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ABSTRACT

	

Funct i onal cal ci um channel s pr esent i n pur i f i ed skel et al muscl e

t r ansver se t ubul es wer e i nser t ed i nt o pl anar phosphol i pi d bi l ayer s composed of

t he neut r al l i pi d phosphat i dyl et hanol ami ne ( PE) , t he negat i vel y char ged l i pi d

phosphat i dyl ser i ne ( PS) , and mi xt ur es of bot h . The l engt heni ng of t he mean

open t i me and st abi l i zat i on of si ngl e channel f l uct uat i ons under const ant hol di ng

pot ent i al s was accompl i shed by t he use of t he agoni st Bay K8644 . I t was f ound

t hat t he bar i um cur r ent car r i ed t hr ough t he channel sat ur at es as a f unct i on of

t he BaCl 2 concent r at i on at a maxi mumcur r ent of 0 . 6 pA ( at a hol di ng pot ent i al

of 0 mV) and a hal f - sat ur at i on val ue of 40 mM. Under sat ur at i on, t he sl ope

conduct ance of t he channel i s 20 pS at vol t ages mor e negat i ve t han - 50 mV

and 13 pS at a hol di ng pot ent i al of 0 mV. At bar i um concent r at i ons above and

bel ow t he hal f - sat ur at i on poi nt , t he open channel cur r ent s wer e i ndependent

of t he bi l ayer mol e f r act i on of PS f r om Xp s = 0 ( pur e PE) t o Xr s = 1 . 0 ( pur e

PS) . I t i s shown t hat i n t he absence of bar i um, t he cal ci um channel t r anspor t s

sodi um or pot assi um i ons ( P N, / PK = 1 . 4) at sat ur at i ng r at es hi gher t han t hose

f or bar i um al one . The sodi um conduct ance i n pur e PE bi l ayer s sat ur at es as a

f unct i on of NaCl concent r at i on, f ol l owi ng a cur ve t hat can be descr i bed as a

r ect angul ar hyper bol a wi t h a hal f - sat ur at i on val ue of 200 mMand a maxi mum

conduct ance of 68 pS ( sl ope conduct ance at a hol di ng pot ent i al of 0 mV) . I n

pur e PS bi l ayer s, t he sodi um conduct ance i s about t wi ce t hat measur ed i n PE

at concent r at i ons bel ow 100 mMNaCl . The maxi mumchannel conduct ance at

hi gh i oni c st r engt h i s unaf f ect ed by t he l i pi d char ge . Thi s ef f ect at l ow i oni c

st r engt h was anal yzed accor di ng t o J . Bel l and C. Mi l l er ( 1984 . Bi ophysi -

cal , Jour nal . 45 : 279- 287) and i nt er pr et ed as i f t he conduct i on pat hway of

t he cal ci um channel wer e separ at ed f r om t he bi l ayer l i pi d by ^- 20 A. Thi s di s-

t ance t her eby ef f ect i vel y i nsul at es t he i on ent r y t o t he channel f r om t he bul k

of t he bi l ayer l i pi d sur f ace char ge . Cur r ent vs . vol t age cur ves measur ed i n NaCl

i n pur e PE and pur e PS show t hat si mi l ar l y smal l sur f ace char ge ef f ect s ar e
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pr esent i n bot h i nwar d and out war d cur r ent s . Thi s suggest s t hat t he same

conduct i on i nsul at i on i s pr esent at bot h ends of t he cal ci um channel .

I NTRODUCTI ON

The el ect r i cal behavi or of i on channel s can be modul at ed by t he bi l ayer phos-

phol i pi d composi t i on i n var i ous ways . The most di r ect and physi cal l y t est abl e

way i s t hr ough i nt er act i ons wi t h t he bi l ayer l i pi d sur f ace char ge . St udi es of t he

ef f ect of sur f ace char ge on channel s al l f ol l ow t he or i gi nal i nt er pr et at i on gi ven

by Fr ankenhaeuser and Hodgki n ( 1957) t o t he shi f t s i nduced by ext er nal cal ci um

i ons on t he act i vat i on cur ve of t he sodi um channel . Mor e r ecent wor k i n ner ve

and neur on sodi um, pot assi um, and cal ci um channel s has shown t hat sur f ace

char ge ef f ect s can be conveni ent l y i nt er pr et ed wi t hi n t he f r amewor k pr ovi ded

by t he Gouy- Chapman t heor y of an el ect r i f i ed i nt er phase ( Gi l ber t and Ehr en-

st ei n, 1969 ; Mozhayeva and Naumov, 1970 ; Begeni si ch, 1975 ; Hi l l e et al . , 1975 ;

Fohl mei st er and Adel man, 1982 ; Kost yuk et al . , 1982 ; Hahi n and Campbel l ,

1983 ; Wi l son et al . , 1983 ; Cot a and St ef ani , 1984 ; Byer l y et al . , 1985) .

I n mol l uscan neur ons ( Kost yuk et al . , 1982) and t uni cat e eggs ( Ohmor i and

Yoshi i , 1977) , cal ci um and sodi um channel act i vat i on cur ves ar e shi f t ed by

ext er nal di val ent s t o t he same ext ent . Thi s suggest s a common ef f ect of sur f ace

pot ent i al on bot h channel s . The number s f or t he char ge densi t i es near t he

cal ci um channel " gat es" r ange f r om one el ect r oni c char ge per 100- 240 A2 ,
whi ch i s about t he same as f or sodi um channel s and f or t he composi t i on of

char ged l i pi ds i n pl asma membr anes . However , t he quest i on of how t he ef f ect

of sur f ace char ge cont r i but es t o cal ci um channel conduct i on i s mor e compl ex,

and t hi s i ssue has not been r esol ved ( Byer l y et al . , 1985) . St udi es i n whol e cel l s

ar e sever el y l i mi t ed because t he onl y var i abl e on hand, t he i oni c st r engt h of

di val ent sol ut i ons, si mul t aneousl y af f ect s ( a) t he sur f ace pot ent i al , ( b) t he si ngl e

channel cur r ent , and ( c) t he r ever sal pot ent i al . Thus, conduct i on measur ement s

i n cal ci um channel s have mul t i pl e i nt er pr et at i ons . For exampl e, t he sat ur at i on

of cal ci um cur r ent wi t h i ncr easi ng ext er nal cal ci um has r ecei ved a dual i nt er pr e-

t at i on as ei t her ( a) a di r ect demonst r at i on t hat sur f ace pot ent i al s domi nat e i on

conduct i on i n cal ci um channel s, si nce t he sat ur at i on of t he di val ent i on concen-

t r at i on at t he sur f ace of a char ged membr ane i s pr edi ct ed by t he Gouy- Chapman

t heor y ( Ohmor i and Yoshi i , 1977 ; Wi l son et al . , 1983 ; Cot a and St ef ani , 1984) ,

or ( b) a demonst r at i on of a sat ur abl e bi ndi ng si t e( s) f or conduct i ng i ons i nsi de

t he cal ci um channel ( Kost yuk et al . , 1974 ; Hagi war a, 1975 ; Akai ke et al . , 1978 ;

see al so Hess and Tsi en, 1984 ; Al mer s and McCl eskey, 1984) .

Thi s paper eval uat es i n det ai l t he cont r i but i on of sur f ace char ge t o i on

conduct i on i n cal ci umchannel s of skel et al muscl e usi ng pl anar bi l ayer t echni ques

( Af f ol t er and Cor onado, 1985a- c ; Cor onado and Af f ol t er , 1985a, b) . Si nce i n

pl anar bi l ayer exper i ment s t he phosphol i pi d composi t i on can be mani pul at ed,

an ef f ect of sur f ace char ge ( or t he l ack of an ef f ect ) can be unambi guousl y

demonst r at ed . Thi s was done her e by i mposi ng on t he channel var i ous mol e

f r act i ons of t he negat i vel y char ged l i pi d phosphat i dyl ser i ne ( PS) . Si mi l ar l y, we

eval uat ed t he cont r i but i on of l ocal f i xed char ges pr esent i n t he channel i t sel f i n

pl anar bi l ayer s i n whi ch t he bul k l i pi d i s composed of t he neut r al zwi t t er i oni c

l i pi d phosphat i dyl et hanol ami ne ( PE) . We f ound t hat t he sat ur at i on of si ngl e
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channel cur r ent s wi t h i ncr easi ng bul k bar i umconcent r at i ons cannot be expl ai ned

by t he phosphol i pi d sur f ace char ge si nce t he cur r ent ampl i t udes ar e i ndependent

of t he mol e f r act i on of PS i n t he pl anar membr ane . Smal l di f f er ences i n t he

channel cur r ent ampl i t udes f ound i n pur e PS bi l ayer s when compar ed wi t h

measur ement s i n pur e PE wer e r eveal ed onl y af t er r ecor di ng t he sodi umcur r ent

t hr ough t he channel i n t he absence of bar i um. The r esul t s i ndi cat e t hat t he

conduct i on pat hway i s not sensi t i ve t o t he sur f ace pot ent i al ar i si ng f r om t he

bi l ayer phosphol i pi d . One possi bl e expl anat i on t hat f i t s t he dat a assumes t hat t he

cal ci um channel conduct i on pat hway i s physi cal l y separ at ed or i nsul at ed f r om

t he bul k l i pi d sur f ace by a di st ance of ^- 20 A.

