 11 A. Al so, t he best f i t s obt ai ned f or

t he vol t age dependence of t he Ca" di ssoci at i on const ant s f or t he t wo channel s

show some di f f er ence ( Fi g . 10, A and B; Tabl e 11) . Thi s t ype of var i at i on

appear s t o be an i nher ent pr oper t y of t he Ca" - act i vat ed K+ channel s t hat we

have st udi ed i n pl anar bi l ayer s .

Fi g . 14 shows t he r esul t s of a compi l at i on of many exper i ment s i n whi ch

st eady st at e conduct ance vs . vol t age dat a wer e accumul at ed f or di f f er ent

membr anes cont ai ni ng one t o f our channel s . Dat a poi nt s f or each membr ane

ar e pl ot t ed i ndi vi dual l y t o show t he spr ead i n t he vol t age dependence f or

di f f er ent membr anes measur ed under t he same condi t i ons . These r esul t s

i ndi cat e t hat t her e i s about a 30- 50- mV spr ead f or di f f er ent channel s st udi ed

under t he same condi t i ons . St at ed i n anot her way, di f f er ent channel s can

var y by as much as 0 . 8 Po uni t s at t he same vol t age and Ca" concent r at i on .

I n addi t i on t o sampl e var i at i on bet ween di f f er ent channel s, we have obser ved

t hat t he gat i ng behavi or of any gi ven channel i s not al ways const ant wi t h

t i me . For exampl e, Fi g . 15A shows an i nst ance wher e a channel gat i ng at a

Po of - 0 . 7 suddenl y shi f t ed t o a Po of <0 . 1 . On a si ngl e- channel l evel , one

mi ght , f or exampl e, expect t o occasi onal l y obser ve i r r ever si bl e i nhi bi t i on of

s A si mi l ar hypot hesi s i nvol vi ng f ast bl ockade by suber yl di chol i ne has pr evi ousl y been consi d-

er ed i n r ef er ence t o si mi l ar f ast f l i cker s obser ved f or acet yl chol i ne r ecept or channel s

( Col quhoun and Sakmann, 1981) . However , i n t hi s case, t he hypot hesi s was el i mi nat ed si nce

t he number of f l i cker s per bur st was not pr opor t i onal t o agoni st concent r at i on . I n t he case of

Ca" - act i vat ed K+ channel s, t hi s hypot hesi s i s at t r act i ve, especi al l y i n l i ght of t he successf ul

appl i cat i on of a Ca" - bl ock model t o t he l ong- l i ved cl osi ng phenomenon ( Ver gar a and Lat or r e,

1983) . A f ast Ca" bl ock may al so expl ai n t he 30%r educt i on i n t he appar ent si ngl e- channel

conduct ance t hat we obser ve at hi gh Ca" concent r at i ons .
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channel act i vi t y due t o a backgr ound r at e of t her mal denat ur at i on or possi bl e
pr ot eol yt i c act i vi t y r emai ni ng i n an i mpur e membr ane pr epar at i on . ' How-
ever , t hese expl anat i ons do not t ot al l y suf f i ce, si nce we al so obser ve cases

wher e a gi ven channel suddenl y shi f t s t owar d a hi gher pr obabi l i t y of bei ng
open ( e . g . , Fi g. 15B) or shi f t s t o a di f f er ent gat i ng r at e ( e . g . , Fi g . 15C) .

Si mi l ar phenomena have been r epor t ed f or t he gl ut amat e- act i vat ed channel
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FI GURE 13 .

	

Dependence of f l i cker bur st i ng on Ca" concent r at i on and vol t -
age . The or di nat e axi s cor r esponds t o t he mean number of openi ngs separ at ed
by f ast cl osur es <1 ms i n dur at i on ( aver aged over 20 s) at t he i ndi cat ed Ca 2+

concent r at i on and vol t age . The or di nat e val ues ar e est i mat es det er mi ned as
descr i bed i n t he t ext . Dat a ar e shown f or a si ngl e channel ; however , al l channel s
showed si mi l ar behavi or . The number of t r ansi t i ons used f or t hese cal cul at i ons
r anged f r om 238 t o 666 . Sol i d l i nes ar e dr awn by eye .

