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Bl ockade of Cur r ent t hr ough Si ngl e

Cal ci umChannel s by Cd" , Mg" , and Ca"

Vol t age and Concent r at i on Dependence

of Cal ci umEnt r y i nt o t he Por e

JEFFRY B . LANSMAN, PETER HESS, and RI CHARD W. TSI EN

Fr om t he Depar t ment of Physi ol ogy, Yal e Uni ver si t y School of Medi ci ne, NewHaven, Connect i cut

06511

ABSTRACT

	

We st udi ed t he bl ocki ng act i ons of ext er nal Cal ' , Mgt +, Cat +

and ot her mul t i val ent i ons on si ngl e Ca channel cur r ent s i n cel l - at t ached pat ch

r ecor di ngs f r om gui nea pi g vent r i cul ar cel l s . Ext er nal Cd or Mg i ons chopped

l ong- l ast i ng uni t ar y Ba cur r ent s pr omot ed by t he Ca agoni st Bay K 8644 i nt o

bur st s of br i ef openi ngs . The bur st s appear t o ar i se f r omdi scr et e bl ocki ng and

unbl ocki ng t r ansi t i ons . A si mpl e r eact i on bet ween a bl ocki ng i on and an open

channel was suggest ed by t he ki net i cs of t he bur st s : open and cl osed t i mes

wi t hi n a bur st wer e exponent i al l y di st r i but ed, t he bl ocki ng r at e var i ed l i near l y

wi t h t he concent r at i on of bl ocki ng i on, and t he unbl ocki ng r at e was mor e or

l ess i ndependent of t he bl ocker concent r at i on . Ot her ki net i c f eat ur es suggest ed

t hat bot h Cd 2' and Mg` l odge wi t hi n t he por e . The unbl ocki ng r at e was

speeded by membr ane hyper pol ar i zat i on or by r ai si ng t he Ba concent r at i on, as

i f bl ocki ng i ons wer e swept i nt o t he myopl asm by t he appl i ed el ect r i c f i el d or

by r epul si ve i nt er act i on wi t h Ba t + . Ca i ons r educed t he ampl i t ude of uni t ar y

Ba cur r ent s ( 50% i nhi bi t i on at ^ - 10 mM [ Ca] o wi t h 50 mM [ Ba] o) wi t hout

det ect abl e f l i cker , pr esumabl y because Ca i ons exi t t he por e ver y r api dl y

f ol l owi ng Ba ent r y . However , Ca 2' ent r y and exi t r at es coul d be r esol ved when

mi cr omol ar Ca bl ocked uni t ar y Li p f l uxes t hr ough t he Ca channel . The bl ocki ng

r at e was essent i al l y vol t age i ndependent , but var i ed l i near l y wi t h Ca concent r a-

t i on ( r at e coef f i ci ent , 4 . 5 X 10' M- ' s ' ) ; evi dent l y, t he i ni t i al Ca' - por e i nt er -

act i on i s out si de t he membr ane f i el d and much f ast er t han t he over al l pr ocess

of Ca i on t r ansf er . The unbl ocki ng r at e di d not var y wi t h [ Ca] o, but i ncr eased

st eepl y wi t h membr ane hyper pol ar i zat i on, as i f bl ocki ng Ca i ons wer e dr i ven

i nt o t he cel l . We suggest t hat Ca i s bot h an ef f ect i ve per meat or and a pot ent

bl ocker because i t dehydr at es r api dl y ( unl i ke Mg" ) and bi nds t o t he por e wi t h

appr opr i at e af f i ni t y ( unl i ke Cd 2+ ) . Ther e appear s t o be no shar p di chot omy
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bet ween " per meat or s" and " bl ocker s, " onl y quant i t at i ve di f f er ences i n how

qui ckl y i ons ent er and l eave t he por e .

I NTRODUCTI ON

THEJOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 88 - 1986

I t i s wel l known t hat Ca cur r ent s t hr ough Ca channel s can be bl ocked by a wi de

var i et y of mul t i val ent cat i ons i ncl udi ng Mgt +, Mn 2+, Co t +, Cd 2+, and La s +

( Hagi war a and Byer l y, 1981 ; Edwar ds, 1982) , but t her e i s no gener al agr eement

about t he i nhi bi t or y mechani sm( s) . The pr oposal s i ncl ude : ( a) a r educt i on of t he

l ocal Ca concent r at i on t hr ough scr eeni ng of negat i ve sur f ace char ge ( Mul l er and

Fi nkel st ei n, 1974) , ( b) compet i t i on wi t h per meant i ons f or a si t e wi t hi n t he por e

i t sel f ( Hagi war a et al . , 1974) , and ( c) an addi t i onal act i on t hr ough r egul at or y

si t es out si de t he channel ( Kost yuk et al . , 1983) . Whi l e st udi es of Ca channel

bl ock have so f ar r el i ed l ar gel y on r ecor di ngs f r om l ar ge number s of channel s,

i t i s cl ear t hat t hese hypot heses can be t est ed most easi l y at t he l evel of si ngl e

channel s . Such i s t he appr oach i n t hi s ar t i cl e .

Usi ng t he same exper i ment al syst em as i n t he pr evi ous ar t i cl e ( Hess et al . ,

1986) , we wer e abl e t o obser ve di scr et e i nt er r upt i ons of uni t ar y Ca channel

cur r ent wi t h sever al bl ocki ng i ons, i ncl udi ng Ca
2+

i t sel f . The r esol ut i on of

i ndi vi dual st eps of bl ock and unbl ock i s newf or Ca channel s, al t hough i t f ol l ows

val uabl e pr ecedent s i n t he st udy of monoval ent cat i on channel s ( e . g. , Ar mst r ong,

1975 ; Neher and St ei nbach, 1978 ; Fukushi ma, 1982 ; Yel l en, 1984) . The ki net i cs

of bl ock and unbl ock var i ed wi t h bl ocker concent r at i on, per meant i on concen-

t r at i on, and membr ane pot ent i al , i n a pat t er n consi st ent wi t h t he i dea t hat

bl ocki ng i ons l odge wi t hi n t he por e, par t way al ong t he pat h of per meat i on .

Appar ent l y, bl ock i s an expr essi on of t he same f undament al i on- por e i nt er act i ons

t hat hel p gover n i on per meat i on . The r esul t s f or Ca
2+ pr ovi de f undament al

i nf or mat i on about t he r at es of i t s ent r y and exi t , and a compar i son of Ca
2+

wi t h

ot her i ons l eads t o suggest i ons about t he basi s f or Ca channel sel ect i vi t y .

METHODS

The met hods f or i sol at i ng si ngl e vent r i cul ar cel l s and r ecor di ng f r om cel l - at t ached

membr ane pat ches ar e descr i bed i n t he pr ecedi ng ar t i cl e ( Hess et al . , 1986) . Vol t age st eps

wer e appl i ed t o t he pat ch pi pet t e at a r at e of 0. 33 Hz . Cur r ent r ecor ds wer e f i l t er ed at 1

kHz, sampl ed at 5 kHz, and st or ed on t he har d di sk of a PDP 11/ 23 comput er .

The vast maj or i t y of t he exper i ment s wer e car r i ed out i n t he pr esence of Bay K 8644

wi t h t he r at i onal e of r educi ng i nt er f er ence f r om i nt r i nsi c channel cl osi ngs caused by

gat i ng ( see Hess et al . , 1986, f or r ef er ences) . The Ca channel agoni st pr omot es a pat t er n

of Ca channel gat i ng ( " mode 2" ) wi t h char act er i st i cal l y l ong- l ast i ng channel openi ngs, and

t her eby al l ows cl ear expr essi on of bl ocki ng event s as bur st s of br i ef openi ngs ( see Fi g. 1) .

Two obser vat i ons suppor t t he assumpt i on t hat t he bur st s do not ar i se f r omr api d bi ndi ng

and unbi ndi ng of Bay K 8644 . ( a) Var i at i ons i n t he concent r at i on of Bay K 8644 bet ween

1 and 5 1Mhad no det ect abl e ef f ect on t he ki net i cs of bl ock. ( b) Bl ocki ng i ons r educed

t he mean open t i me of Ca channel s even i n t he absence of Bay K 8644 . As mi ght be

expect ed, hi gh concent r at i ons of bl ocker ar e r equi r ed t o make t he bl ocki ng r at e r api d

enough t o be di st i ngui shed f r om a backgr ound of r api d channel cl osi ngs i n t he absence

of Ca agoni st .

To anal yze bur st s pr oduced by bl ocki ng i ons, cur r ent r ecor ds wer e di spl ayed, and

manual l y cont r ol l ed cur sor s wer e used t o set t he zer o- cur r ent basel i ne and t he open
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cur r ent l evel , and t o mar k t he begi nni ng and end of a bur st . A t hr eshol d was set at 50%

of t he uni t ar y cur r ent ampl i t ude and each consecut i ve sampl e poi nt above was consi der ed

an openi ng and each consecut i ve poi nt bel ow was consi der ed a cl osi ng ( Col quhoun and

Si gwor t h, 1983) . Bur st s wer e r ej ect ed when openi ngs of mor e t han one channel over -

l apped .