MATERI ALS AND METHODS

Muscl e Membr anes

Tr ansver se t ubul es ( t - t ubul es) f r omr at back and l eg muscl e wer e f r act i onat ed and pur i f i ed

accor di ng t o t he pr ocedur e of Rosembl at t et al . ( 1981) wi t h sl i ght modi f i cat i ons . Br i ef l y,

homogeni zat i on was car r i ed out i n 0 . 25 Msucr ose ( ul t r a- pur e r eagent , Bet hesda Resear ch

Labor at or i es, I nc . , Gai t her sbur g, MD) , 20 mM hi st i di ne- Tr i s pH 7 . 4, and 0 . 4 mM

phenyl met hyl sul f onyl f l uor i de ( Si gma Chemi cal Co . , St . Loui s, MO) . The l i ght mi cr osomal

f r act i on ( sur f ace membr ane [ SM] ) , wi t hout t he Ca" phosphat e l oadi ng st ep, was used i n

al l exper i ment s . Vesi cl es wer e st or ed at - 80° C i n 0 . 5 Msucr ose, 10 mMHEPES=Tr i s,

pH 7 . 2, at a pr ot ei n concent r at i on of 10- 20 mg/ ml .

Bi l ayer s and Li pi ds

Exper i ment s wer e car r i ed out i n Muel l er - Rudi n bi l ayer s f or med f r om 50 mg/ ml l i pi d

sol ut i ons i n decane ( Al dr i ch Chemi cal Co. , Mi l waukee, WI ) . Membr anes wer e pai nt ed i n

Lexan par t i t i ons wi t h aper t ur es of 300 um. Bi l ayer capaci t ances wer e i n t he r ange 200-

300 pF. Li pi ds wer e pur chased f r om Avant i Pol ar Li pi ds ( Bi r mi ngham, AL) and used

wi t hout f ur t her pur i f i cat i on . Li pi ds wer e st or ed at al l t i mes i n chl or of or m at - 80 ° C. The

PE and PS ( Avant i Pol ar Li pi d cat al og nos . 840022 and 850032, r espect i vel y) used i n al l

exper i ment s cor r espond t o nat ur al l i pi d pur i f i ed f r om br ai n . The st andar d pr ot ocol f or

r ecor di ng channel s was as f ol l ows . Bi l ayer s wer e f or med i n ci s and t r ans ( vi r t ual gr ound

si de) symmet r i cal sol ut i ons of 50 mMNaCl , 10 mMHEPES- Tr i s, pH 7 . 0, 0 . 1 mMEDTA;

af t er t hi nni ng, 100 mMBaC12 pl us 1- 5 AMBay K8644 was added t o t he ci s si de under
const ant st i r r i ng and l at er 50- 100 t ag of vesi cul ar t - t ubul e pr ot ei n was added t o t he same
sol ut i on . The hol di ng pot ent i al ( HP) was mai nt ai ned const ant at 0 mV unt i l si ngl e channel
f l uct uat i ons emer ged on t he r ecor d, usual l y wi t hi n 15 mi n . The i nser t i on of channel s was
ai ded i n some cases by vi gor ous st i r r i ng and i n ot her s by t he br eakdown and r ef or mat i on
of t he bi l ayer i n t he pr esence of t - t ubul e pr ot ei n . Channel s i nser t i nt o t he pl anar bi l ayer

wi t h t he cyt opl asmi c end on t he ci s chamber and t he ext r acel l ul ar end on t he t r ans

chamber ( Af f ol t er and Cor onado, 1985c) . We have f ound t hat t - t ubul es added t o t he ci s
si de f use r eadi l y i n hi gh- ci s bar i um. Thus, i n most exper i ment s ( but not i n Fi gs . 3 and
6C) , bar i um cur r ent was measur ed as f l owi ng out war d t hr ough t he channel . The mol ar
r at i os of PE and PS gi ven i n t he f i gur e l egends cor r espond t o t hose of t he l i pi d- decane
sol ut i ons used t o f or mbi l ayer s .

Sol ut i ons and Act i vi t y Coef f i ci ent s

I n pl anar bi l ayer exper i ment s, monoval ent sal t s wer e r eagent gr ade ( Fi sher Sci ent i f i c,

Fai r Lawn, NJ) and di val ent sal t s wer e anal yt i cal gr ade ( JMC, Her t f or dshi r e, Engl and) .

Sol ut i ons wer e pr epar ed f r om sol i d sal t s usi ng al l - gl ass t wi ce- di st i l l ed wat er . Unl ess
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ot her wi se speci f i ed, sol ut i ons wer e buf f er ed wi t h 0 . 1 mM EDTA, 10 mM HEPES- Tr i s,

pH 7 . 0- 7 . 4 . The mean act i vi t y coef f i ci ent s f or BaCl 2 i n t he r ange 0 . 01- 0 . 1 mol al wer e

obt ai ned f r omt he best - f i t t ed cur ve of t he val ues gi ven by Har r i ed and Owen ( 1950, Tabl e

13- 1- 1) . The mean act i vi t y coef f i ci ent s f or BaC1 2 sol ut i ons wer e as f ol l ows : 0 . 01 M, 0 . 723 ;
0 . 02 M, 0 . 655 ; 0 . 03 M, 0 . 605 ; 0 . 04 M, 0 . 570 ; 0 . 05 M, 0 . 559 ; 0 . 06 M, 0 . 525 ; 0 . 07 M,
0 . 505 ; 0 . 08 M, 0 . 500 ; 0 . 09 M, 0 . 495 ; 0 . 10 M, 0 . 492 . The val ues ar e t he mol al concen-
t r at i on f ol l owed by t he 25° C mean act i vi t y coef f i ci ent at t hat concent r at i on . Si ngl e- i on
act i vi t y coef f i ci ent s f or Ba+* ' wer e obt ai ned by t aki ng t he squar e of t he mean act i vi t y
coef f i ci ent f or BaCl 2 ( But l er , 1968) . Act i vi t y coef f i ci ent s wer e used wi t hout cor r ect i on f or
t he t emper at ur e of t he exper i ment s, whi ch was 21- 22° C. The sodi um act i vi t y was
cal cul at ed usi ng mean act i vi t y coef f i ci ent s f or NaCI ; t he l at t er wer e obt ai ned f r omst andar d
t abl es .

Handl i ng of Si ngl e Channel Dat a

Recor ds f i l t er ed at 0 . 05- 0 . 1 kHz ( - 3- dB poi nt f r om an ei ght - pol e Bessel f i l t er ) wer e
t aken on- l i ne and di gi t i zed at 0 . 5- 2 . 0 poi nt s/ ms . Recor ds wer e f ed i nt o an I BM PC

comput er wi t h t he basel i ne cur r ent at a l ower val ue t han t he uni t ar y open cur r ent . The

mean dur at i on and ampl i t ude of open event s wer e def i ned usi ng comput er pr ogr ams wi t h

t wo t hr eshol d det ect or s pl aced bet ween t he basel i ne and open peak cur r ent . One det ect or ,

di scr 1, was pl aced at I st andar d devi at i on ( SD) above t he mean of t he basel i ne cur r ent

( 1 SDb) ; t he second det ect or , di scr 2, was pl aced at 1 SD bel ow t he mean of t he si ngl e

channel uni t ar y cur r ent ( 1 SD� ) . Open event s ar e def i ned as t r ansi t i ons st ar t i ng f r om

bel ow di scr 1 t hat cr oss di scr 1 and di scr 2 and r emai n above di scr 2 f or t wo or mor e

consecut i ve poi nt s . The mean ampl i t ude of a t hr eshol d- def i ned open event cor r esponds

t o t he ar i t hmet i c mean of al l poi nt s above di scr 2 mi nus t he mean ampl i t ude of t he

basel i ne . The f i l t er and t hr eshol d set t i ngs gi ven above wer e chosen t o pr event hi gh l evel s

of noi se spi kes f r om cr ossi ng di scr 2 and gener at i ng f al se event s . The f ol l owi ng consi d-

er at i ons wer e made . The f i l t er set t i ng was sel ect ed af t er i nspect i on of t he degr ee of

over l ap bet ween t he uni t ar y cur r ent and basel i ne cur r ent di st r i but i ons on a gi ven r ecor d .