of l ocust muscl e ( Gr at i on et al . , 1981) , wher e i t was pr opsed t hat such
behavi or may ar i se f r om i nher ent t i me- dependent var i at i ons i n t he gat i ng

a
We t hi nk t hat such i r r ever si bl e i nhi bi t i on may r esul t f r omAg + i ons cont ami nat i ng t he bat h

medi um f r om t he si l ver / si l ver chl or i de el ect r odes, si nce t he use of agar br i dges or 1 mM0-
mer capt oet hanol i n t he buf f er sol ut i on seems t o r educe spont aneous channel deat h . I r r ever si bl e
i nhi bi t i on by Ag+ has pr evi ousl y been not ed f or t he SR K+ channel by Mi l l er and Rosenber g
( 1979) .
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equi l i br i a ( i . e . , s l ow conf or mat i onal changes) . We mi ght al so specul at e t hat

such behavi or coul d ar i se f r om r egul at or y mechani sms such as di ssoci abl e
subuni t s or pr ot ei n phosphor yl at i on act i vi t i es t hat may cont ami nat e t hese

pr epar at i ons ( De Peyer et al . , 1982) . However di f f i cul t such phenomena ar e

PO
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0

- 40 0 40
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FI GURE 14 .

	

Macr oscopi c Ca2' and vol t age dependence of gat i ng behavi or .
The buf f er was 25 mMHepes- Tr i s, pH 7 . 4, 0 . 1 MKCI . Af t er one t o f our Ca t +-

act i vat ed K+ channel s had i ncor por at ed, t he t i me- aver aged cur r ent at var i ous
hol di ng vol t ages was measur ed usi ng 1 kHz f i l t er i ng . The or di nat e par amet er ,
P. , was cal cul at ed as t he r at i o of t he measur ed cur r ent t o t he cur r ent expect ed
i f al l channel s i n t he membr ane wer e f ul l y open . ci s Ca21 concent r at i on : 100
gM. Dat a poi nt s ar e i ndi cat ed by numer al s cor r espondi ng t o di f f er ent bi l ayer s .
A t ot al of si x di f f er ent bi l ayer s wer e anal yzed . The sol i d l i ne was cal cul at ed by
aver agi ng t he dat a .

t o st udy at pr esent , t hi s behavi or i s not conf i ned t o t he pl anar bi l ayer syst em.

Two l abor at or i es st udyi ng t he same channel f r om r at myot ubes by pat ch-

cl amp t echni ques have r epor t ed si mi l ar dat a scat t er and channel het er oge-

nei t y ( Met hf essel and Bohei m, 1982 ; B. Suar ez- I sl a, per sonal communi ca-

t i on) .
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I dent i cal Behavi or of t he Ca 2+- act i vat ed Channel i n Pl anar Bi l ayer s and Nat i ve

Membr anes

The pr esent wor k and r esul t s descr i bed el sewher e ( Lat or r e et al . , 1982 ;

Ver gar a and Lat or r e, 1983) pr ovi de ampl e evi dence t hat t he channel we ar e

st udyi ng i n pl anar bi l ayer s i s i dent i cal t o t he Ca 2' - act i vat ed K+ channel f r om

muscl e pl asma membr ane char act er i zed by pat ch- cl amp r ecor di ng ( Bar r et et

al . , 1982 ; Met hf essel and Bohei m, 1982) . Upon t r ansf er t o a Muel l er - Rudi n
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FI GURE 15 .

	

Exampl es of unst abl e gat i ng behavi or . Cur r ent r ecor ds of di f f er -
ent Ca 2' - act i vat ed K+ channel s i n pur e PE bi l ayer s ar e shown at t he i ndi cat ed
Ca 21 concent r at i on and hol di ng vol t age . 1 kHz f i l t er i ng . Ti me pr oceeds f r om
l ef t t o r i ght i n al l t r aces . ( A) Exampl e of an abr upt shi f t t o a l ower open- st at e
pr obabi l i t y. ( B) Exampl e of a shi f t t o a hi gher open- st at e pr obabi l i t y . Compar e
t he l ef t vs . r i ght si de of t he t r ace . ( C) Exampl e of a shi f t t o an er r at i c, but l ower ,
open- st at e pr obabi l i t y i n t he mi ddl e of t he t r ace and a shi f t back t o a hi gher
pr obabi l i t y at t he r i ght si de of t he t r ace . Ar r ows i ndi cat e zer o- cur r ent l evel .