Some of t he r api d t r ansi t i ons wer e t oo f ast t o be measur ed accur at el y wi t h our f i l t er

set t i ng and sampl i ng f r equency. Thi s i s t r ue f or f ast bl ocki ng r at es at hi gh bl ocker

concent r at i ons ( Fi gs . 2, 5, and 9) or f ast unbl ocki ng r at es at negat i ve pot ent i al s ( Fi gs . 11

and 12) . I n each of t hese cases, we have t r i ed t o make qual i t at i ve t r ends vi si bl e by di r ect

i nspect i on of t he cur r ent t r aces, even i f t hi s cal l ed f or exper i ment al condi t i ons under

whi ch st r i ct l y quant i t at i ve anal ysi s was no l onger possi bl e . Wi t h t he r i se t i me of our syst em

( 0 . 3321/ cor ner f r equency = 0. 33 ms) , we wer e abl e t o measur e t he t r ue wi dt h of event s

l ast i ng l onger t han ^- 0 . 3 ms ( Col quhoun and Si gwor t h, 1983) . So by not i ncl udi ng t he

f i r st bi n ( 0- 0 . 2 ms) i n t he f i t t i ng pr ocedur e, we coul d measur e mean dur at i ons of r api dl y

decl i ni ng exponent i al di st r i but i ons accur at el y as l ong as t her e was a suf f i ci ent number of

event s def i ni ng t he cur ve at i nt er val s l onger t han ^- 0 . 3 ms. However , t he mi ssed event s

i n t he f i r st bi n of such a di st r i but i on wi l l t end t o ar t i f i ci al l y pr ol ong t he compl ement ar y

event s ( e . g . , pr ol ongat i on of open t i mes i n t he case of mi ssed channel cl osi ngs) . The ext ent

t o whi ch such concat enat i on occur s can be est i mat ed by a cal cul at i on of t he pr opor t i on

of mi ssed t o measur ed shor t event s, as shown by Col quhoun and Si gwor t h ( 1983) . Usi ng

t hei r equat i ons, we est i mat e t hat we mi ss ^- 15%of t he event s wi t h a mean dur at i on of 1

ms ( t hus pr ol ongi ng t he compl ement ar y event s by 15%) , and 30% of t he event s wi t h a

mean dur at i on of 0. 5 ms . We have chosen t o di spl ay r esul t s of ki net i c anal ysi s as appar ent

r at es, l eavi ng open t he possi bi l i t y of appl yi ng di f f er ent cor r ect i on pr ocedur es f or mi ssed

event s caused by f r equency r esponse l i mi t at i ons ( e. g . , Neher , 1983 ; Col quhoun and

Si gwor t h, 1983) . We have i nt er pr et ed t he r esul t s i n a conser vat i ve way and none of our
concl usi ons depend cr i t i cal l y on t he f r equency r esponse .

RESULTS

Di scr et e I nt er r upt i ons i n Ca Channel Cur r ent Pr oduced by Var i ous Bl ocker s

Fi g. 1 pr ovi des an over vi ew of t he bl ocki ng act i ons of Cd 2+ , Cot + , Mgt +,
Mn2+,

and La s+ , mul t i val ent i ons wel l known f or t hei r abi l i t y t o i nhi bi t Ca channel s .

Si ngl e Ca channel cur r ent s ar e evoked by depol ar i zi ng pul ses f r om- 70 t o 0 mV

( t op t r ace) wi t h 50 mM( Bal . as t he char ge car r i er i n t he pat ch pi pet t e and 5 AM

Bay K 8644 i n t he bat hi ng sol ut i on . We used Ba t + as t he char ge car r i er because

uni t ar y cur r ent ampl i t udes wer e about t wi ce as l ar ge as wi t h Ca
21

( e. g . , Hess et

al . , 1986) . I n t he absence of any added bl ocki ng i on ( upper most cur r ent t r ace) ,

t he di hydr opyr i di ne Ca agoni st pr omot es a f or m of channel gat i ng domi nat ed

by l ong- l ast i ng openi ngs ( see Hess et al . , 1984, 1986, f or r ef er ences) . Wi t h 50

mM[ Ba] Qas t he char ge car r i er , t he mean open t i me measur ed f r om sweeps wi t h

l ong openi ngs was 9. 1 ± 2. 1 ms . When bl ocki ng i ons ar e i ncl uded al ong wi t h

Ba t + i n t he pi pet t e sol ut i on, t he openi ngs t ake t he f or m of bur st s of br i ef

openi ngs . At t he concent r at i ons i l l ust r at ed, Cd2+ , Cot + , and Mg t + pr oduce a

qual i t at i vel y si mi l ar pat t er n of act i vi t y . Most openi ngs and cl osi ngs l ast enough

t o be f ul l y r esol ved even wi t h 1 kHz f i l t er i ng, so i t i s cl ear t hat t he uni t ar y

cur r ent ampl i t ude i s unaf f ect ed . The mai n di f f er ence bet ween t hese i ons i s

quant i t at i ve : Cd 2+ i s 100- f ol d mor e pot ent t han Mgt + i n pr oduci ng a compar abl e

degr ee of bl ock, whi l e Co
2+

i s r oughl y i nt er medi at e i n pot ency .
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Bl ocki ng ef f ect s of Mn 2' and La" ar e al so i l l ust r at ed i n Fi g . 1 . Mn 2+ pr oduces

mor e r api d f l i cker t han t he ot her di val ent i ons ; bl ocki ng and unbl ocki ng t r ansi -

t i ons ar e not f ul l y r esol ved under t he pr esent r ecor di ng condi t i ons . As we shal l

di scuss l at er , t he r api di t y of t he t r ansi t i ons i s consi st ent wi t h t he abi l i t y of Mn 21

t o suppor t si gni f i cant cur r ent s t hr ough Ca channel s ( e . g . , Ochi , 1975 ; Fukuda

and Kawa, 1977 ; Ander son, 1983 ; Nel son, 1986) .

As t he l owest t r ace i n Fi g . 1 i l l ust r at es, t he t r i val ent i on La3+ i s mor e pot ent

t han any of t he di val ent s i n i nhi bi t i ng si ngl e Ca channel act i vi t y . Thi s i s consi st ent

wi t h ear l i er st udi es of Ca cur r ent s i n si ngl e cel l or mul t i cel l ul ar pr epar at i ons

FI GURE 1 .

	

Bl ock of si ngl e car di ac Ca channel s by var i ous i nor gani c i ons . Cur r ent

r ecor ds obt ai ned wi t h cel l - at t ached pat ch r ecor di ngs f r om si x di f f er ent cel l s . Ca

channel openi ngs wer e evoked by a depol ar i zi ng t est pul se ( upper t r ace) , appl i ed

ever y 3 s . Cel l s wer e bat hed i n i sot oni c K- aspar t at e t o zer o t he membr ane pot ent i al

and 5 gMBay K 8644 t o i nduce l ong- l ast i ng Ca channel openi ngs . Pat ch pi pet t es

cont ai ned 50 mMBa2+ as t he char ge car r i er , and al so i ncl uded bl ocki ng i ons ( added

as chl or i de sal t s) at t he concent r at i ons i ndi cat ed .

( e . g . , Hagi war a, 1975 ; Kass and Tsi en, 1975) . Ca channel openi ngs ar e about

equal l y br i ef wi t h ei t her 20 AMLa
3+

or 20 AMCd 2+ ; La
3+ i s especi al l y ef f ect i ve

because i t pr oduces r el at i vel y l ong- l ast i ng bl ocki ng event s . A f ur t her anal ysi s of

t he ki net i c aspect s of t he bl ocki ng ef f ect s of La 3+ and a compar i son wi t h di val ent

i ons i s gi ven l at er i n t he ar t i cl e ( Fi gs . 12 and 13) .

Ki net i c Anal ysi s of Cd 2+ Bl ock of Ba Cur r ent s

We began quant i t at i ve anal ysi s of t he mechani sm of Ca channel bl ock wi t h Cd

as an exempl ar y i on . Cd2+
i s par t i cul ar l y i nt er est i ng because i t has been wi del y
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used i n t he anal ysi s of Ca channel cur r ent s and because i t s i oni c r adi us ( 0 . 97 t ~)

i s al most equal t o t he i oni c r adi us of Ca
2+

( 0 . 99 A) .

Fi g . 2 shows how t he bl ocki ng ef f ect var i es wi t h Cd concent r at i on . The f i r st

pai r of t r aces ar e cont r ol r ecor di ngs wi t h 50 mM[ Ba] o and no Cd2+ i n t he pi pet t e

sol ut i on . The ot her cur r ent r ecor ds show t hat di scr et e f l uct uat i ons bet ween

nonconduct i ng and conduct i ng cur r ent l evel s become mor e and mor e f r equent

Cd 0 p. M

10 ELM

20 f xM

- 70 mV

OMV

50 mMBa

325

FI GURE 2 .