The uni t ar y cur r ent peak and basel i ne cur r ent peak wer e f i t t ed t o a Gaussi an cur ve t o

det er mi ne t he st andar d devi at i ons of t he mean basel i ne cur r ent , SDb , and uni t ar y cur r ent ,

SD� . Typi cal val ues encount er ed wer e SDb = SD� = 0 . 06- 0 . 1 pA. An opt i mal f i l t er set t i ng

was consi der ed one i n whi ch t he mean of t he uni t ar y cur r ent peak was 4 SDb away f r om

t he mean of t he basel i ne cur r ent peak . Wi t hi n t he noi se l evel s of our r ecor ds, t hi s

condi t i on was sat i sf i ed by f i l t er i ng at cor ner f r equenci es of 0 . 05- 0 . 1 kHz i n al l exper i -

ment s . The l ocat i on of di scr 1 ( t he t hr eshol d t hat i ni t i at es t he count of an open t r ansi t i on)

at 1 SD� was r oughl y coi nci dent , i n most cases, wi t h t he 3 SDb poi nt above t he basel i ne .

Fr om t hi s equi val ence, i t i s possi bl e t o cal cul at e t he r at e at whi ch noi se spi kes cr oss di scr

2 and ar e capt ur ed as an " event . " The r at e of f al se event s, Xf , can be eval uat ed accor di ng

t o of = kf exp( - 0 2 / 2Q� 2 ) , wher e 0 i s t he t hr eshol d set t i ng measur ed as a di st ance f r omt he

basel i ne ; o� i s t he r ms basel i ne noi se ; f , i s t he cor ner f r equency ; and k i s a par amet er t hat
depends on t he f i l t er and basel i ne noi se char act er i st i cs and was t aken as k = 1 ( see

Col quhoun and Si gwor t h, 1983) . Wi t h our t ypi cal noi se r ms val ue of 0 . 07 pA at 0 . 1 kHz,

t he maxi mumexpect ed r at e of f al se event s i s Af = 0 . 0025 s- ' . Consi der i ng t hat l ong open

event s occur r ed at r at es of ^- 0 . 1 s - ' , t he hi ghest f i gur e f or t he r at i o of capt ur e of a f al se

event t o a t r ue event i s 0 . 025 . Mean ampl i t udes wer e sor t ed i nt o 256 bi ns ( 0 . 0195-

0 . 0039 pA/ bi n) and f i t t ed t o a Gaussi an di st r i but i on . Cur ve- f i t t i ng was ai ded by a st andar d

r un t est and by choosi ng par amet er s t hat mi ni mi zed t he sumof t he squar ed devi at i ons .

Al l si ngl e poi nt s and bar s i n cur r ent ampl i t ude vs . vol t age, cur r ent ampl i t ude vs . PS mol e

f r act i on, and conduct ance vs . act i vi t y cur ves cor r espond t o t he mean and SD of t he
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Gaussi an- f i t t ed popul at i on of open event s . The number of i ndi vi dual open event s used i n

t hese f i t t i ngs was i n t he r ange of 400- 1, 500 .

Cal i br at i on of Sur f ace Char ge Densi t y of Bar e Bi l ayer s

The bul k negat i ve sur f ace char ge of bi l ayer s f or med f r om a l i pi d sol ut i on cont ai ni ng a

gi ven mol e f r act i on of PS was det er mi ned by t he nonact i n car r i er conduct ance met hod

of McLaughl i n et al . ( 1971) . The sur f ace pot ent i al , ~( O) , i s obt ai ned f r om t he cat i oni c

conduct ance of t he i on car r i er nonact i n measur ed bef or e, G[ KzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ] , and af t er , G[ K* , B. " " ] ,

addi t i on of BaCl 2 t o bot h bul k sol ut i ons :

Gf K' 1/ G[ K` . B. - " ] = exp - [ ~( O) FI RT] ,

wher e RT/ F = 25 . 3 mV. Bi l ayer s wer e f or med f r om l i pi d sol ut i ons cont ai ni ng t he mol e

f r act i on of negat i vel y char ged PS under t est , i n symmet r i cal 0 . 1 MKCI , 10 mMHEPES-

Tr i s, pH 7 . 2 . Nonact i n was added wi t h st i r r i ng i n bot h chamber s unt i l t he conduct ance

st abi l i zed at 10 - s - 10- 4 S/ cm2 . BaC12 was t hen added t o bot h si des i n t he concent r at i on

r ange 10- s- 10 - ' M and conduct ance measur ement s wer e made af t er each addi t i on .

Conduct ance cur ves wer e nor mal i zed by pl ot t i ng Al ogG vs . l og[ di val ent ] , wher e

Al ogG = I ogG[ K" ) - l ogG[ K+, ea{ " ] .

	

( 2)

Eq . 2 cor r esponds t o t he deci mal l og f or m of t he l ef t - hand si de of Eq . 1 . The nonact i n

conduct ance descr i bed by Eq . 2 was f i t t ed wi t h sur f ace pot ent i al cur ves der i ved f r omt he

Gr ahame equat i on f or t he case i n whi ch monoval ent and di val ent el ect r ol yt es ar e pr esent

i n t he bul k sol ut i on accor di ng t o ( McLaughl i n et al . , 1971) :

o = 2ee . RT2; ; C; ( [ exp - z ; F4, ( 0) / RT] - 1) ' ,

wher e a i s t he sur f ace char ge densi t y i n el ect r oni c char ges per A2; a was cor r ect ed f or

bar i um- PS bi ndi ng ( McLaughl i n et al . , 1981) usi ng an associ at i on const ant of 12 M- ' ; e

and eo ar e t he di el ect r i c const ant and t he per mi t i vi t y of f r ee space; C; i s t he concent r at i on

of t he i t h speci es i n bul k sol ut i on i n mol es per l i t er ; and z ; i s t he val ence of t he i t h i on .

The sur f ace char ge densi t y of bi l ayer s cont ai ni ng a t est mol e f r act i on of PS was est i mat ed

by super i mposi ng t he nonact i n conduct ance dat a on Gr ahame cur ves i n whi ch 4G( 0) appear s

i n a di mensi onl ess f or m, Ai k( O) :

0, x( 0) = ¢( 0) " " F/ 2 . 3RT - ~( 0) F/ 2 . 3RT,

	

( 4)

wher e ~( 0) - x i s t he sur f ace pot ent i al i n t he l i mi t of zer o di val ent , and 4, ( 0) i s t he sur f ace

pot ent i al at a gi ven di val ent concent r at i on . Eq . 4 cor r esponds t o t he deci mal l og f or mof

t he r i ght - hand si de of Eq . 1 . I n our hands, t he nonact i n conduct ance met hod yi el ded a
sur f ace char ge densi t y of 1 el ect r oni c char ge per 2, 000 A2 f or 100% PE and 1 char ge
per 50 A2 f or 100% PS at pH 7 . 0 ( Tabl e 1) . At f ace val ue, t hese det er mi nat i ons ar e
assumed t o be cor r ect si nce t hey agr ee wi t h t he r esul t s of Bel l and Mi l l er ( 1984) and t he
or i gi nal r esul t s of McLaughl i n et al . ( 1971) . The cal i br at ed dat a of t he mol e f r act i on PS
i n t he pl anar bi l ayer vs . t he mol e f r act i on of PS i n t he l i pi d- decane pai nt i ng sol ut i on ar e
gi ven i n Tabl e I .

Cal cul at i on of Sodi um Concent r at i on Near t he Membr ane Sur f ace

The concent r at i on of monoval ent el ect r ol yt e at a gi ven di st ance f r om t he membr ane
sur f ace was cal cul at ed af t er sol vi ng ¢( x) , t he el ect r ost at i c pot ent i al at a di st ance, x, wi t h a
knowl edge of t he sur f ace pot ent i al and t he sur f ace char ge densi t y as descr i bed by Bel l
and Mi l l er ( 1984) :

0( x) = [ 2RT/ F] I n{ [ 1 + a exp( - Dx) ] / [ l - a exp( - Dx) ] } ;

	

( 5a)



93 8

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 " 1986

TABLE I

Cal i br at i on of Sur f ace Char ge Densi t y

Char ge densi t y was cal cul at ed wi t h t he nonact i n K' met hod usi ng Eqs . 1- 4 . Xps = 1 . 0

was t aken as t he char ge densi t y obt ai ned i n 100% PS. The mol e f r act i ons est i mat ed

f r omt he measur ed char ge densi t y assumi ng a mol ecul ar ar ea of 70, k' per phosphol i pi d

ar e gi ven i n par ent heses ( Loosel y- Mi l l man et al . , 1982) .

RESULTS

a = { exp[ F~( 0) / 2RT] - 1} / j exp[ F~( 0) / 2RT] + 11,

	

( 5b)

wher e D = [ 2F2Na' ( b) / e( . RT) ] ' 1' i s t he r eci pr ocal of t he Debye l engt h, whi ch var i es wi t h

t he bul k sodi um concent r at i on, Na' ( b) . Na' ( x) , t he concent r at i on of Na' at a di st ance x,

i s cal cul at ed f r oma Bol t zmann di st r i but i on i n t he el ect r ost at i c pot ent i al :

The sur f ace pot ent i al , f ( 0) , i n Eq . 5b was cal cul at ed f r omt he measur ed sur f ace char ge

densi t y and t he bul k sodi um act i vi t y, as i n Eq . 3 . Na' ( x) was cal cul at ed f r omEq . 6 af t er

sol vi ng O( x) ( Eqs . 3, 5a, and 56) by an i t er at i ve pr ocedur e .