bi l ayer , t hi s channel r et ai ns t he same cat i on sel ect i vi t y and si ngl e- channel

conduct ance and al so exhi bi t s t he same var i et y of ki net i c phenomena as t he

channel obser ved i n myot ubes . The r esul t s obt ai ned f or t he r at myot ube

channel i ndi cat e t hat i t i s open 50%of t he t i me at a vol t age of +15 mV f or

a Ca" concent r at i on of 2- 5 , AM. We f i nd t hat a sampl i ng of channel s i n PE
bi l ayer s has a 50% open- st at e pr obabi l i t y at vol t ages r angi ng f r om +15 t o
+55 mV at 3 j MCa 21 ( Fi g . 14) . However , we f ound t hat i n pur e PS bi l ayer s,
t he Po vs . vol t age cur ves ar e shi f t ed t o mor e negat i ve pot ent i al s and coi nci de

wi t h t he r epor t ed dat a f r om membr ane pat ches ( E. Moczydl owski , C. Ver -
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gar a, and R. Lat or r e, manuscr i pt i n pr epar at i on) . Ther ef or e, di f f er ences i n

l i pi d composi t i on can expl ai n t he di f f er ence i n [ Ca21] sensi t i vi t i es we have

obser ved bet ween t he nat i ve and r econst i t ut ed channel . The gat i ng ki net i cs

of t he r at and r abbi t channel i n bi l ayer s have not been compar ed quant i t a-

t i vel y . However , at a gr oss l evel , t he behavi or of t he channel s f r om t he t wo

speci es i s i ndi st i ngui shabl e . We not e her e t hat a si mi l ar channel f r omant er i or

pi t ui t ar y cel l s was r epor t ed t o have a 50%open- st at e pr obabi l i t y shi f t ed by

^- 50 mV t o mor e negat i ve vol t ages t han t he r at myot ube channel ( Wong et

al . , 1982) . Thus, i t i s possi bl e t hat ot her speci es- speci f i c or t i ssue- speci f i c

di f f er ences, i n addi t i on t o l i pi d composi t i on, may af f ect t he r el at i ve Ca 21

af f i ni t i es of t hese channel s .

At f i r st gl ance, i t appear s sur pr i si ng t hat t he f unct i on of a bi ol ogi cal channel

( i . e . , an i nt egr al membr ane pr ot ei n) i s not si gni f i cant l y per t ur bed upon

t r ansf er t o a Muel l er - Rudi n phosphol i pi d bi l ayer . Thi s i s sur pr i si ng i nasmuch

as t hi s t ype of bi l ayer cont ai ns a l ar ge mol e f r act i on of decane and i s ^ - 18 A
t hi cker t han a bi l ayer wi t hout decane ( Haydon et al . , 1977) . 5 Act ual l y, we

ar e not awar e of any evi dence i ndi cat i ng t hat t hese l evel s of decane si gni f i -

cant l y per t ur b channel s . On t he cont r ar y, al t hough n- al kanes shor t er t han

Ca r ever si bl y depr ess t he act i on pot ent i al of squi d axons, l onger - chai n al kanes

have l i t t l e ef f ect ( Haydon et al . , 1977) . Al so, i n a case wher e vi r t ual l y sol vent -

f r ee decane- cont ai ni ng membr anes have been di r ect l y compar ed f or t he SR

K+ channel , t her e i s l i t t l e di f f er ence i n channel behavi or ( Labar ca et al . ,

1980) . Thus, i t seems t o us r easonabl e t o assume t hat t he pl anar bi l ayer

f or med f r om a phosphol i pi d sol ut i on i n decane i s a good anal ogue of t he cel l

membr ane f r omwhi ch t hese channel s ar e der i ved .

Ki net i c Model f or t he Pr i mar y Gat i ng Mode

Scheme R1 i s pr oposed as a mi ni mum model f or t he Ca" - and vol t age-

dependent act i vat i on ki net i cs of t he channel under st udy . Thi s model i s based

on t he f ol l owi ng evi dence .