	

Bl ock of uni t ar y Ba cur r ent by var yi ng Cd concent r at i ons . Pai r s of

l eak- subt r act ed cur r ent r ecor ds f r om f our separ at e cel l s . The pat ch pi pet t es con-

t ai ned 0, 2, 10, and 20 j . M Cd2+ as i ndi cat ed. Not e how t he number of f ast cl osi ngs

i ncr eases as [ Cd] o i s r ai sed. I n t he second and ei ght h cur r ent t r aces, channel openi ngs

out l ast t he depol ar i zi ng pul se ; t he uni t ar y cur r ent i ncr eases al ong wi t h t he i ncr ease

i n dr i vi ng f or ce f or Ba ent r y .

as [ Cd] o i s i ncr eased t o 20 I . M. Wi t h 2 / , M Cd i n t he pat ch pi pet t e, one can

al r eady begi n t o det ect i nt er r upt i ons of t he uni t ar y cur r ent i n excess of t hose

br i ef cl osi ngs f ound i n t he absence of exogenous bl ocker and at t r i but ed t o gat i ng

t r ansi t i ons . Wi t h 10 or 20 uMCd i n t he pi pet t e, bl ocki ng i ncr eases t o t he poi nt

wher e t he number of Cd- i nduced cl osed per i ods f ar out number s t he cl osi ngs of

2+t he channel seen i n t he absence of added Cd
.
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For t he pur poses of quant i t at i ve anal ysi s, we def i ned a bur st as a cl ust er of

openi ngs separ at ed by a cl osed per i od sever al t i mes l onger t han t he much br i ef er

shut per i ods bet ween i ndi vi dual openi ngs wi t hi n a bur st . Once a bur st was

i dent i f i ed, t he comput er measur ed i ndi vi dual open and shut t i mes wi t hi n t he

bur st as wel l as t he l engt h of t he bur st . Col l ect ed dat a f r om many bur st s wer e

used t o const r uct hi st ogr ams of t he open and shut per i ods . Fi g . 3 shows how t he

100

0

200

100

0. 42 ms

20N. M 100

1 . 16ms

50pLM

0

100

50

10007

I 500

C unbl ock

OPEN TI ME ( ms)

	

SHUT TI ME ( ms)

	

[ Cd] o ( f LM)

0 L l ' 111 .

	

o U
0 2 4 6 8

	

0 2 4 6 8

	

O

	

5

	

10

	

15

	

20

FI GURE 3.

	

Dependence of bl ocki ng ki net i cs on [ Cd] o . Anal ysi s of r esul t s i n Fi g . 2

and si mi l ar exper i ment s . ( A) Hi st ogr ams of open and shut ( bl ocked) t i mes measur ed

f r om bur st s i n t hr ee exper i ment s i n whi ch t he pat ch pi pet t e cont ai ned a di f f er ent

Cd concent r at i on . The or di nat e pl ot s t he number of openi ngs ( l ef t - hand panel s) or

t he number of cl osi ngs ( r i ght - hand panel s) . Smoot h cur ves ar e si ngl e exponent i al s

wi t h t i me const ant s as i ndi cat ed . ( B) Shut t i ng r at e ( r eci pr ocal of t he open t i me

const ant ) , pl ot t ed as a f unct i on of [ Cd] o . Each poi nt i s f r om a di f f er ent pat ch . The

st r ai ght l i ne, a l east - squar es f i t t o t he dat a wi t h [ Cd] o 0 0, i nt er cept s t he y- axi s at

88 . 8 s - ' and has a sl ope of 4 . 04 x 10' M- ' s ' . The i nt er cept f r om t hi s set of

exper i ment s i s i n good agr eement wi t h t he poi nt s on t he or di nat e, whi ch ar e

det er mi nat i ons of t he sl ow open t i me const ant i n f i ve exper i ment s wi t h 50 mMBa

i n t he absence of Cd 2+ . ( C) Openi ng r at e ( r eci pr ocal of t he shut t i me const ant )

pl ot t ed as a f unct i on of [ Cd] o . Dat a at 2 AM [ Cd] o wer e excl uded f r om t he pl ot

because bl ocki ng event s wer e gr eat l y out number ed by t r ansi t i ons at t r i but ed t o

gat i ng .

char act er i st i cs of t he di st r i but i ons of open and shut t i mes var y wi t h Cd, usi ng

dat a f r oma di f f er ent pat ch f or each Cd concent r at i on . We wer e abl e t o compar e

r esul t s f r omdi f f er ent exper i ment s because t he uncer t ai nt i es associ at ed wi t h cel l -

t o- cel l var i at i ons i n r est i ng pot ent i al wer e el i mi nat ed by usi ng i sot oni c K- aspar t at e

as t he bat hi ng sol ut i on ( Hess et al . , 1986) ; var i at i ons bet ween di f f er ent pat ches

under i dent i cal i oni c condi t i ons wer e smal l .
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As Fi g . 3A i l l ust r at es, open and cl osed t i me di st r i but i ons wer e f i t t ed r easonabl y

wel l wi t h si ngl e exponent i al s ( smoot h cur ves) . The val ues of t he exponent i al t i me

const ant s ar e i ndi cat ed i n each panel . The t i me const ant of t he open t i me

di st r i but i on ( t o ) decr eased wi t h i ncr easi ng Cd concent r at i on ( l ef t - hand hi st o-

gr ams) , wher eas t he t i me const ant of t he cl osed t i me di st r i but i on ( t c) r emai ned

essent i al l y unchanged ( r i ght - hand hi st ogr ams) . These r esul t s ar e r epr esent at i ve

of col l ect ed dat a f r om 16 pat ches . The r eci pr ocal s of measur ed t i me const ant s

ar e shown f or t he i ndi vi dual exper i ment s i n Fi g . 3, B and C. t o' i ncr eased l i near l y

wi t h [ Cd] o, whi l e t c- ' was i ndependent of [ Cd] o over t he concent r at i on r ange

wher e bl ock was r eadi l y separ at ed f r om gat i ng .

These r esul t s can be gi ven quant i t at i ve i nt er pr et at i on wi t h t he hel p of a si mpl e

model . Wi t hi n a par t i cul ar bur st , t he ki net i c behavi or of t he channel can be

descr i bed i n t er ms of a cl osed st at e ( C2) , an open st at e ( O) , and a bl ocked st at e

( OB) , connect ed i n sequence as f ol l ows :

kB k_B

OB
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Thi s sequent i al ar r angement of t hr ee st at es has al r eady been ver y usef ul i n

pr evi ous anal yses of bl ockade of K channel s ( e . g . , Ar mst r ong, 1966, 1969) and

acet yl chol i ne r ecept or channel s ( e . g . , Neher and St ei nbach, 1978) . I n t hi s par t i c-

ul ar ver si on, k2 and k_2 ar e t he i nher ent , vol t age- dependent r at e const ant s f or

channel openi ng and cl osi ng, kB i s a second- or der r at e const ant f or associ at i on

of t he bl ocker ( i n M- ' s ' ) , and k_B i s t he f i r st - or der r at e const ant f or t he

di ssoci at i on of t he bl ocker . The bl ocki ng and unbl ocki ng r at e const ant s may al so

be f unct i ons of vol t age and per meant i on concent r at i on ( see bel ow) . C2 i s t he

cl osed st at e i mmedi at el y pr ecedi ng t he open st at e . The scheme del i ber at el y omi t s

C1, an addi t i onal cl osed st at e of t he channel i nf er r ed f r om pr evi ous st udi es of

Ca channel ki net i cs ei t her i n t he absence or pr esence of Bay K 8644 ( see Hess et

al . , 1984) . C1 can be ef f ect i vel y i gnor ed her e because a soj our n i n Cl al most

al ways l ast s l ong enough t o t er mi nat e bur st s as we def i ne t hem, and t her ef or e

f al l s out si de t he anal ysi s of i nt r abur st ki net i cs .

Accor di ng t o t he model , t he di st r i but i on of open channel l i f et i mes i n t he

pr esence of bl ocki ng i on shoul d be a si ngl e exponent i al whose r at e of decay

shoul d be gi ven by t he sum of t he r at e const ant s l eadi ng away f r om t he open

st at e :

t o ' = kB[ X++]
+ k_2,

wher e [ X++ ] i s t he concent r at i on of bl ocki ng i on . Thi s pr edi ct i on of t he scheme

i s consi st ent wi t h t he f i ndi ng t hat t he r at e of shut t i ng t o' i ncr eases l i near l y wi t h

Cd concent r at i on ( Fi g . 3B) . The sl ope of t he f i t t ed l i ne cor r esponds t o an

appar ent bl ocki ng r at e coef f i ci ent kB of 4 X 10' M- ' s ` . The y- i nt er cept of t he

f i t t ed l i ne gi ves an i ndi cat i on of k_ 2, t he cl osi ng r at e wi t h no Cd2+ pr esent .