Ampl i t ude Di st r i but i ons of Bar i um Cur r ent s

Na' ( x) = Na' ( b) exp[ - F~( x) / RT] .

	

( 6)

Fi g . 1 shows bar i um cur r ent t hr ough si ngl e Bay K8644- act i vat ed cal ci umchan-

nel s i nser t ed i nt o l i pi d bi l ayer s composed of pur e PE, pur e PS, and a 1 : 1 mi xt ur e

FI GURE 1 .

	

Bar i um cur r ent t hr ough t - t ubul e cal ci um channel s i nser t ed i n neut r al

and negat i vel y char ged pl anar bi l ayer s . Recor ds at HP = 0 mV of bar i um cur r ent

i n bi l ayer s f or med f r om pur e PE ( A) , a 1 : 1 mi xt ur e of PE/ PS ( B) , or pur e PS ( C) .

ci s 0 . 05 MNaCl , 0 . 1 MBaC1 2 ; t r ans 0 . 05 MNaCl . Cal i br at i on bar s f or al l r ecor ds

ar e 0. 8 pA ( ver t i cal ) , 800 ms ( hor i zont al ) .

Li pi d Sur f ace char ge densi t y Mol e f r act i on, Xes

char ges/ 100 AY

PE, pH 7. 0 0. 05 ( 0 . 04 SD) 0. 025 ( 0 . 034)

PS, pH 7. 0 2. 0 ( 0. 3 SD) 1 . 000 ( 1 . 400)

2 : 1 PE/ PS 0. 1 ( 0 . 1 SD) 0. 075 ( 0 . 070)

pH 7. 0

1 : 1 PE/ PS 0. 3 ( 0 . 12 SD) 0. 175 ( 0 . 210)

pH 7. 0

1 : 2 PE/ PS 0. 75 ( 0 . 13 SD) 0. 40 ( 0 . 520)

pH 7. 0
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of bot h ( mol e f r act i on i n bi l ayer - f or mi ng sol ut i on) . The channel ampl i t udes i n

al l l i pi d mi xt ur es wer e f ound t o be r emar kabl y si mi l ar . However , t her e ar e

consi der abl e di f f er ences i n ki net i cs si nce t he openi ngs i n PE ar e ^- 30% shor t er

t han t hose i n PS or PE/ PS ( 1 : 1) ( not shown) . The t r aces shown ar e noncont i guous
and r epr esent at i ve of t he qual i t y of dat a col l ect ed f or anal ysi s . The use of Bay
K8644 i n t he pr esent wor k ser ves t wo pur poses . Fi r st , t he agoni st per mi t s a
phar macol ogi cal separ at i on of t he bar i um ( or sodi um) cur r ent car r i ed t hr ough
cal ci um channel s f r om t he agoni st - i nsensi t i ve r esi dual bar i um ( or sodi um) cur -
r ent , whi ch coul d i n pr i nci pl e be car r i ed by ot her channel s pr esent i n t he same
pr epar at i on ( see Cor onado and Af f ol t er , 1985b) . Second, t he use of t he agoni st
sol ves i n par t t he i nher ent bandwi dt h l i mi t at i ons associ at ed wi t h r ecor di ngs i n
l ar ge pl anar bi l ayer s, i nasmuch as 35% of Bay K8644- i nduced event s have a
l i f et i me l onger t han 150 ms ( Af f ol t er and Cor onado, 1985b) . Fi g . 2 ( l ef t panel )

10

	

100

	

1000

DURATI ON Cma]

FI GURE 2. Dur at i on- ampl i t ude char act er i st i cs of uni t ar y bar i um cur r ent s . Lef t
panel : mean ampl i t ude and mean dur at i on of 855 openi ngs at HP = 0 mV, a 1 : 1

mi xt ur e of PE/ PS i n ci s 40 mMBaC12 . Each openi ng i s a si ngl e poi nt . Ri ght panel :
1, 155 event s ( as above) ar e pl ot t ed as occur r ences ( y- axi s) vs . cur r ent ampl i t ude ( x-
axi s) . Event s shor t er t han 20 ms ar e not i ncl uded . The smoot h cur ve cor r esponds

t o a Gaussi an f i t wi t h a peak ampl i t ude of 0 . 44 pA and a st andar d devi at i on ( SD) of
0 . 07 pA.

shows openi ngs pl ot t ed as ampl i t ude ( y- axi s) vs . dur at i on ( x- axi s) . Each poi nt i n

t hi s pl ot i s a si ngl e event col l ect ed usi ng t he f i l t er set t i ngs and t hr eshol d cr ossi ng

poi nt s descr i bed i n Mat er i al s and Met hods . Af t er cal cul at i on of t he mean ampl i -

t ude at each dur at i on, i t was possi bl e t o set a cut of f t hat woul d el i mi nat e t he

unr esol ved shor t openi ngs wi t hout a l oss of l ar ge number s of nonat t enuat ed
sampl es . Thi s cut of f was ar bi t r ar i l y set at 20 ms because event s at 20 ms al ways

had t he same mean ampl i t ude as event s of ? 100 ms . An ampl i t ude di st r i but i on
of uni t ar y event s above t he 20- ms cut of f i s gi ven i n t he r i ght panel of Fi g . 2 f or
40 mM BaCl 2 i n PE/ PS. The f i t t ed Gaussi an cur ve ( sol i d l i ne) shows t hat i n
mi xed l i pi d condi t i ons or pur e l i pi d ( not shown) , t he popul at i on of channel s i s
descr i bed by a si ngl e uni t ar y cur r ent l evel . I nasmuch as t he sampl es above and
bel ow t he mean ar e r oughl y even, t he 20- ms cut of f appear s t o be sat i sf act or y .
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Subl evel cur r ent s, l ower t han t he uni t ar y cur r ent , have been obser ved i n ^. , 1 of

ever y 50 openi ngs . I n t he pr esent anal ysi s, t he subuni t ar y event s wer e r ej ect ed

when t hey wer e pr esent bel ow t he t hr eshol d det ect or s . Those sl i ght l y above

t hr eshol d gener at ed i n some cases a shoul der i n t he ampl i t ude di st r i but i on ( see

Fi g . 2, r i ght panel ) .

Fi g. 3 shows t he cur r ent - vol t age cur ve f or t he channel conduct i ng i nwar d

bar i um cur r ent ( negat i ve cur r ent ) i n t he r ange of +100 t o - 100 mV. A f ew

poi nt s of t he out war d bar i umcur r ent ar ound HP = 0 mV ( posi t i ve cur r ent ) ar e

al so shown . The i nt er nal and ext er nal si des of t he channel ar e al ways f ound i n

t he ci s and t r ans bi l ayer chamber s, r espect i vel y ( Af f ol t er and Cor onado, 1985c) .

The sl ope conduct ance at 0 . 1 M Ba++ i s 20 pS at vol t ages mor e negat i ve t han

U

J
W
Z
Z
Q
2
U

2_

mm
m

CD m

m

- 2,

	

1
I
T

	

r ~ r

- 100

	

0

	

100

HOLDI NG POTENTI AL CmVI

FI GURE 3.

	

I nwar d and out war d bar i um cur r ent s at sat ur at i on . Negat i ve ( i nwar d)
cur r ent s ar e gi ven i n t r ans ( ext er nal ) 0. 1 MBaC12 , ci s ( i nt er nal ) 0. 25 MNaCl . The
r ever sal i s at +61 mV. Si x dat a poi nt s of posi t i ve ( out war d) cur r ent ar ound 0 mV
wer e measur ed i n t r ans ( ext er nal ) 0. 25 MNaCl , ci s ( i nt er nal ) 0. 1 MBaC12 . Bi l ayer s

cor r espond t o 1 : 1 PETS; bar s cor r espond t o 1 SD.

- 50 mV, 13 pS at HP = 0 mV, and 8 pS cl ose t o r ever sal ( +61 mV) . Thi s vol t age

dependence i s pr obabl y due t o t he asymmet r y of t he sol ut i ons chosen i n t hi s

exper i ment si nce t he cur r ent - vol t age cur ve i s appr oxi mat el y l i near i n near -

symmet r i cal condi t i ons ( see Fi g . 9) . When measur ed separ at el y, under equi val ent

i oni c condi t i ons, t he i nwar d and out war d bar i um cur r ent s appear t o have t he

same ampl i t ude and sl ope conduct ance at HP = 0 mV.

Absence of Sur f ace Char ge Ef f ect s on Bar i um Cur r ent s

I n bi l ayer s composed of a 1 : 1 mi xt ur e of PE/ PS ( =1 e/ 333 A2 ; see Tabl e I ) ,

out war d bar i um cur r ent s sat ur at e wi t h i ncr easi ng ci s BaC12 ( Fi g . 4) . The maxi -

mumcur r ent at HP = 0 mV i s 0 . 66 pA at 0 . 6 M, and t he hal f - sat ur at i ng BaCl 2

concent r at i on i s ^ - 40 mM. The shape of t he sat ur at i on cur ve was anal yzed by

pl ot t i ng dat a i n t he Langmui r f or m, as i ( cur r ent ) vs . Ba ( bar i um act i vi t y) ( Fi g .
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FI GURE 4 .