( a) The mean cl osed t i me ( excl udi ng br i ef f l i cker s) i s a l i near f unct i on of

1/ [ Ca2+] . The mean open t i me ( l engt h of bur st s i nt er r upt ed by br i ef f l i cker s)

i s a l i near f unct i on of [ Ca" ] .

( b) I n t he l i mi t of zer o [ Ca21] , t he mean open t i mes at al l vol t ages conver ge

t o t he same val ue, I l a . I n t he l i mi t of i nf i ni t e Ca 2+ , t he mean cl osed t i mes at

al l vol t ages conver ge t o t he same val ue, 1/ , 8 . The sl opes of l i near f unct i ons

of To vs . [ Ca2+ ] and T, vs . 1/ [ Ca2+ ] ar e exponent i al f unct i ons of vol t age .

( c) The dependence of t he equi l i br i um pr obabi l i t y of t he open st at e on

Ca
21 concent r at i on and vol t age i s quant i t at i vel y pr edi ct ed by scheme RI .

( d) The obser vat i on of si ngl e- exponent i al open- and cl osed- st at e pr obabi l i t y

di st r i but i ons i s pr edi ct ed by scheme R1 i f t he KI and K2 Ca 2' bi ndi ng r eact i ons

ar e f ast compar ed wi t h t he a/ a conf or mat i onal t r ansi t i on . The appear ance

5
I t mi ght be ar gued t hat decane i s excl uded f r omcont act wi t h channel s by t i ght l y bound l i pi d

car r i ed over f r om t he nat i ve membr ane dur i ng vesi cl e f usi on . However , si nce we do f i nd a

di f f er ence i n Ca21 sensi t i vi t y i n PS vs . PE bi l ayer s ( E. Moczydl owski , C. Ver gar a, and R.

Lat or r e, manuscr i pt i n pr epar at i on) , i t appear s t hat t he channel does sense t he l i pi d envi r on-

ment of t he pl anar bi l ayer .
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of a second f ast component i n t hese di st r i but i ons at i nt er medi at e Ca"

concent r at i ons i s al so consi st ent wi t h scheme R1, si nce t he r esol ut i on of t wo

cl osed and t wo open st at es i s f avor ed i n t hi s l i mi t .

The ki net i c r esul t s i n pl anar bi l ayer s ar e i n agr eement wi t h t he avai l abl e

dat a f r om nat i ve membr ane pat ches . For t he myot ube channel at +60 mV,

l og- l og pl ot s of To vs . [ Ca2+ ] have a sl ope of +1 and l og- l og pl ot s of Tc vs .

[ Ca2+ ] have a sl ope of - 1 ( Met hf essel and Bohei m, 1982) . These r esul t s agr ee

wi t h our s ( poi nt a above) .

We have anal yzed t he Ca" dependence of t he open- cl osed equi l i br i um

const ant of t hi s channel i n an empi r i cal f ashi on as l og- l og pl ot s of Keq VS. Ca 2+

concent r at i on . We f i nd t hat sl opes of such pl ot s have val ues >1 . 0, r angi ng
f r om 1 . 2 t o 2. 0 f or t he r at and r abbi t channel i n bi l ayer s . I n cl ose agr eement ,
t he t heor et i cal val ues f or t hese sl opes based on t he model der i ved f r om t he
dwel l t i me anal ysi s wer e 1 . 4 at - 50 mV and 1 . 7 at +50 mV. I n a compar i son

of t hei r dat a wi t h dat a f r om ot her l abor at or i es, Met hf essel and Bohei m

( 1982) f ound t hat t he sl opes of such pl ot s r anged f r om 1 . 6 t o 2. 5 f or t he

Ca 2+- act i vat ed channel f r om muscl e . Thi s suggest s t hat t he number of Ca
2+

i ons necessar y t o act i vat e a channel f ul l y cannot be ver y di f f er ent i n l i pi d

bi l ayer s t han i n cel l membr ane pat ches .