The model at t r i but es shut per i ods t o soj our ns i n ei t her cl osed or bl ocked

st at es ; i n pr i nci pl e, t her ef or e, t he di st r i but i on of shut t i mes shoul d be a sum of
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t wo exponent i al s . Resol ut i on of bot h exponent i al s woul d r equi r e t hat t he expo-

nent i al s bot h have si gni f i cant ampl i t udes but wi del y separ at ed r at es of decay . At

hi gher Cd concent r at i ons, wher e bl ocki ng t r ansi t i ons f ar out number cl osi ng

t r ansi t i ons, one woul d expect pr edomi nance of a si ngl e exponent i al wi t h r at e

const ant k_B. The r esul t s f i t wi t h t hi s expect at i on : t c- ' i s essent i al l y const ant

bet ween 10 and 50, uM [ Cd] o ( Fi gs . 2 and 3) , and pr esumabl y gi ves a measur e of

k_ B. We wer e not abl e t o r esol ve t wo di st i nct exponent i al s at l ower Cd concen-
t r at i ons . Thi s i s not sur pr i si ng si nce pr evi ous est i mat es Of k 2 ar e of t he or der of
2, 000 s - ' ( Hess et al . , 1984) , cl ose t o t he est i mat e f or k_ B.

For si mpl i ci t y, t he ki net i c scheme i gnor es t he possi bi l i t y of C2B, a cl osed and
bl ocked st at e, on t he assumpt i on t hat t r ansi t i ons f r om OB t o C2B ar e much
sl ower t han t he unbl ocki ng r at e, kB. A sl ow r eact i on connect i ng OB and C2B
may wel l exi st si nce we f ound no cl ear i ncr ease i n bur st l engt h wi t h i ncr easi ng
bl ocker concent r at i on ( cf . Neher and St ei nbach, 1978) .

Ef f ect of [ Ba] , , on Cd Bl ock

The r esul t s up t o t hi s poi nt demonst r at e t he exi st ence of di scr et e bl ocki ng event s,

but t hey ar e equal l y compat i bl e wi t h bl ocker occupancy of a r egul at or y si t e

out si de t he por e or a bl ocki ng si t e al ong t he pat h of per meat i on . To hel p

di st i ngui sh bet ween t hese possi bi l i t i es, we l ooked f or evi dence of an i nt er act i on

bet ween t he bl ocki ng i on and t he char ge- car r yi ng i on . I f , f or exampl e, Cd2+ and
Bat ' bi nd t o t he same si t e wi t hi n t he channel , compet i t i on woul d be expect ed,

wi t h l ess bl ock t he hi gher t he concent r at i on of per meant i on .

Fi g . 4 shows t he ef f ect s of var yi ng [ Bal . on t he bl ock pr oduced by a f i xed

concent r at i on of Cd ( 20 uM) . Bot h bl ocki ng and unbl ocki ng r at es wer e af f ect ed :
r ai si ng [ Ba] o not onl y decr eased t he bl ocki ng r at e ( t o' ) but al so i ncr eased t he
unbl ocki ng r at e ( t c- ' ) . The change i n t he unbl ocki ng r at e i s i nconsi st ent wi t h a

si mpl e compet i t i on bet ween Ba and Cd at a si ngl e ext er nal r egul at or y si t e .

We i nt er pr et t hese r esul t s i n t er ms of a mul t i pl e- si t e, si ngl e- f i l e por e model

( e . g . , Hess and Tsi en, 1984, or Al mer s and McCl eskey, 1984) . For si mpl i ci t y, we
wi l l assume t hat t he por e cont ai ns onl y t wo bi ndi ng si t es f or di val ent cat i ons,

out er and i nner , and t hat i ons l i ke Cd2+ and Bat + compet e f or t he same si t es .

The [ Ba] o dependence of t he unbl ock r at e i s as expect ed i f unbl ock occur s at a

si gni f i cant r at e onl y when t he por e cont ai ns Ba t + i n addi t i on t o Cd2+ ; i n t hi s

case, t he r at e shoul d i ncr ease wi t h [ Ba] o, si nce t hi s f avor s doubl e occupancy by

Ba t + pl us Cd 2+ . The l i kel i hood of doubl e occupancy of t he por e can be descr i bed

empi r i cal l y as :

Pr ob( 2 i ons) = ( 1 + Kapp/ [ Ba] o) _' ,

wher e Kapp i s an exper i ment al measur e of t he Ba concent r at i on t hat pr oduces

50%doubl e occupancy . Such a r el at i onshi p i s consi st ent wi t h t heor et i cal model s

of mul t i - si t e, si ngl e- f i l e por es ( e . g . , Hess and Tsi en, 1984, Fi g. 4d) , and has

al r eady been used t o f i t t he [ Ba] o dependence of t he uni t ar y Ba f l ux, whi ch we

bel i eve t o be anot her expr essi on of doubl e occupancy ( Hess et al . , 1986) .

The [ Ba] o dependence of t he bl ock r at e can be expl ai ned by supposi ng t hat

Cd 2+ can onl y ent er t he por e when t he out er si t e i s vacant . Li ke out er - si t e

vacancy, t he r at e shoul d f al l wi t h i ncr easi ng [ Ba] o , as obser ved . The l i kel i hood
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of t he out er si t e of t he por e bei ng empt y can al so be r oughl y descr i bed by a
hyper bol i c f unct i on over a l i mi t ed r ange of [ Ba] o . When [ Ba] o i s above t he

mi cr omol ar r ange, t her e i s al most no chance t hat bot h si t es i n t he por e wi l l be

empt y . Thus,

Pr ob( l i on) = 1 - Pr ob( 2 i ons) = ( 1 + [ Ba] o/ Kapp) - ' .

At 0 mV, Ba i ons ar e post ul at ed t o have equal f r ee ener gy at t he t wo si t es and

t o equi l i br at e r api dl y bet ween t hem. Thus, t he l i kel i hood of t he out er ( or i nner )

si t e bei ng empt y i s hal f of t hi s expr essi on :

Pr ob( out er si t e empt y) = 0 . 5 ( 1 + [ Ba] a/ Kapp) - ' .

0 20 50

( Bol o ( mM)

FI GURE 4. Cd bl ocki ng ki net i cs var y wi t h t he concent r at i on of per meant i on
( [ Ba] o) . [ Cd] o = 20 AM i n al l exper i ment s . The hor i zont al scal e i s l i near i n Ba
act i vi t y, aBa, as gi ven i n t he upper scal e .zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , bl ocki ng r at e ( t o' ) . The smoot h cur ve i s
a r ect angul ar hyper bol a of t he f or m ( t a' ) = k_ 2 + kB, oBj [ 1 + ( [ Ba] o/ K, PP) ] , wher e k_ 2
i s set at 105 ms' ( ar r ow) , and K. PP = 7. 5 mMact i vi t y ( 26 . 2 mM[ Ba] o) . Dat a poi nt s
f or unbl ocki ng r at e ( t c' ) ar e pl ot t ed as open symbol s ; t he smoot h cur ve was dr awn
by eye .

As Fi g . 4 i l l ust r at es, t hi s hyper bol i c f unct i on pr ovi des a good f i t t o t he bl ocki ng

dat a, wi t h t he concent r at i on par amet er Kapp set at 26 . 2 mM, a val ue i n r easonabl y

cl ose agr eement wi t h 27 . 9 mM, t he K. , PP f or t he Ba dependence of uni t ar y Ba
cur r ent ( Hess et al . , 1986, Fi g . 7) .

The t heor et i cal f i t t o t he bl ocki ng dat a pr ovi des a basi s f or est i mat i ng t he
ent r y r at e f or Cd 21 i n t he absence of i nt er act i on wi t h per meant i ons . Ext r apol at -
i ng t o l ow mi l l i mol ar Ba concent r at i ons wher e Pr ob( out er si t e empt y) = 0 . 5, t he
y- i nt er cept i n Fi g . 4 i s 2, 500 s - ' ; s i nce [ Cd] o = 20 AM, t he cal cul at ed pr i mar y Cd
ent r y r at e coef f i ci ent i s
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( 2, 500 s - l ) / ( 20 gM) ( 0 . 5) = 2. 5 x 10 8 M- ` s - ' .

Thi s val ue i s t o be compar ed wi t h t he ent r y r at e f or Ca" gi ven bel ow ( p . 336) .

Bl ock of Ba Cur r ent s by Mg"

Mg i on i s t he mai n i nhi bi t or of Ca cur r ent under physi ol ogi cal condi t i ons, and

var i at i ons i n [ Mg] . have been used f or many year s i n t he anal ysi s of Ca" -

dependent pr ocesses such as t r ansmi t t er r el ease ( e . g . , Dougl as, 1968 ; Kat z, 1969) .

Mg OMM

1 mm

2 mM
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- 70 mV

0 mV

20 ms

50 MM Ba
2+

FI GURE 5 .