	

Sat ur at i on of bar i um cur r ent as a f unct i on of ci s BaC1 2 . Mean and 2

SD of cur r ent s ar e gi ven at HP = 0 mV i n 1 : 1 PE/ PS. Sol ut i ons wer e t r ans 50 mM

NaCl , ci s 50 mM NaCl pl us t he i ndi cat ed act i vi t y of Ba++ ( chl or i de sal t ) . Pl ot s

cor r espond t o ( A) i ( channel cur r ent ) vs . Ba ( bar i um act i vi t y) , and ( B) 1/ i vs . 1/ Ba .

Par amet er s of f i t t ed cur ves ar e : sol i d l i ne : : mzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� = 0 . 89 PA, K = 22 mM, r = 0 . 90 ;

dot t ed l i ne 1 : 2v, ax = 2 . 12 pA, K = 72 mM, r = 0 . 96 ; dot t ed l i ne 2 : i max = 0 . 65, K =

3 . 5 mM, r = 0 . 97 . K i s t he hal f - sat ur at i on const ant , r i s t he l i near r egr essi on

coef f i ci ent . Dot t ed l i ne 1 was f i t t ed t o t he f i r st f our poi nt s ( open ci r cl es) and dot t ed

l i ne 2 t o t he l ast f our poi nt s ( sol i d ci r cl es) of t he sat ur at i on cur ve . The sol i d l i ne was

f i t t ed t o al l poi nt s .

4 A) and as 1 / i vs . 1 / Ba or i n doubl e- r eci pr ocal Li neweaver - Bur k f or m ( Fi g . 4 B) .

The bar i um act i vi t y at each mol ar concent r at i on was cal cul at ed by t aki ng t he

squar e of t he mean act i vi t y coef f i ci ent f or BaC12 ( see Mat er i al s and Met hods) .

Ther e ar e t wo obser vat i ons suggest i ng t hat sat ur at i on does not f ol l ow a si ngl e

Langmui r i sot her m. Fi r st , t he doubl e- r eci pr ocal dat a bel ow 0 . 1 M( open ci r cl es)

ar e best f i t by a st r ai ght l i ne ( dot t ed l i ne 1) , whi ch has par amet er s di f f er ent f r om
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t hat used t o f i t t he dat a at 0. 1 Mand above ( sol i d ci r cl es, dot t ed l i ne 2) . The

sol i d l i ne i s a f i t t o t he compl et e set of dat a . The sat ur at i on par amet er s obt ai ned

f r om t he sl ope and i nt er cept of l i nes 1 and 2 ar e gi ven i n t he Langmui r pl ot s

( Fi g . 4A) as dot t ed cur ves 1 and 2, r espect i vel y . We have f ound t hat any at t empt

t o f i t t he l ow- concent r at i on par t of t he cur ve l eaves t he hi gh- concent r at i on poi nt s

at 5 SD or mor e away f r om t he i sot her m. The same happens t o t he l ow-

concent r at i on poi nt s when t he hi gh- concent r at i on poi nt s ar e f i t f i r st . Thus, i t

appear s t hat sat ur at i on i s best descr i bed by t wo r at her t han one i sot her m. Second,

t he l east - squar es l i ne f or t he compl et e set of dat a gi ves a cor r el at i on coef f i ci ent

t hat i s l ower t han t hat of l i ne 1 or 2 ( see t he l egend t o Fi g . 4) .

The cont r i but i on of negat i ve sur f ace char ge t o bar i umcur r ent s was exami ned

i n Fi g . 5 by r ecor di ng cal ci um channel s i n bi l ayer s wi t h known amount s of PS.

Measur ement s wer e made at t hr ee bul k BaC12 act i vi t i es ( cal cul at ed f r om mean

sal t coef f i ci ent s) : t hat r epr esent i ng t he sat ur at i ng cur r ent ( 49 mM, t op panel ) , a

nonsat ur at i ng cur r ent above t he hal f - sat ur at i on poi nt ( 27 mM, mi ddl e panel ) ,

and a cur r ent bel ow t he hal f - sat ur at i on poi nt ( 15 mM, bot t om panel ) . The

ampl i t udes at each bar i um act i vi t y ar e i ndependent of t he mol ar f r act i on of PS,

XFs . The l at t er was exper i ment al l y changed at t he expense of t he neut r al l i pi d,

PE. I n each panel , t he onl y var i abl e i s XPs whi l e bar i umact i vi t y and t he hol di ng

pot ent i al ar e mai nt ai ned const ant . I n or der t o keep t he same si gnal - t o- noi se r at i o

at t he t hr ee bar i um act i vi t i es, t he hol di ng pot ent i al was adj ust ed t o a di f f er ent

val ue i n each panel . I n spi t e of t he f act t hat t he sur f ace pot ent i al on t he di val ent

si de i s changed i n al l t hr ee cases by ^- 40 mV when XPs i s var i ed f r om0 t o 1 and

t he sur f ace di val ent concent r at i on i s r ai sed above t he bul k concent r at i on by a

Bol t zman f act or of 25, t he measur ed si ngl e channel cur r ent s r emai n t he same i n

al l l i pi d mi xt ur es . I n t he t op panel , t he t wo most di f f er ent means have a 20%

over l ap i n SD. I n t he mi ddl e and bot t om panel s, t he over l ap i s >_50%. Equal l y

si gni f i cant i s t he f act t hat t he cur r ent s seem t o have no consi st ent t r end ei t her

t o i ncr ease or decr ease when PS or PE becomes t he domi nant l i pi d .

Sodi um Cur r ent Thr ough Cal ci um Channel s i n t he Absence of Bar i um I ons

Sodi um cur r ent can be t r anspor t ed t hr ough si ngl e t - t ubul e cal ci um channel s

under condi t i ons of l ow di val ent and hi gh monoval ent concent r at i ons ( Fi g . 6) .

Pr evi ous wor k has shown t hat t he monoval ent cur r ent i s si mi l ar t o t he di val ent

cur r ent i n t hat i t can be bl ocked by mi cr omol ar ni t r endi pi ne ( K; = 0 . 7 1, M) and

by D600 ( K; < 20 AM) ( Cor onado and Af f ol t er , 1985a, b) . Fi g. 6A shows r ecor ds

of out war d channel cur r ent s wi t h NaCl - EDTA ( 0 . 1 mM) sol ut i ons as t he onl y

cur r ent car r i er . Uni t ar y cur r ent s i n sodi um exceed 1 pA, at concent r at i ons i n

whi ch t he pur e bar i umcur r ent ( Fi g . 4) or t he mi xed sodi um- pl us- bar i um cur r ent

( Fi g . 6B, t r i angl es) i s <_0. 5 pA. Fi g. 6B compar es si de by si de t he ampl i t udes of

cur r ent s car r i ed by Na y ( squar es) or by t he same mol ar concent r at i ons of Na'

and Ba++ added t oget her ( t r i angl es) . The mi xed Na' - Ba ++ cur r ent sat ur at es at

^- 0 . 5 pA, wher eas t he Na' cur r ent al one may be as hi gh as 2 pA at 1 Mci s

( i nt er nal ) NaCI . Thus, t he monoval ent and di val ent cur r ent s t r anspor t ed t hr ough

t he channel ar e not addi t i ve . Fi g . 6Cshows t hat t he sodi umand bar i umcur r ent s

di spl ay an anomal ous mol e f r act i on behavi or . I n t hi s exper i ment , t he ci s ( i nt er nal )
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Absence of sur f ace char ge ef f ect s on Ba++ si ngl e channel cur r ent s .

Mean cur r ent and 2 SD ar e gi ven at HP = 0 mV and 49 mMbar i um act i vi t y ( A) ,

HP = +10 mV and 27 mMbar i um act i vi t y ( B) , and HP = +50 mV and 15 mM

bar i um act i vi t y ( C) ( cal cul at ed f r ommean sal t act i vi t y coef f i ci ent s) , and t he i ndi cat ed

mol e f r act i on of PS. Xps = 0 cor r esponds t o bi l ayer s f or med f r om 100%PE. The

mol e f r act i on cor r esponds t o t hat pr esent i n t he l i pi d- decane sol ut i on at t he moment

of f or mi ng t he bi l ayer . The sol i d l i nes connect i ng means have no t heor et i cal

si gni f i cance .
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FI GURE 6.

	

Sodi umcur r ent t hr ough t he t - t ubul e cal ci um channel . ( A) Cont i guous

r ecor ds of Na' cur r ent at HP = 0 mV i n t r ans 0 . 05 M NaCl , ci s 1 M NaCl .