I n ot her st udi es of t hi s channel , emphasi s i s pl aced on sl ope val ues of >2 . 0

t o pr opose t he i nvol vement of t hr ee Ca 2+ i ons i n t he gat i ng pr ocess ( Bar r et

et al . , 1982 ; Wong et al . , 1982) . These dat a ar e al so descr i bed as consi st ent
wi t h a t hi r d- power Ca

2+ r el at i onshi p t hat has been obser ved i n macr oscopi c
exper i ment s on i nver t ebr at e neur ons ( Meech and Thomas, 1980) . I n our
case, t he pur e f i r st - or der and r eci pr ocal f i r st - or der Ca 2+ concent r at i on de-
pendence of t he mean open and cl osed t i mes, r espect i vel y, st r ongl y suggest s
t he par t i ci pat i on of onl y t wo Ca2+ i ons i n t he gat i ng pr ocess . Al t hough we
somet i mes obser ve sl ope val ues sl i ght l y >2 . 0, t hi s appear s t o be due t o scat t er
i n t he dat a caused by sl i ght gat i ng shi f t s dur i ng t he exper i ment . We concl ude
t hat our der i ved r el at i onshi ps ar e adequat e t o account f or t he obser ved Ca 2+

dependence of t he channel f r om muscl e pl asma membr anes .

The vol t age dependence of t he channel equi l i br i um has been pr evi ousl y

model ed as a t wo- st at e open- cl osed equi l i br i um. I n t hi s case, t he nat ur al

l ogar i t hmof Keq i s a l i near f unct i on of vol t age ( Lecar et al . , 1975) . Sl opes of
t hese pl ot s f or t he dat a of di f f er ent l abor at or i es wor ki ng wi t h muscl e mem-

br ane r ange f r om 2 . 0 t o 2. 3, as summar i zed by Met hf essel and Bohei m

( 1982) . Wong et al . ( 1982) , wor ki ng wi t h ant er i or pi t ui t ar y cel l s, r epor t a
val ue of 2 . 8 f or t hi s sl ope . Our model al so gi ves a near l y l i near r el at i onshi p
f or pl ot s of I n Keq vs . Vand t he sl opes of t hese pl ot s r ange f r om 3. 0 at 1 ' , M

Ca
2+ t o 2 . 4 at 1 mMCa 2+ . Ther ef or e, t he val ues based on our model and

t he r epor t ed sl ope val ues f r ommembr ane pat ches agr ee wi t hi n exper i ment al
er r or . Bet t er agr eement woul d r esul t i f t he 6 val ues of Tabl e 11 wer e sl i ght l y
over est i mat ed .

Ot her Model s Ar e Al so Possi bl e But They Ar e Less Economi cal

Met hf essel and Bohei m ( 1982) have pr oposed a ki net i c scheme descr i bed as
an " act i vat i on- bl ockade" model of channel gat i ng . Thi s model i s f or mal l y



53 8

	

THE JOURNAL OF GENERAL PHYSI OLOGY - VOLUME 82 - 1983

equi val ent t o our scheme R1 i n t hat i t pr edi ct s t he same dependence of t he
mean open and mean cl osed t i mes on Ca2+ concent r at i on . However , t hei r

model assumes t hat t he Ca 2' bi ndi ng const ant s ar e vol t age i ndependent and

t hat t he cl osed- open conf or mat i onal t r ansi t i on i s vol t age dependent . We f i nd

t he opposi t e behavi or . They al so pr opose t hat Ca 2' act i vat es t he channel by

bi ndi ng t o a negat i vel y char ged vol t age- dependent gat e t hat nor mal l y bl ocks

t he channel . Al t hough t hese aut hor s have used a si mi l ar appr oach t o t he

ki net i c anal ysi s of t hi s channel , we have ar r i ved at a di f f er ent i nt er pr et at i on

of t he r esul t s ( see bel ow) .

Al t hough scheme R1 has t he l east number of i nt er medi at e st at es and

r eact i ons r equi r ed t o account f or t he r esul t s, mor e compl i cat ed model s t hat

pr edi ct t he same behavi or can be pr oposed . For exampl e, model 4 of Tabl e

I coul d be f i t t o our dat a i f as << a2 , ( 3 s << , Q2 , and K2 >> K, . Al so scheme RI

does not uni quel y speci f y t he f unct i onal uni t of t he channel gat i ng st r uct ur e

si nce a di mer wi t h cooper at i ve bi ndi ng bet ween t wo i dent i cal Ca21 si t es on

each monomer coul d gi ve t he same ki net i c behavi or as a monomer i c f unc-

t i onal uni t wi t h t wo di st i nct Ca 2+ bi ndi ng si t es . I n addi t i on, by i nt r oduci ng

an ext r a vol t age- dependent cl osed- cl osed t r ansi t i on t o scheme RI pr ecedi ng