	

Bl ock of Ba cur r ent s by Mg" . Repr esent at i ve cur r ent t r aces f r om f our

cel l s wher e t he pat ch pi pet t e cont ai ned 50 mMBa 2+ and 0, 1, 2, or 5 mM Mg 2+ as

i ndi cat ed .

Mg i nhi bi t i on of Ca cur r ent s has been at t r i but ed t o r educt i on of t he l ocal Ca

concent r at i on t hr ough scr eeni ng of negat i ve sur f ace char ge ( Mul l er and Fi nkel -

st ei n, 1974) ; ot her s have ar gued t hat Mg 2+ i nt er act s wi t h speci f i c bl ocki ng si t es

but t hat i t has t he l owest af f i ni t y among di val ent cat i ons t hat act as bl ocker s ( e . g . ,

Hagi war a and Takahashi , 1967 ; Akai ke et al . , 1979 ; Fukushi ma and Hagi war a,

1985) .

Fi g . 5 shows t hat Mg bl ock of Ba cur r ent s can be r esol ved at t he si ngl e channel

l evel as di scr et e event s . Unl i ke Cd 2+ , whi ch bl ocks at mi cr omol ar concent r at i ons
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wi t h 50 mM[ Bal . as t he char ge car r i er ( Fi g . 2) , Mg 2+ pr oduces appr eci abl e bl ock

onl y at concent r at i ons of ^- 1 mM or gr eat er ; t he hal f - bl ocki ng concent r at i on

under t hese condi t i ons i s ^ - 10 mM. The r el at i ve weakness of Mgt ' as a bl ocker

i s due i n par t t o t he br evi t y of t he cl osed per i ods . As i l l ust r at ed i n t he bot t om

t r aces i n Fi g . 5, t he r at e of bl ock al so becomes ver y f ast at concent r at i ons of ?5

mM, and i ndi vi dual openi ngs and cl osi ng become har d t o r esol ve .
Hi st ogr ams of open and shut t i mes wer e det er mi ned f or a r ange of Mg

concent r at i ons ( not shown) . As i n t he case of Cd 2+ , di st r i but i ons wer e f i t t ed wel l
by si ngl e exponent i al s ; t he t i me const ant s f or t he di st r i but i ons of open t i mes

1000

4000 B

	

unbl ock

_ 3000 ,

	

r
i

r

0L
0

[ M9] , ( MM)

J
10

FI GURE 6.

	

Dependence of bl ocki ng ki net i cs on [ Mg] o. Open and shut t i me hi st o-
gr ams f r omexper i ment s l i ke t hose shown i n Fi g . 5 wer e f i t t ed wi t h si ngl e exponen-
t i al s . ( A) Shut t i ng r at e ( measur ed as t he r eci pr ocal of t he open t i me const ant ) pl ot t ed
as a f unct i on of [ Mg] o. Each dat a poi nt i s f r om a di f f er ent pat ch . The st r ai ght l i ne,
a l east - squar es f i t of t he dat a wi t h [ Mg] . 96 0, has a sl ope of 1 . 90 X 10 5 M- 1s ' and
a y- i nt er cept of 78 . 2 s' ( r = 0. 99) . The dat a poi nt f or [ Mg] . = 0 i s t he mean of f i ve
exper i ment s wi t h pi pet t es cont ai ni ng 50 mMBa 2 ' and no added bl ocker ( see Fi g.
3B) . ( B) Openi ng r at e ( r eci pr ocal of t he shut t i me const ant ) pl ot t ed agai nst [ Mg] o .

became br i ef er as t he Mg concent r at i on i n t he pi pet t e was r ai sed, whi l e t he
di st r i but i ons of shut t i mes wer e not st r i ki ngl y changed . Fi g . 6 di spl ays col l ect ed
r esul t s f r om 20 pat ches and shows t hat t he over al l [ Mg] , dependence i s si mi l ar
t o t he [ Cd] , dependence i n Fi g . 3 . The bl ocki ng r at e t .- 1 i ncr eases as a l i near
f unct i on of [ Mg] , wi t h a sl ope t hat cor r esponds t o an appar ent bl ocki ng r at e
coef f i ci ent of 1 . 9 X 105 S- 1, ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 200- f ol d sl ower t han Cd2+ . The unbl ocki ng r at e
t .- I shows l i t t l e dependence on [ Mg] . bel ow 2 mM, al t hough at hi gher concent r a-
t i ons t he r at e of unbl ocki ng becomes somewhat sl ower .

As i n t he case of Cd bl ock, Mg bl ock i s st r ongl y dependent on t he concent r at i on
of t he char ge car r i er . I ncr easi ng [ Bal . st r ongl y decr eases t he r at e of bl ock and
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i ncr eases t he r at e of unbl ock ( Fi g . 7) . Thi s suggest s agai n t hat bot h bl ocki ng and

unbl ocki ng st eps ar e sensi t i ve t o t he pr esence of per meant i ons, pr esumabl y

wi t hi n t he por e i t sel f . The dat a on Mg bl ock ar e t he har dest t o anal yze quant i -
t at i vel y, because t he r api d of f r at es gi ve r i se t o par t i al l y r esol ved bl ocki ng
t r ansi t i ons . We have t her ef or e r est r i ct ed our anal ysi s of Mg bl ock t o t he obser -
vat i on of qual i t at i ve t r ends and have not at t empt ed t o ext r act a val ue f or t he
absol ut e ent r y r at e coef f i ci ent by ext r apol at i on t o zer o [ Ba] o .

Bl ock of Ba Cur r ent s by Ca 2+

The next ser i es of exper i ment s f ocused on t he bl ocki ng act i ons of t he Ca i on
i t sel f . I t i s wel l known t hat Ca 21 can i nhi bi t Ca channel cur r ent car r i ed by ot her
di val ent i ons such as Sr 21 ( Ver eecke and Car mel i et , 1971) or Ba t + ( Hess et al . ,

1983 ; Al mer s and McCl eskey, 1984) . I n gener al , Ca2+ seems t o have a hi gher

3000

2000

1000

0

[ 80] a ( MM)

FI GURE 7 .

	

Mg bl ocki ng ki net i cs var y wi t h [ Ba] o . [ Mg] . = 5 mM, [ Ba] a as i ndi cat ed.
Val ues of t o' ar e f r om i ndi vi dual pat ches pl ot t ed as sol i d ci r cl es ; t , ' val ues ar e
pl ot t ed as open ci r cl es. Smoot h cur ves wer e dr awn by eye .

af f i ni t y f or Ca channel s t han t hese ot her i ons ( Hagi war a et al . , 1974) . Fi g . 8A
shows bl ock of Ba cur r ent s by Ca 2+ at t he l evel of uni t ar y cur r ent s . Recor ds wer e
obt ai ned f r om t hr ee pat ches wi t h pi pet t es cont ai ni ng a const ant backgr ound of
50 mMBa . The addi t i on of 5 or 10 mMCa pr oduced a gr aded r educt i on i n t he
ampl i t ude of t he uni t ar y cur r ent wi t hout det ect abl e f l i cker i ng. Fi g . 8B pl ot s
col l ect ed r esul t s f r om 28 pat ches over a wi der r ange of Ca concent r at i ons ; t he

decr ease i n uni t ar y cur r ent si ze i s a gr aded f unct i on of [ Ca] o ; wi t h [ Ba] o = 50

mM, ^- 10 mM[ Ca] . i s needed t o r educe t he uni t ar y cur r ent ampl i t ude t o 50%

( sol i d symbol s) . For compar i son, t he open symbol s show t he ampl i t ude of t he
uni t ar y cur r ent wi t h onl y Ca 21 pr esent .

The f act t hat no i ndi vi dual bl ocki ng event s coul d be r esol ved over t he r ange

of Ca concent r at i ons t est ed ( 10 yM t o 50 mM) i s most easi l y expl ai ned by an

unbl ocki ng r at e t hat gr eat l y exceeds t he dynami c r ange of our measur ement s .
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Wi t h a hi gh unbl ocki ng r at e, ef f ect i ve bl ock r equi r es an equal l y hi gh bl ocki ng

r at e ( achi eved at hi gh bl ocker concent r at i ons) . The r esul t i ng ver y r api d bl ocki ng

and unbl ocki ng t r ansi t i ons ar e t hen seen as an over al l r educt i on i n uni t ar y

cur r ent , cor r espondi ng t o an equi l i br i umbet ween open and bl ocked st at es . Our

obser vat i on of a ver y r api d unbl ocki ng r at e f or Ca" i n t he pr esence of hi gh

Q
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a

B
1 . 4r

r

A

5 MM

10 MM
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Ca 0 MM +1M~~,
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FI GURE 8.