Cal i br at i on bar s ar e 3 pA and 400 ms . ( B) Ampl i t ude of si ngl e channel cur r ent s at

HP = 0 mV measur ed i n const ant ci s- t r ans 0 . 05 MNaCl , and a var i abl e ci s [ BaCl 2 1

gi ven by t he t r i angl es, or i n const ant t r ans 0 . 05 MNaCl , ci s 0 . 01 MBaCl 2 , and a

var i abl e [ NaCl 1 gi ven by t he squar es . Concent r at i ons ar e not cor r ect ed f or i oni c

act i vi t i es . The bar s i ndi cat e t he l ar gest SD. ( C) Ef f ect of mol ar f r act i on of t r ans

( ext er nal ) Na' - Ba ++ sol ut i ons on cur r ent ampl i t udes . Cur r ent s ar e at HP = 0 mV

i n ci s 0 . 25 M NaCl , t r ans 0 . 1 M [ BaCl 2 + NaCl ] . t r ans BaCl 2 was var i ed bet ween

10 - 8 and 10' M, mai nt ai ni ng a const ant [ BaCl 2 + NaC11 of 0 . 1 M. ( D) Cur r ent -

vol t age cur ve under bi - i oni c Na' - K' condi t i ons cont ai ni ng t r ans 0 . 125 M KC] , ci s

0 . 25 M NaCL The r ever sal occur r ed at - 22 . 5 mV. The si ngl e bar s i ndi cat e t he

l ar gest SD.

Na+ was mai nt ai ned const ant at 0 . 25 Mand t he t r ans ( ext er nal ) mol ar f r act i on

of BaCl 2 was var i ed bet ween XBa = 1 . 0 and XBa = 10- 7 at t he expense of NaCl .

When BaC12 was <1 uM, cur r ent s wer e out war d and t he cur r ent car r i er was

Na' . Chl or i de i s i mper meant , si nce t he r ever sal of cur r ent s i n NaCl was at EN, ,

( Fi g . 9) . BaCl 2 above 1 AMpr ogr essi vel y r educed t he ampl i t ude of t he sodi um
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cur r ent s, whi ch di sappear f r omt he r ecor ds at - 0 . 5 mMBaC12 . At concent r at i ons

above 10 mMBaCl 2 , channel cur r ent s r e- emer ge, but as i nwar d cur r ent s t hat

sat ur at e at - 0 . 5 pA and have r ever sal pot ent i al s cl oser t o EBa and away f r om

EN. ( not shown) . Thus, t he sodi um cur r ent measur ed her e i s t r anspor t ed vi a

cal ci um channel s . Fi g . 6 D cl ar i f i es t hat what we r ef er t o as sodi um cur r ent

t hr ough t he channel i s onl y nomi nal l y so, gi ven t hat pot assi um i ons ar e al most

equal l y per meabl e . The Gol dman per meabi l i t y r at i o, PNa/ PK, i s 1 . 4 . Hence, i n

t he absence of di val ent cat i ons, t he cal ci um channel i s cat i on sel ect i ve wi t h l ow

sel ect i vi t y bet ween Na' and K' .

Smal l Sur f ace Char ge Ef f ect s on Sodi um Cur r ent

The monoval ent cur r ent t hr ough cal ci um channel s was used t o measur e t he

cont r i but i on of l i pi d sur f ace pot ent i al t o conduct i on . Fi g . 7 shows conduct ance-

so-
a.

z
0
U

U
w
z
z

= 0
U

0

10

50 : m

1000

SODI UM ACTI VI TY EMI

FI GURE 7 .

	

Sat ur at i on of sodi um cur r ent i n neut r al and char ged bi l ayer s . The

sl ope conduct ance was measur ed i n t he r ange of +10 t o - 10 mV i n bi l ayer s

composed of 100% PE ( open ci r l es) or 100% PS ( sol i d ci r cl es) . Sol ut i ons wer e

symmet r i cal t r ans and ci s 0. 1 mMEDTA pl us t he NaCl act i vi t y i ndi cat ed on t he x-

axi s . The dot t ed l i nes wer e cal cul at ed f r om Eqs . 5a, 5b, 6, and 7 usi ng t he sur f ace

char ge densi t y of PS gi ven i n Tabl e 1 ( 0 . 02 e/ A2) . The di st ances separ at i ng t he

ent r yway f r omt he bi l ayer sur f ace ar e i ndi cat ed i n angst r oms next t o each cur ve .

sodi um act i vi t y r el at i onshi ps under symmet r i cal NaCl f or channel s i nser t ed i n

pur e PE or pur e PS bi l ayer s . I n PE, t he dat a ar e wel l descr i bed by a r ect angul ar

hyper bol a of t he f or m g = gn, ax/ [ 1 + K/ Na +( b) ] ( Eq. 7) , wi t h a maxi mum

conduct ance gmax = 68 pS, and a hal f - sat ur at i on bul k act i vi t y K = 0. 2 M( see t he

l i near f i t i n Fi g . 8) . I n PS, t he ampl i t udes bel ow 0 . 1 Mact i vi t y wer e consi st ent l y

hi gher t han t hose i n PE. At 48 mM, t he PS and PE dat a di f f er ed by a f act or of

1 . 8 . At hi gh i oni c st r engt h, t he PE and PS dat a ar e i ndi st i ngui shabl e . We have

i nt er pr et ed t he di f f er ences at l ow i oni c st r engt h i n t er ms of a l ocal i ncr ease i n

sodi um i on act i vi t y t hat PS may gener at e near t he ent r y t o t he channel . The

quest i ons of whet her ( a) devi at i ons i n PS ar e consi st ent wi t h a descr i pt i on of
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sur f ace char ge as i n t he Gouy- Chapman t heor y, and ( b) howmuch of t he negat i ve

sur f ace pot ent i al cont r i but es t o conduct i on, wer e answer ed by f i t t i ng si mul t a-

neousl y t he conduct ance- act i vi t y cur ves i n PE and PS as f ol l ows . The t er m

cor r espondi ng t o bul k sodi um act i vi t y, Na +( b) , i n t he Langmui r i sot her m ( Eq. 7)

was r epl aced by Na +( x) , t he sodi um concent r at i on exi st i ng at a di st ance, x,

nor mal t o t he sur f ace of a char ged membr ane . The r at i onal e her e i s t hat t he i on

concent r at i on r el evant t o conduct i on i s not t hat gi ven by t he bul k sol ut i on but

by t he concent r at i on near t he ent r yway or mout h; i n t hi s model , t he mout h i s

separ at ed f r om t he l i pi d by di st ance, x . The l at t er can be est i mat ed by sol vi ng

Na +( x) and by usi ng t he Langmui r i sot her m t o descr i be conduct i on i n t he

channel . The r esul t s of t hese cal cul at i ons ar e shown i n Fi g . 7 and ar e gi ven by

CHANNEL CONDUCTANCE CPS)

FI GURE 8.

	

Eadi e- Hof st ee r epr esent at i on of sodi um sat ur at i on . The conduct ance

sat ur at i on i n NaCl gi ven i n Fi g . 7 i s pl ot t ed as conduct ance/ [ NaCl ] vs . conduct ance

f or PE ( open ci r cl es) and PS ( sol i d ci r cl es) . The ver t i cal and hor i zont al bar s

cor r espond t o t he SD of t he PE dat a . The sol i d l i ne was dr awn wi t h a sl ope - 1/ K

= 5 M- ' and an x- i nt er cept gmax = 68 pS.

t he dot t ed l i nes . Each cur ve cor r esponds t o a Langmui r - t ype sat ur at i on at a f i xed

di st ance, x, i ndi cat ed i n angst r oms i n each cur ve . I n pur e PS, t he channel

conduct ance senses l ess t han t he f ul l sur f ace pot ent i al gi ven by t he 0- A cur ve

but i s wel l descr i bed by t he cur ve at 20 A. Hence, t he channel i s i nsul at ed f r om

t he bul k of t he l i pi d sur f ace char ge . I n pur e PE, conduct ance may be equal l y

wel l descr i bed by cur ves wi t h x = 50 or 1, 000 A. Thi s shows t hat i n channel s i n

PE t her e i s pr act i cal l y no ef f ect of sur f ace char ge . The Langmui r i sot her m

chosen i n t hi s anal ysi s i s j ust i f i ed by t he Eadi e- Hof st ee pl ot i n Fi g . 8. I n PE, t hi s

r epr esent at i on gi ves a st r ai ght l i ne f r om 0. 05 t o 0 . 8 M, a concent r at i on r ange

t hat spans f our hal f - sat ur at i on const ant s ( K = 0. 2 M) . Thus, when no l i pi d

char ges ar e i mposed on t he channel , conduct ance becomes a si mpl e f unct i on of

bul k act i vi t y . By compar i son, t he PS dat a i n t he same pl ot ( sol i d ci r cl es) bend

upwar d at l ow i oni c st r engt h . Fi g. 9 compar es under i dent i cal condi t i ons Na'
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cur r ent - vol t age cur ves i n PE and PS. - Bot h t he i nwar d and out war d cur r ent s

appear t o be l ar gel y i nsensi t i ve t o l i pi d char ge. By i mpl i cat i on, t hen, bot h ends

of t he channel ar e i nsul at ed . Cur ves wer e t aken at l ow i oni c st r engt h i n or der t o

i ncr ease t he sur f ace pot ent i al on bot h si des of t he bi l ayer and t hus make t he

ef f ect of PS not i ceabl e t o i nwar d and out war d cur r ent s . No di f f er ences i n PE vs .