Ca' bi ndi ng t o t he cl osed st at e, t he K, bi ndi ng t r ansi t i on can be made

vol t age i ndependent t o gi ve t he same pr edi ct ed behavi or as t he obser ved

vol t age dependence of t he mean cl osed t i me . Thus, we cannot uni quel y

concl ude t hat t he act ual Ca' bi ndi ng r at es ar e vol t age dependent f r om t he

pr esent r esul t s . On t he ot her hand, we have no di r ect evi dence f or t hese

addi t i onal st at es .

Towar d a Mol ecul ar Under st andi ng of t he Gat i ng Pr ocess

The dat a of Fi g . 9, A and B, ar e evi dence t hat t he act ual openi ng and cl osi ng

conf or mat i onal t r ansi t i ons of t he channel ar e vol t age i ndependent . Thi s

r esul t i s sur pr i si ng consi der i ng pr evi ous not i ons of vol t age- dependent gat i ng .

Vol t age- dependent i oni c cur r ent s of bi ol ogi cal membr anes ar e usual l y ex-

pl ai ned i n t er ms of vol t age- sensi ng char ges or di pol es coupl ed t o a gat i ng

st r uct ur e t hat bl ocks access t o a por e t hr ough t he membr ane . When an

el ect r i c f i el d of t he r i ght pol ar i t y i s appl i ed acr oss t he membr ane, t he di pol e

t ends t o al i gn i t sel f wi t h t he f i el d and t hus opens t he gat e . Si nce t he Ca" -

act i vat ed K+ channel has an appr eci abl e vol t age dependence ( an e- f ol d change

i n i t s open- cl osed equi l i br i um per 12 mV) , we expect ed i t t o exhi bi t a t ypi cal

vol t age- dependent open- cl osed conf or mat i onal t r ansi t i on . On t he ot her hand,

agoni st - dependent i on channel s such as t he acet yl chol i ne r ecept or and t he

gl ut amat e r ecept or of i nver t ebr at es ar e essent i al l y vol t age i ndependent , and

t he openi ng of t hese channel s i s t hought t o i nvol ve a si mpl e, weakl y vol t age-

dependent conf or mat i onal change i nduced by agoni st bi ndi ng ( f or a r evi ew

see Adams, 1981) . Thus, t he Ca 2' - act i vat ed K+ channel can be r el at ed t o

neur ot r ansmi t t er r ecept or channel s i nasmuch as Ca 21 pl ays t he agoni st r ol e .

However , as opposed t o t he l at t er t ype of channel s, t he agoni st bi ndi ng

r eact i ons i n t he Ca 2+- act i vat ed channel s ar e vol t age dependent .

Al t hough scheme R1 pr oposes t hat t he K, and K4 bi ndi ng r eact i ons ar e
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vol t age dependent , we have not det er mi ned whet her t he act ual Ca" associ -

at i on and di ssoci at i on r at es ar e vol t age dependent . However , t her e i s a

pr ecedent f or vol t age- dependent bi ndi ng r at es of char ged mol ecul es i n

var i ous st udi es of channel - bl ocki ng agent s ( e . g . , Woodhul l , 1973 ; Neher and

St ei nbach, 1978 ; Cor onado and Mi l l er , 1979 ; Mi l l er , 1982 ; Ver gar a and

Lat or r e, 1983) . These exampl es ser ve t o f ocus on a possi bl e mol ecul e

i nt er pr et at i on f or vol t age- dependent Ca" bi ndi ng t o t he Ca' - act i vat ed K+

channel .

Thr ee Hypot heses t o Expl ai n Vol t age- dependent Ca 2- ' Bi ndi ng Const ant s

I f we assume t hat t he r at es of Ca 2' bi ndi ng t o t he act i vat i on si t es ar e vol t age

dependent , t hen a convent i onal i nt er pr et at i on i mpl i es t hat t hese si t es ar e

l ocat ed i n an el ect r i c f i el d . The der i ved val ues of d, = 0 . 75 and S, = 0 . 95

may al so i mpl y t hat t hese si t es ar e l ocat ed deep i n t he f i el d, i . e . , t hey " sense"

most of t he f i el d . We can t hi nk of t wo possi bl e l ocat i ons f or si t es of t hi s t ype .