	

Bl ock of uni t ar y Ba cur r ent by Ca' . ( A) Cur r ent r ecor ds f r om t hr ee
pat ches i n whi ch t he pi pet t e cont ai ned 50 mMBa 4+ pl us 0, 5, or 10 mMCa' . ( B)

Measur ement s of uni t ar y cur r ent ampl i t ude . Pi pet t es cont ai ned 50 mMBa 2 + pl us

t he Ca concent r at i on i ndi cat ed on t he absci ssa ( sol i d ci r cl es) or var i ous Ca concen-

t r at i ons i n t he absence of Ba t + ( open ci r cl es) .

[ Ba] o f i t s ni cel y wi t h r ecent hypot heses t hat post ul at e i on- i on i nt er act i ons wi t hi n

t he Ca channel por e ( Hess and Tsi en, 1984 ; Al mer s and McCl eskey, 1984) .

These hypot heses suggest t hat Ca i s per meant by vi r t ue of i t s abi l i t y t o l eave t he

por e r api dl y when t he por e i s mul t i pl y occupi ed by di val ent cat i ons; such mul t i pl e

occupancy shoul d be pr onounced when t he ext er nal sol ut i on cont ai ns 50 mM

Ba .

' ~ 0. 6
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t
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Bl ock of Monoval ent Cur r ent s by Ca"

Thi s l i ne of r easoni ng suggest s t hat di scr et e bl ock by Ca i ons mi ght be det ect ed

at l ow di val ent cat i on concent r at i ons i f a monoval ent cat i on ser ves as t he Ca

channel char ge car r i er . I t i s wel l known t hat monoval ent cat i ons can suppor t

l ar ge cur r ent s t hr ough Ca channel s when t he ext r acel l ul ar Ca concent r at i on i s

r educed t o submi cr omol ar l evel s ( Kost yuk and Kr i sht al , 1977 ; Kost yuk et al . ,

1983 ; Hess and Tsi en, 1984 ; Al mer s et al . , 1984) ; i n t he pr ecedi ng ar t i cl e ( Hess

FI GURE 9 .

	

Bl ock by Ca" of uni t ar y Li cur r ent t hr ough t he Ca channel . The pat ch

membr ane pot ent i al was st epped f r om - 80 t o - 40 mV ( upper t r ace) . Uni t ar y

cur r ent s car r i ed by Li i nf l ux t hr ough t he Ca channel ( t op, l ef t ) wer e measur ed wi t h

150 mM Li Cl , 10 mM EGTA, and 12 . 5 j uM TTX i n t he pat ch pi pet t e . The Ca

concent r at i on of t he pat ch pi pet t es was buf f er ed t o t he val ues i ndi cat ed wi t h H-

EDTA ( KD, ca = 1 . 63 I M at pH 7. 5) .

et al . , 1986) , we show t hat Na or Li cur r ent s t hr ough t he Ca channel can be

r esol ved at t he si ngl e channel l evel .

Fi g . 9 i l l ust r at es Ca bl ock of uni t ar y Li cur r ent s . We used Li ' r at her t han Na'

as t he char ge car r i er t o avoi d possi bl e i nt er f er ence f r om pr ot on bl ock of Na

cur r ent t hr ough Ca channel s ( see Hess et al . , 1986) . The t op panel shows Li

cur r ent s r ecor ded wi t h a pi pet t e sol ut i on cont ai ni ng no added di val ent i ons and

2 mMEGTA ( [ Ca] o < 0. 01 1, M) . Thr ee l i nes of evi dence suggest t hat t he uni t ar y

cur r ent s ar e due t o Ca channel s and not Na channel s ( see al so Hess et al . , 1986) :
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( a) t he pi pet t e sol ut i on cont ai ned 12 AM TTX, ( b) mean cur r ent s f or med as

aver ages of many sweeps showed a t i me cour se appr opr i at e f or Ca channel s and

not Na channel s, and ( c) t he vol t age dependence of act i vat i on and i nact i vat i on

was as expect ed f or Ca channel s .

Bl ocki ng event s coul d j ust be det ect ed at 0. 68 AM [ Cal . , and became mor e

pr onounced at 1 . 63 AM [ Cal . . At 5. 5 AM [ Cal . , cur r ent r ecor ds appear ed as a

2000

1000

unbl ock

[ cc] , ( um)

FI GURE 10 .

	

Concent r at i on dependence of Ca bl ock of Li cur r ent t hr ough t he Ca

channel . ( A) Reci pr ocal of t he open t i me const ant pl ot t ed as a f unct i on of [ Cal . .

The l i ne i s a l east - squar es f i t t hr ough t he dat a poi nt s ( sl ope, 4. 51 X 10 8 M- ' s ' ;

y- i nt er cept , 305 s' ) . Excl usi on of t he poi nt at 5 . 5 Ca. yi el ds a r egr essi on val ue f or

t he sl ope of 5. 1 X 10 8 . ( B) Reci pr ocal of t he cl osed t i me const ant pl ot t ed as a

f unct i on of [ Cal . .

r api d ser i es of spi ke- l i ke event s . Hi st ogr ams of open and cl osed t i mes ( not shown)

wer e f i t t ed by si ngl e exponent i al s as expect ed f or a si ngl e open and a si ngl e

bl ocked st at e . Fi g . 10 pl ot s col l ect ed r esul t s f r om a l ar ge number of pat ches .

The bl ocki ng r at e ( t o" ) i ncr eases l i near l y wi t h [ Cal . ( A) , whi l e t he r at e of unbl ock

i s i ndependent of [ Cal . ( B) . The y- i nt er cept of t he r egr essi on l i ne cor r esponds t o

an open t i me of 3. 3 ms, a val ue t hat i s not si gni f i cant l y di f f er ent f r om t he mean
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open t i me of 5 . 8 ms measur ed i n t he absence of Ca" and i ndi cat ed by t he symbol

on t he or di nat e . The sl ope of t he r egr essi on l i ne cor r esponds t o an appar ent

r at e of 4 . 5 X 10 $ M- ' s - ' . Thi s val ue gi ves an est i mat e of t he pr i mar y r at e

coef f i ci ent of Ca ent r y, whi ch woul d appl y i f Li + wer e t o bi nd so weakl y t o t he

channel t hat Ca" ent er s and l eaves an essent i al l y empt y por e . I f , as seems mor e

l i kel y, Li + bi nds si gni f i cant l y t o t he por e, t hi s val ue woul d be a l ower l i mi t .

Vol t age Dependence of Bl ock by Cao

The vol t age dependence of t he r at es of bl ocki ng and unbl ocki ng gi ves i nf or ma-

t i on on t he r el at i ve l ocat i ons of t he ener gy bar r i er s and wel l s an i on encount er s

as i t moves t hr ough a channel . Fr om t he ef f ect s of vol t age on t he i ndi vi dual

ent r y and exi t r at es, we can see whi ch st eps i n t he per meat i on pr ocess ar e

r esponsi bl e f or t he vol t age dependence of st eady st at e bl ock.

Fi g . 11 shows r ecor di ngs of Li cur r ent t hr ough Ca channel s t aken at - 30 ( A)

and - 60 mV ( B) i n t he absence and pr esence of Ca. . I t i s evi dent t hat hyper po-

l ar i zat i on abbr evi at es Ca- i nduced bl ocki ng event s, t o t he ext ent t hat many of t he

shut per i ods ar e i ncompl et el y r esol ved . Anal ysi s of such r ecor ds gi ves t he

hi st ogr ams shown i n Fi g. 11 C. The shut t i me di st r i but i on at - 60 mV decays

much mor e qui ckl y t han t he di st r i but i on of shut t i mes at - 30 mV. Thi s t r end i s

bor ne out by col l ect ed anal ysi s of r esul t s f r omseven pat ches . Fi g . 11 D shows t he

vol t age dependence of t he i ndi vi dual bl ocki ng and unbl ocki ng r at e const ant s .

The bl ocki ng r at e ( t o' ) shows ver y l i t t l e dependence on vol t age over t he pot ent i al

r ange we exami ned . On t he ot her hand, t he r at e of unbl ocki ng ( t c' ) shows st r ong

vol t age dependence, i ncr easi ng e- f ol d wi t h ^- 40 mV hyper pol ar i zat i on . An i n-

cr ease i n t he r at e of exi t of Ca wi t h hyper pol ar i zat i on woul d be expect ed si nce

Ca 2+ i s a per meant i on and can exi t i nt o t he cel l i nt er i or . The al most negl i gi bl e

vol t age dependence of t he ent r y r at e i ndi cat es t hat t he t r ansi t i on st at e f or t he

ent r y of Ca 2+ i nt o t he channel occur s out si de of t he el ect r i c f i el d .

Vol t age- dependent Bl ock of Uni t ar y Ba Cur r ent by Cdo, La o , and Mg.

Pr evi ous wor k has shown vol t age dependence of t he degr ee of st eady st at e bl ock

by ext er nal Cd 2+ ( Byer l y et al . , 1985) or Mg t + ( Fukushi ma and Hagi war a, 1985) .