PS at vol t ages near r ever sal ar e di scer ni bl e . At 30 mV above and bel ow r ever sal ,

measur ement s i n PS exceed t hose i n PE by a f act or of 51 . 5 .

DI SCUSSI ON

z _

- 100 - 50 0 50

HOLDI NG POTENTI AL 1mV7

FI GURE 9. Open channel cur r ent vs . vol t age cur ve i n PE and PS bi l ayer s . The

mean and 2 SD ( ver t i cal bar s) of cur r ent ampl i t udes i n 100% PE ( open ci r cl es) or

100% PS ( sol i d ci r cl es) ar e gi ven . t r ans 0. 02 MNaCl , ci s 0. 08 MNaCl . The r ever sal

was at - 35. 5 mV ( ENa = - 35 mV) .

Absence of Cont r i but i on of Phosphol i pi d Sur f ace Char ge t o Bar i umConduct i on

Si nce gat i ng char act er i st i cs of cal ci um channel s change wi t h sur f ace pot ent i al , i t

has been assumed t hat t he same sur f ace pot ent i al cont r i but es t o i on conduct i on .

Thi s assumpt i on has been made f or pr act i cal l y al l cal ci um channel s, i ncl udi ng

t hose of skel et al muscl e ( Cot a and St ef ani , 1984) . I n t he pr esent wor k, we t est ed

t hi s hypot hesi s i n a di r ect manner by r econst i t ut i ng cal ci um channel s i n pl anar

bi l ayer s composed of neut r al and char ged phosphol i pi ds . Because t he ar ea of a

pl anar bi l ayer i s about f i ve or der s of magni t ude l ar ger t han t he aver age ar ea of

a si ngl e pur i f i ed t - t ubul e vesi cl e ( Rosembl at t et al . , 1981) , when a vesi cl e f uses

t o a pl anar bi l ayer , channel s ar e ef f ect i vel y t r ansf er r ed i nt o a vast excess of

exogenous l i pi d . Thi s dr ast i cal l y modi f i es t he bul k l i pi d char ge envi r onment but

l eaves t he i oni c st r engt h of sol ut i ons const ant . Obvi ousl y, t hese mani pul at i ons

cannot be per f or med i n vi vo . However , t hey ar e cr uci al f or t est i ng t he cont r i -

but i on of l i pi d char ge t o channel conduct i on . The dat a demonst r at es t hat bar i um

conduct i on i s i ndependent of bi l ayer sur f ace char ge . Thi s was shown by measur -

i ng bar i um uni t ar y cur r ent s at t hr ee di f f er ent act i vi t i es above and bel ow t he

mi dpoi nt of t he conduct ance- act i vi t y cur ve ( Fi g . 5) . The l at t er i s i mpor t ant si nce
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an absence of an ef f ect of PS on a channel dr i ven i nt o sat ur at i on by hi gh bar i um
i s l ess meani ngf ul i n t hi s case . The obser vat i on t hat t he i on ent r yways ar e
pr obabl y l ocat ed sever al Debye l engt hs away f r om t he membr ane sur f ace i s
suf f i ci ent t o expl ai n why t he ef f ect s of PS ar e measur abl e i n Na' ( Fi g . 9) but not

i n Ba++ ( Fi g . 5) . For a 100%PS bi l ayer bat hed i n 0 . 1 Mmonoval ent sal t . ¢ ( x =
20 A) , t he el ect r ost at i c pot ent i al at a di st ance of 20 A ( Eqs . 5a and 5b) i s about
- 12 mV and t he monoval ent cat i on concent r at i on at t hat di st ance, C' ( x = 20
A) , i s 0 . 16 M ( Eq . 6) . The same cal cul at i on f or 0. 1 Mdi val ent sal t shows,
however , t hat 0 ( x = 20 A) i s appr oxi mat el y - 2 mV ( Car ni e and McLaughl i n,
1983) and C++ ( x = 20 A) i s 0. 117 M. The expect ed si ngl e channel conduct ance
r at i o i n neut r al and char ged bi l ayer s, g( PS) / g( PE) , t hen becomes 1 . 33 f or 0 . 1 M

Na' but onl y 1 . 04 f or 0. 1 MBa ++ . Thus, changes i n bar i um cur r ent of t hi s

magni t ude coul d not be det ect ed, si nce i n t he ampl i t ude di st r i but i ons, 1 SD was

t ypi cal l y wi t hi n 10- 15% of t he mean ( Fi g. 2) . These cal cul at i ons al so poi nt t o
f act t hat , i n vi vo, t he l i pi d sur f ace char ge pr obabl y does not cont r i but e t o cal ci um

channel conduct i on at al l . Usi ng a char ge densi t y of 0 . 003 e/ A2
, whi ch cor r e-

sponds t o 17 . 5%PS ( Tabl e I ) and agr ees wi t h t he aci di c l i pi d cont ent of t - t ubul es

( Rosembl at t et al . , 1981) , and a mi xed monoval ent - di val ent sol ut i on composed

of 0. 1 Na' , 0. 01 MCa" ( Al mer s and McCl eskey, 1984) , t he sur f ace pot ent i al

cal cul at ed f r om t he Gr ahame expr essi on ( Eq . 3) i s - 40 mV. An upper l i mi t f or

~ ( x = 20 A) can be obt ai ned by negl ect i ng di val ent s . Thi s val ue i s cl ose t o - 5

mV; hence, nei t her monoval ent nor di val ent cur r ent s woul d appear t o be

sensi t i ve t o sur f ace char ge .

The quest i on of char ges pr esent at t he channel ' s mout h can be answer ed i n

some det ai l by t he Eadi e- Hof st ee r epr esent at i on of t he sodi umconduct ance dat a

i n neut r al PE membr anes ( Fi g . 8) . When t he bul k of t he l i pi d was made neut r al ,

we expect ed t o see conduct ance changes caused by sur f ace pot ent i al s sur r oundi ng

t he ent r yways of t he channel . When pr esent , t hese l ocal f i el ds per t ur b t he

concent r at i on pr of i l e of i ons cl ose t o t he i on bi ndi ng si t e( s) i nvol ved i n conduct i on

( Apel l et al . , 1979) . Any si gni f i cant devi at i on f r om l i near i t y i n t he Eadi e- Hof st ee

r epr esent at i on may t hus ar i se f r om el ect r ost at i c f i el ds sur r oundi ng t hese si t es .

The pl ot shows, however , a st r i ct l i near i t y down t o 40 mMNaCl . The sensi t i vi t y

of t hi s pl ot t o weak el ect r ost at i c f i el ds i s t hor oughl y j ust i f i ed by t he conduct ance

i n PS bi l ayer s . At l ow i oni c st r engt h, t he PS dat a t ake a not i ceabl e upwar d
bendi ng i n spi t e of t he f act t hat t he negat i ve char ges of PS ar e 20 A away f r om
t he mout h of t he channel . Thus, t he absence of measur abl e devi at i ons i n pur e
PE ar gues t hat t he sodi um bi ndi ng si t e( s) and t he cl osest net char ge i n t he
channel ' s mout h ar e pr obabl y separ at ed by much mor e t han 20 A. Based on t he
ef f ect i ve di st ance t hat i s necessar y t o f i t conduct ance sat ur at i on i n PE, t hi s
di st ance i s l i kel y t o be >50 A ( Fi g . 7) . The densi t y of t hese char ges woul d be <1

e/ 250 A2 . However , si nce what i s measur ed i s an ef f ect i ve di st ance, t he equat i ons

do not r i gor ousl y di st i ngui sh bet ween a si ngl e char ge of z = - 1 or t wo char ges

of z = - 1/ 2, et c . Hence, t he densi t y of par t i al char ges or di pol es l i ni ng t he

mout hs of t he por e coul d pr obabl y be hi gher . I f i n r eal i t y t he ent r yways had a

densi t y of 1 char ge per 250 A2 , t hi s woul d pr obabl y amount t o one char ge or
l ess per ent r yway . Thi s i s because t he l ar gest mol ecul e t hat can f i t i nt o t he
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cal ci umchannel has been shown t o be t et r amet hyl ammoni um( TMA) , whi ch has

a di amet er of - 6 A ( McCl eskey and Al mer s, 1985 ; McCl eskey et al . , 1985) . The

smal l est concei vabl e ent r yway woul d be a cavi t y t hat can compl et el y sur r ound

TMA on al l si des . Such an ent r yway woul d have an ar ea of ^ - 150 A2 , whi ch i s
smal l er t han t he est i mat ed ar ea per char ge . The symmet r y of t he cur r ent - vol t age
cur ve i n sodi um ( Fi g . 9) , however , ar gues t hat r egar dl ess of t he act ual number
of di pol es and par t i al char ges at t he mout hs, t he i nt r acel l ul ar and ext r acel l ul ar
ends of t he channel ar e equal l y i nsul at ed .