I n t he f i r st case, t hey may be l ocat ed i n t he mout h of t he channel i t sel f ,

per haps near t he conduct i on si t es f or K+ ent er i ng t he channel f r om t he ci s

si de . Thi s possi bi l i t y i s somewhat unat t r act i ve because of t he r epul si ve f or ces

exer t ed by t wo di val ent and one monoval ent cat i on cr owded t oget her i n a

smal l ar ea . I t woul d r equi r e at l east f i ve negat i ve char ges di st r i but ed t hr ough-

out t hese si t es t o neut r al i ze t he char ges of i ncomi ng i ons and pr event t hei r

mut ual r epul si on . However , t hi s pi ct ur e shoul d not t ot al l y be r ul ed out i n

l i ght of t he evi dence f or " wi de mout hs" of t hese channel s ( Lat or r e and Mi l l er ,

1983) . Awi de mout h l eadi ng t o t he conduct i on pat hway mi ght al l ow enough

r oom f or t hese si t es t o r esi de i n t he same cl ef t of t he pr ot ei n i n el ect r ost at i c

har mony .

Asecond possi bi l i t y woul d be t o pr opose an act i vat i on cl ef t f or t he l ocat i on

of t he Ca 2' act i vat i on si t es t hat woul d be di st i nct f r om t he act ual channel

mout h or conduct i on pat hway . Ther e i s some evi dence f or t hi s possi bi l i t y .

By compar i ng t he Ca" concent r at i on dependence of t he act i vat i on ki net i cs

and t he conduct ance vs . K+ concent r at i on dependence i n phosphat i dyl et ha-

nol ami ne vs . phosphat i dyl ser i ne bi l ayer s, we f i nd t hat t he Ca 2' act i vat i on

si t es ar e mor e sensi t i ve t o t he membr ane sur f ace pot ent i al t han t he K+

conduct i on si t es ( E. Moczydl owski , C. Ver gar a, and R. Lat or r e, manuscr i pt

i n pr epar at i on) . Thi s r esul t i ndi cat es t hat t he Ca" act i vat i on si t es ar e cl oser

t o t he l i pi d head gr oups t han t he K+ conduct i on si t e and t hus i mpl i es separ at e
bi ndi ng cl ef t s . For t hese t wo model s, we woul d expect t hat ei t her or bot h of

t he Ca + bi ndi ng associ at i on and di ssoci at i on r at es ar e vol t age dependent . I n

bot h of t hese model s, Ca" bi ndi ng woul d act i vat e gat i ng by i nduci ng con-

f or mat i onal changes t hat st abi l i ze t he open st at es of t he channel , i . e . , by

l ower i ng t he act i vat i on ener gy of openi ng.

A t hi r d possi bi l i t y i s t hat t he act ual Ca 2' bi ndi ng r at es ar e vol t age i nde-

pendent . I n t hi s case, a di pol e i n t he membr ane di st ant f r om but coupl ed t o

t he Ca" bi ndi ng si t es woul d cause t he Ca 2' bi ndi ng af f i ni t y t o be modul at ed

by an appl i ed el ect r i c f i el d . Thi s expl anat i on woul d i nvoke changes i n pr ot ei n

st r uct ur e t o expl ai n t he coupl i ng bet ween vol t age and appar ent Ca2' bi ndi ng
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af f i ni t ~, r at her t han a di r ect i nf l uence of t he el ect r i c f i el d on t he movement

of Ca + i ons . Thi s possi bi l i t y seems t he l east at t r act i ve hypot hesi s, because

t her e i s no pr ecedent f or such a mechani sm, as f ar as we ar e awar e.