Byer l y et al . not i ced t hat hyper pol ar i zat i on decr eased t he degr ee of Cd bl ock i n

snai l neur ons, and suggest ed t hat Cd 2+ mi ght escape i nt o t he cel l . Fukushi ma

and Hagi war a ( 1985) f ound t hat Mg i nhi bi t i on i ncr eased wi t h hyper pol ar i zat i on,

and suggest ed t hat Mgt + mi ght be t r apped deeper i n t he por e . Si ngl e channel

r ecor di ngs have af f or ded us t he possi bi l i t y of det er mi ni ng t he vol t age depend-

ence of i ndi vi dual bl ocki ng and unbl ocki ng r at es .

Fi g. 12 shows r epr esent at i ve cur r ent r ecor ds i l l ust r at i ng t he i nf l uence of

membr ane pot ent i al on t he bl ocki ng ef f ect s of Cd 2+ , La3 ' , and Mg2+ on uni t ar y

Ba cur r ent s . To var yi ng degr ees, t he vol t age dependence i s si mi l ar t o t hat seen

wi t h Ca bl ock of uni t ar y Li cur r ent s . Vol t age dependence was demonst r at ed i n

most exper i ment s by var yi ng t he t est pot ent i al l evel ( as i n Fi g . 12, E and F) . We

al so t ook advant age of Bay K 8644- pr omot ed channel openi ngs t hat out l ast t he

depol ar i zi ng pul se . I n t he absence of added bl ocki ng i on ( Fi g . 12A) , such

openi ngs ar e expr essed as l ar ge t ai l cur r ent s ( ^+3 . 5 pA) at t he hol di ng pot ent i al .

Bl ock of t ai l cur r ent s di spl ayed di f f er ent char act er i st i cs t han bl ock of t he cur r ent
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dur i ng t he t est pul se i t sel f . For exampl e, panel B shows uni t ar y Ba cur r ent s wi t h

20 I , M Cd 21 i n t he r ecor di ng pi pet t e . Wher eas uni t ar y cur r ent s r ecor ded dur i ng

t he t est pul se t o 0 mV show subst ant i al bl ock, t he t ai l cur r ent r ecor ded at - 70

mV was much l ess af f ect ed ; t he dur at i on of t he bl ocki ng event s was cl ear l y

br i ef er , and t he degr ee of bl ock was l ess sever e .

0. 68N. M Ca

0 Ca
- ~y, ^ah" r u+. t i~ ~+l Sr +or v+v7" ~7 UNhmy ~~
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FI GURE 11 .

	

Vol t age dependence of Ca bl ock of uni t ar y Li cur r ent s . ( A) Cur r ent

r ecor ds at - 30 mV f r omt wo pat ches wher e t he pi pet t e cont ai ned 150 mMLi ' and

ei t her 0 ( t op) or 0 . 68 uM Ca" ( bot t om) . ( B) Same t wo pat ches at - 60 mV. ( C)

Hi st ogr ams of shut t i mes wi t hi n bur st s wi t h 0 . 68 1M Ca" i n t he pi pet t e ( same

exper i ment as i n Aand B) . Smoot h cur ves ar e si ngl e exponent i al s wi t h t i me const ant s

of 1 . 33 ms at - 30 mV and 0 . 34 ms at - 60 mV. ( D) Vol t age dependence of shut t i ng

r at e ( i nver se of t he open t i me const ant ) wi t h 0. 68 uM [ Ca] . ( t op) and vol t age

dependence of openi ng r at e ( r eci pr ocal of shut t i me const ant ) wi t h 0 . 68- 1 . 36 ' M

[ Ca] , ( bot t om) .

Panel s E- H i l l ust r at e t he vol t age dependence of bl ock by Las'. At 0 mV ( E) ,

t he bl ocki ng event s ar e so l ong- l ast i ng t hat t hey ar e di f f i cul t t o di st i ngui sh f r om

channel cl osi ngs . The pr esence of a t ai l f ol l owi ng t he end of t he cl amp pul se

pr ovi des a st r ong cl ue t hat t he channel exhi bi t ed mode 2 gat i ng dur i ng t he pul se

and t hat t he r el at i vel y l ong shut per i ods ar e due t o La bl ock . At - 20 mV ( t he
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t est pot ent i al i n F) , bur st s of openi ngs can usual l y be i dent i f i ed wi t hout much
di f f i cul t y . At - 50 mV ( t he pot ent i al f ol l owi ng t he t est pul se i n panel G) , t he t ai l

cur r ent appear s as a wel l - def i ned bur st of openi ngs and La- i nduced bl ocki ng

event s . At - 90 mV ( t he " t ai l " pot ent i al i n H) , t he r at e of unbl ock becomes so
r api d t hat most bl ocked per i ods ar e not f ul l y r esol ved .

Fi g . 13 shows col l ect ed r esul t s f r om exper i ment s on bl ock by Cd2+ ( A) and

FI GURE 12 .

	

Bl ock of Ba cur r ent by Cd 2} , Mg" , and La" at di f f er ent membr ane

pot ent i al s . Compar i son of bl ocki ng char act er i st i cs at di f f er ent t est pul se pot ent i al s

or at di f f er ent pot ent i al s f or " t ai l " cur r ent f ol l owi ng t est pul ses . Lef t - hand t r aces
show cur r ent r ecor ds f r omf our pat ches, wi t h no bl ocker ( A) , or wi t h pat ch pi pet t es
cont ai ni ng 20 WMCd 21 ( B) , 1 mMMg" ( C) , or 2 mM Mg" ( D) . Tr aces E- Hwer e

r ecor ded f r oma pat ch wi t h 2f l uM Lass i n t he pi pet t e sol ut i on .

La" ( B) . I n bot h cases, t he bl ocki ng r at e t Q' r emai ns near 10s s' over a r ange

of 40- 60 mV. On t he ot her hand, t he unbl ocki ng r at e t , ' i ncr eases st r ongl y wi t h

hyper pol ar i zat i on . I n t hi s r espect , Cd or La bl ock of Ba cur r ent s r esembl es Ca

bl ock of Li cur r ent s . I nt er est i ngl y, t he vol t age dependence wi t h Cd" and La s{

i s si mi l ar ( e- f ol d per 20- 25 mV) , despi t e t he di f f er ence i n val ence bet ween t hese

i ons .
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The vol t age dependence of bl ock i s di f f er ent f or Mg" t han f or t he ot her i ons
we st udi ed . The vol t age dependence i s i l l ust r at ed by t r aces t aken wi t h 1 mM

[ Mg] . ( Fi g . 12 C) and 2 mM[ Mg] , ( Fi g . 12 D) . Membr ane hyper pol ar i zat i on does
not l essen t he degr ee of st eady st at e bl ock, as i n t he case of Cd 2+ or La s+ ; st eady
st at e bl ock i s act ual l y mor e sever e at negat i ve pot ent i al s, as r epor t ed by Fuku-
shi ma and Hagi war a ( 1985) . The ki net i c basi s f or t hi s ef f ect of hyper pol ar i zat i on
can be seen by compar i ng t he pat t er n of openi ng and cl osi ng at t he pul se
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FI GURE 13 .

	

Vol t age dependence of bl ock of Ba cur r ent s by Cd2+ , La, and Mg" .
Reci pr ocal s of open t i me di st r i but i on t i me const ant s ( l ef t panel s) and cl osed t i me
di st r i but i on t i me const ant s ( r i ght panel s) f or bl ock of Ba cur r ent by 20 I M [ Cd] a
( A) , 20 i i M [ La] . ( B) , and 1 mM[ Mg] . ( C) .

pot ent i al and at t he pot ent i al wher e t ai l cur r ent i s r ecor ded . The cur r ent si gnal
f l i cker s mor e at - 70 t han at 0 mV. Thi s cor r esponds t o a mar ked accel er at i on
of bot h openi ng and cl osi ng t r ansi t i ons wi t h hyper pol ar i zat i on . Col l ect ed dat a
f r om f i ve pat ches ( Fi g . 13 C) show t hat t hese changes i n t he bl ocki ng ki net i cs of
Mg2+ wer e a consi st ent f i ndi ng . The pl ot may under est i mat e t he t r ue vol t age
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dependence of t he bl ocki ng r at e ; at negat i ve pot ent i al s, many of t he cl osi ngs ar e
br i ef enough t o be mi ssed .

DI SCUSSI ON

The mai n advance i n t hi s ar t i cl e i s t he r esol ut i on of i ndi vi dual r at es of channel

bl ock and unbl ock . The r esul t s suggest t hat Ca t + , Cd 2+, Mgt +, C0 2+, Mn2+ and

La 3+ can i nhi bi t cur r ent f l ow t hr ough Ca channel s by l odgi ng wi t hi n t he por e
i t sel f . Anal ysi s of r at es of bl ock and unbl ock t hus pr ovi des new i nf or mat i on
about mechani sms of i on sel ect i vi t y and per meat i on . The r esul t s ar e gener al l y
consi st ent wi t h ear l i er st udi es of whol e cel l macr oscopi c cur r ent s, whi ch descr i bed
t he equi l i br i um bet ween bl ocked and unbl ocked channel s but not i ndi vi dual
r at es ( e . g . , Byer l y et al . , 1985 ; Fukushi ma and Hagi war a, 1985) .