Or i gi n of t he Sodi um Cur r ent Thr ough Cal ci um Channel s

The obser vat i ons t hat ( a) t he sat ur at i ng conduct ance i n Na' i s 68 pS, wher eas
t hat i n Ba++ at HP = 0 mV i s 13 pS, ( b) t he Gol dman per meabi l i t y r at i o f avor s
Ba++ ( Fi g . 3) , and ( c) cur r ent s i n Ba++ and Na' gi ve r i se t o an anomal ous mol e
f r act i on ef f ect ( Fi g . 6C) suggest t hat conduct i on i n t hi s channel pr oceeds vi a
mul t i pl e i nt er act i ng si t es . I n vi vo, t hi s has been demonst r at ed f or bot h skel et al
and car di ac cal ci um channel s ( Al mer s and McCl eskey, 1984 ; Hess and Tsi en,
1984) . Si ngl e- si t e, si ngl e- i on conduct i on can be di r ect l y r ul ed out i n t hi s case by
eval uat i ng t he conduct ance af f i ni t y per meabi l i t y condi t i on f or Na' and Ba ++ i n
mi xed sol ut i ons . I n one- i on por es, t he sat ur at i ng conduct ance r at i o f or any t wo
per meat i ng i ons ( X, Y) , g( Y) / g( X) , and t he bi ndi ng af f i ni t y r at i o or r at i o of hal f -
sat ur at i on const ant s, K( X) / K( Y) , and t he Gol dman per meabi l i t y r at i o, P( X) /
P( Y) , ar e al l l i nked by t he r el at i on ( Cor onado et al . , 1980) :

g( Y) / g( X) K( X) / K( Y) P( X) / P( Y) = 1 .

	

( 8)

I n t hi s case, Eq . 8 has a l ow l i mi t of 13 . 7- 19 . 5, gi ven a conduct ance r at i o g( Na) /
g( Ba) = 5 . 2, a per meabi l i t y r at i o P( Ba) / P( Na) = 25 ( Af f ol t er and Cor onado,
1985b) , and a bi ndi ng af f i ni t y r at i o K( Ba) / K( Na) = 0. 11 or 0. 15, dependi ng on
whet her si ngl e i on act i vi t y coef f i ci ent s of mean sal t coef f i ci ent s ar e used ( Fi g . 4) .

Thi s means t hat one r at i o of var i abl es i s at l east 10- f ol d l ar ger or smal l er t han

can be expect ed f or conduct i on as i n si ngl e- i on channel s . For t r ue si ngl e- i on

channel s, Eq . 8 var i es bet ween 1 . 0 and 1 . 6 f or sever al i on pai r s ( Cor onado et al . ,

1980) .
The anomal ous mol e f r act i on behavi or i s per haps t he most convi nci ng evi dence

t hat t he bi l ayer channel s ar e t he same as t hose r ecor ded macr oscopi cal l y by
Al mer s and McCl eskey ( 1984) i n f r og skel et al muscl e . Thi s phenomenon can be
expl ai ned, as done i n vi vo, by post ul at i ng ( a) a t i ght er bi ndi ng of bar i um over
sodi um i nsi de t he cal ci um channel , whi ch woul d expl ai n t he i nhi bi t i on f or t he
sodi um cur r ent by mi cr omol ar bar i um ( Fi g . 6 C) , and woul d ensur e a hi gh r at e
of sodi um f l ow when bar i um i s not pr esent ( Fi g . 6B) ; ( b) adher ence of t he
channel t o t he l aws of i on occupancy and t r ansl ocat i on descr i bed f or mul t i - i on
si ngl e- f i l e por es ; and ( c) i on- i on r epul si on i nsi de t he por e t o boost t he si ngl e
channel conduct ance . The l ast woul d expl ai n t he r eappear ance of cur r ent when
bar i um i s i ncr eased i n t he mi l l i mol ar r ange ( Fi g . 6C) . Ther e ar e quant i t at i ve
di f f er ences bet ween bi l ayer and i n vi vo t hat shoul d be poi nt ed out . The hal f -
bl ocki ng const ant f or Ba ++ i n Fi g . 6 Ci s - 100 , uM, wher eas t he bl ocki ng const ant
f or Ca" i n f r og i s ^- 1 t t M. Thi s may be r el at ed t o t he obser vat i on i n snai l cal ci um
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channel s ( Kost yuk et al . , 1983) t hat Ba ++ bl ock of sodi um cur r ent has a 100-

f ol d- l ower af f i ni t y t han Ca" bl ock .

T- Tubul e Cal ci um Channel s Ar e Pr obabl y Lar ge Macr omol ecul es

Because many di f f er ent geomet r i es of channel s can gener at e t he same answer ,

t he physi cal i nt er pr et at i on of t he i nsul at i ng di st ances i s st i l l f uzzy . I nf er r ed

di st ances f or sever al channel s ar e gi ven i n Tabl e 11 and cor r espond t o :̂ 10 A

f or K' ' channel s but ?20 A f or Ca" and Na' channel s . The el ect r ost at i c nat ur e

of t he measur ement i s conf i r med i n Tabl e 11 by t he dependence of t he conduct -

ance r at i o PS/ PE on i oni c st r engt h, bei ng much mor e pr omi nent at 50 mMt han

at 500 mM. Thi s appear s t o hol d f or al l cases anal yzed . I n t er ms of model s,

i nsul at i on can be i nt er pr et ed as a ver t i cal di st ance ( nor mal t o t he pl ane of t he

Conduct i on Par amet er s of Channel s i n Neut r al and Char ged Bi l ayer s

TABLE I I

PE cor r esponds t o t he sat ur at i ng channel conduct ance i n pur e PE bi l ayer s ; PS/ PE cor r esponds t o t he

conduct ance r at i o i n pur e PE and pur e PS at 50 or 500 mMi on concent r at i on ; d i s t he f i t t ed i nsul at i on

di st ance f r om t he channel ent r yway t o t he pl ane of t he l i pi d char ges ( Eqs. 5a, 5b, and 6) .

l i pi d) , but equal l y wel l as an hor i zont al di st ance ( par al l el t o t he pl ane of t he

l i pi d) . I n t he ver t i cal model , i nsul at i on f r om t he l i pi d i s gi ven by t he pr ot r usi on

of t he mout h of t he channel out i nt o bul k sol ut i on ( Bel l and Mi l l er , 1984) . I n

t he hor i zont al model , i nsul at i on i s gi ven by t he t hi ckness of t he channel wal l ,

whi l e t he mout hs of t he channel ar e set at t he bi l ayer sur f ace ( Apel l et al . , 1979) .

Obvi ousl y, a combi nat i on of t hese t wo l i mi t i ng cases i s al so possi bl e and i s

pr obabl y mor e r eal i st i c . Regar dl ess of t he f i nal i nt er pr et at i on, i t i s cl ear t hat t he

di st ances gi ven i n Tabl e 11 can onl y be physi cal l y r eal i zed by pr ot ei ns of l ar ge

di mensi ons . An al r eady cl assi c exampl e i s t he acet yl chol i ne r ecept or wi t h Mr

280, 000, ext endi ng ^- 55 A i nt o t he synapt i c space and 15 A i nt o t he cyt opl asmi c

space ( Ki st l er et al . , 1982) . I n such a massi ve st r uct ur e, t he i on ent r yways at t he

ends of t he pr ot ei n appear t o be compl et el y i nsensi t i ve t o el ect r ost at i c sur f ace

phenomena ( Cr i ado et al . , 1984) . Si mi l ar ar gument s can be r ai sed f or t he sodi um

channel , a pr edomi nant pol ypept i de of M, . 260, 000 ( Wei gel e and Bar chi , 1982) ,

and f or t he ni t r endi pi ne- bi ndi ng compl ex associ at ed t o t he cal ci um channel

( Fer r y et al . , 1983 ; Cur t i s and Cat t er al l , 1984 ; Bor sot t o et al . , 1984) .

PE

PS

Channel

PS/ PE,

50 mM

conduct ance

PS/ PE,

500 mM d

A
SR K channel ( Bel l and Mi l l er , 1984) 220 2. 8 1 . 2 10

Ca- act i vat ed K channel ( Moczydl owski et 404 2. 2 1 . 1 9

al . , 1985)

Ca channel sodi umcur r ent ( pr esent dat a) 68 1 . 8 1 . 0 20

Bat r achot oxi n- act i vat ed Na channel ( Wor - 31 1 . 2 1 . 1 >20

l ey, J . F. , B. K. Kr ueger , and R. J .

Fr ench, per sonal communi cat i on)
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var i ous st ages of t hi s pr oj ect .
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