APPENDI X

Pr edi ct ed Behavi or i n t he Fast Bi ndi ng Li mi t

The uncondi t i onal cl osed- t i me pr obabi l i t y di st r i but i on of a ki net i c model such as
schemes R1 or R2 i s expl i ci t l y gi ven as a sumof t wo exponent i al s ( Col quhoun and
Hawkes, 1981) . The cumul at i ve pr obabi l i t y f or m, P, i s as f ol l ows :

P = A, exp( - Xl t ) + A2exp( - a2 t ) ;

	

( 5)

6=( 3+k, [ Ca] + k_, =X, + a2 ;

c = Ok, [ Ca] = X, X2;

A, = ( X2 - N) / ( X2 - X1) , A2 = ( 0 - X1) / ( 1\ 2 - XI ) -

The uncondi t i onal mean of t hi s sumof t wo exponent i al di st r i but i on i s equal t o , B- '
( 1 + K, / [ Ca] ) , r egar dl ess of t he val ues f or / 3, k_, , and [ Ca] k, . However , i t can al so be
shown anal yt i cal l y t hat when t he Ca2+ bi ndi ng r at es ar e f ast compar ed wi t h t he r at e
of channel openi ng, k, [ Ca] + k_, >> 0, t hen t he pr obabi l i t y di st r i but i on i s domi nat ed
by t he f i r st t er m of Eq . 5 and appr oaches a si ngl e exponent i al wi t h t he same mean as
t he sum of t wo- exponent i al di st r i but i on . Speci f i cal l y, i n t hi s f ast bi ndi ng l i mi t : A,
appr oaches 1 . 0, X, - ' appr oaches R- ' ( 1 + K, / [ Ca] ) , A2 - - * 0 and X, - ' becomes ver y
shor t . Ther ef or e, t he i nt er medi at e st eps of Ca2+ bi ndi ng ar e ki net i cal l y i ndi st i ngui sh-

abl e i n t he f ast bi ndi ng r egi me and t he t wo cl osed st at es wi t h zer o and one bound
Ca2+ may be gr ouped as a si ngl e st at e i n r api d equi l i br i um. An equi val ent anal ysi s
can be made f or t he open- st at e di st r i but i on of scheme R1 si nce t hi s model has t wo
open st at es wi t h onl y one pat hway of cl osi ng .

Thus, i f scheme R1 i s a val i d model f or t he gat i ng act i vat i on pat hway, we must
al so concl ude t hat t he r at es of Ca2' bi ndi ng ar e f ast compar ed wi t h t he conf or mat i onal
t r ansi t i ons . At hi gh Ca2+ and Po val ues wher e t he K, [ Ca] and k4 [ Ca] r at es ar e l ar ge,
we expect t o obser ve si ngl e- exponent i al di st r i but i ons f or t he open and cl osed st at es .
Conver sel y, at l ow Ca2+ and Po val ues, a di st r i but i on f ol l owi ng a sum of t wo
exponent i al s can be expect ed, dependi ng on t he magni t ude of k_, and k_4 . We
obser ve excel l ent f i t s t o si ngl e exponent i al s ( excl udi ng shor t - l i ved f l i cker cl osi ngs) at
hi gh Ca2+ and det ect a smal l but si f ni f i cant second component f or bot h cl osed- and
open- st at e di st r i but i ons at l ow Ca + ( see al so dat a of Bar r et et al . , 1982) . These
obser vat i ons r ei nf or ce t he val i di t y of scheme R1 ( i . e . , i t i s evi dence f or at l east t wo

cl osed and t wo open st at es) .
Accor di ng t o t hi s i nt er pr et at i on, t he shor t component of t he open- st at e popul at i on

at l ow Ca2+ mai nl y r ef l ect s shor t r esi dence t i mes i n t he si ngl y bound open st at e,
wher e t he l ong component r ef l ect s mi xed r esi dence i n t he si ngl y and doubl y bound
open st at es . Unf or t unat el y, f ast bi ndi ng makes i t di f f i cul t t o est i mat e t he act ual val ues
f or t he Ca2+ bi ndi ng r at e const ant s f r om t he pr esent exper i ment s . Thi s woul d cl ear l y
be of i nt er est i n det er mi ni ng t he r el at i ve vol t age dependence of t he Ca 2+ associ at i on
and di ssoci at i on r eact i ons .

We t hank Dr s . R. Cor onado and C. Ver gar a f or many st i mul at i ng di scussi ons on channel s . We

al so t hank Dr s . C. Mi l l er and D. Benos f or cr i t i cal r eadi ng of t hi s manuscr i pt . Dr . Mi l l er
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