I n pr evi ous st udi es of uni t ar y Ca channel cur r ent , bl ock t ook t he f or m of a
r educt i on i n uni t ar y cur r ent ampl i t ude r at her t han di scr et e bl ocki ng and un-

bl ocki ng t r ansi t i ons ( Nel son et al . , 1984 ; Mat suda, 1986) . The cont r ast wi t h our

r esul t s i s easi l y expl ai ned by di f f er ences i n exper i ment al condi t i ons . Nel son et
al . st udi ed bl ock by La" , Cd 2+ , and Mn 2+ wi t h 250 mM Sr 2+ as t he char ge

car r i er ; channel unbl ock was pr obabl y even f ast er t han wi t h 50 mMBa ( Fi g . 4) ,

and mi ght easi l y have escaped r esol ut i on wi t h t he 50 Hz f i l t er i ng used f or bi l ayer

r ecor di ng . Mat suda ( 1986) r ecor ded uni t ar y Na cur r ent s t hr ough Ca channel s

wi t hout t he benef i t of Ca agoni st t o pr ol ong channel openi ngs ; uni t ar y event s

wer e br i ef and of t en i ncompl et el y r esol ved even i n t he absence of bl ock, so

r api dl y f l i cker i ng bl ock coul d have appear ed as a r educt i on i n uni t ar y ampl i t ude .

Test s of Hypot heses f or t he Mechani sm of Bl ock

Our exper i ment s do not suppor t t he i dea t hat Mgt + i nhi bi t s Ca cur r ent by

r educi ng t he l ocal Ca concent r at i on t hr ough scr eeni ng of negat i ve sur f ace

char ges wi t hout speci f i c bi ndi ng of i ons ( Mul l er and Fi nkel st ei n, 1974) . Thi s

hypot hesi s pr edi ct s t hat i ncr easi ng [ Mg] . shoul d pr oduce a gr aded r educt i on i n

t he ampl i t ude of t he uni t ar y f l ux, r at her t han t he di scr et e i nt er r upt i ons i n si ngl e

channel cur r ent t hat wer e act ual l y obser ved .

The pr esent r esul t s ar e al so at var i ance wi t h t he doubl e sel ect i vi t y f i l t er

hypot hesi s of Kost yuk et al . ( 1983) . They post ul at ed a hi gh- af f i ni t y r egul at or y

si t e ( pKc~ ^- 6. 6) out si de t he channel , wher e bi ndi ng of di val ent cat i ons t r i gger s

conf or mat i onal changes t hat r ender t he por e i mper meabl e t o monoval ent cat -

i ons, and a l ow- af f i ni t y sel ect i vi t y si t e ( pKc, , , - 2. 0) t hat conf er s sel ect i vi t y among

var i ous di val ent cat i ons . A number of exper i ment al obser vat i ons cannot be

account ed f or by t he hypot hesi s as or i gi nal l y st at ed . ( a) Si nce t he pr oposed

r egul at or y si t e i s ext er nal , and not i n t he per meat i on pat h, t he hypot hesi s does

not pr edi ct t hat hyper pol ar i zat i on shoul d i ncr ease t he r at e of r emoval of Ca

bl ock of Li cur r ent , as act ual l y obser ved ( Fi g . 11) . ( b) Wi t h a hi gh- af f i ni t y si t e

t hat i s qui ckl y sat ur at ed at l ow [ Ca] " or [ Ba] o, and onl y one l ow- af f i ni t y si t e, t he

model cannot account f or t he f i ndi ng t hat r ai si ng [ Ba] o speeds t he r emoval of

bl ock by Cd 2+ or Mgt + ( Fi gs . 4 and 7) . ( c) Obser vat i ons of " anomal ous mol e

f r act i on" ef f ect s ( Hess and Tsi en, 1984 ; Al mer s and McCl eskey, 1984) ar e al so

di f f i cul t t o expl ai n wi t h onl y one i nt r apor e bi ndi ng si t e . Sever al addi t i onal ad
hoc assumpt i ons woul d be r equi r ed t o br i ng t hi s hypot hesi s i nt o l i ne wi t h t he

exper i ment al dat a .
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Al l of t he r esul t s i n t hi s ar t i cl e seem consi st ent wi t h t he i dea t hat t he Ca

channel i s a si ngl e- f i l e por e, and t hat " bl ocki ng" i ons compet e wi t h " per meant "

i ons f or mul t i pl e bi ndi ng si t es wi t hi n t he por e ( Hess and Tsi en, 1984 ; Al mer s

and McCl eskey, 1984) . Thi s hypot hesi s i s si mpl er t han t he scheme of Kost yuk et

al . ( 1983) . Al t hough i t al so r equi r es a mi ni mumof t wo i on bi ndi ng si t es, bl ocki ng

ef f ect s can be account ed f or by t he same ki nd of i on- por e and i on- i on i nt er act i ons

t hat ar e t hought t o occur dur i ng per meat i on . Ther e i s no need t o post ul at e

di f f er ent pr oper t i es f or t he si t es, or speci al i nt er act i ons bet ween si t es ot her t han

t he expect ed coul ombi c r epul si on bet ween posi t i vel y char ged i ons .

The obser vat i on t hat hyper pol ar i zat i on i ncr eases t he r at e of unbl ock of Li

cur r ent by Ca
2+ i s account ed f or by a di r ect ef f ect of el ect r i c f i el d, dr i vi ng

bl ocki ng Ca i ons out of t he por e i nt o t he cyt opl asm. The f act t hat el evat i ng [ Ba] o

not onl y decr eases t he r at e of Cd or Mg bl ock, but al so i ncr eases t he r at e of

unbl ock, f i t s wi t h t he i dea of at l east t wo i nt r apor e bi ndi ng si t es . The f i ndi ng

t hat t he r at e of Ca unbl ock i s sl ow and easi l y r esol ved when t he di val ent cat i on

concent r at i on i s l ow ( Fi g . 9) , and t oo f ast t o be r esol ved when t he di val ent cat i on

concent r at i on i s hi gh ( Fi g . 8) , i s t o be expect ed i f t he depar t ur e of Ca 2+ wer e

speeded by i nt er act i on ( el ect r ost at i c or ot her wi se) wi t h ot her di val ent cat i ons

t hat ent er t he por e .

Bl ock and Per meat i on as Di f f er ent Expr essi ons of I on- Por e I nt er act i ons

Fr omt hese r esul t s and ear l i er st udi es, one may concl ude t hat t her e i s no absol ut e

di st i nct i on bet ween " bl ocki ng" and " per meant " i ons, but onl y quant i t at i ve di f f er -

ences among i nor gani c i ons i n t he r at es at whi ch t hey ent er and l eave t he por e .

The f act t hat per meant i ons can act as bl ocker s i s al r eady wel l known. Ca 2+ and

ot her di val ent i ons ar e pot ent i nhi bi t or s of monoval ent i on cur r ent s ; Ca21 i s

per meant but can bl ock Sr or Ba cur r ent s ( e . g . , Ver eecke and Car mel i et , 1971) ;

si mi l ar l y, Mn
2+ i s per meant but can i nhi bi t Ca cur r ent s ( e . g . , Ochi , 1975) . Our

exper i ment s pr ovi de addi t i onal i nf or mat i on suggest i ng t hat t he conver se i s al so

t r ue : Cd 2+ , Mgt +, Cot +, and La 3+, i ons t hat ar e usual l y cl assi f i ed as bl ocker s of

car di ac Ca channel cur r ent s, may al so be sl i ght l y per meant . I n each case, t he

mar ked speedi ng up of t he unbl ocki ng r eact i on wi t h hyper pol ar i zat i on st r ongl y

suggest s t hat t hese i ons ar e abl e t o escape f r om t he por e t o t he cyt opl asm ( see

al so Byer l y et al . , 1985) . The r esponse t o hyper pol ar i zat i on coul d be due t o a

di r ect el ect r i c f or ce on t he bl ocki ng i on or an i ndi r ect ef f ect , i nvol vi ng i ncr eased

per meant i on occupancy at an out er por e si t e and possi bl e r epul si ve i nt er act i ons

wi t h t he bl ocki ng i on .

Al t hough pr evi ous exper i ment s have shown Mg cur r ent t hough Ca channel s

of ver t ebr at e skel et al muscl e ( Al mer s and Pal ade, 1981 ; Af f ol t er and Cor onado,

1985) and Cd cur r ent i n i nsect skel et al muscl e ( Fukuda and Kawa, 1977) , pat ch-

cl amp r ecor di ngs have f ai l ed t o pr oduce di r ect evi dence f or Cd or Mg cur r ent

i n hear t cel l s ( Hess et al . , 1986) or neopl ast i c B l ymphocyt es ( Fukushi ma and

Hagi war a, 1985) . The r esul t s i n hear t cel l s ar e t o be expect ed : r at es of Cd or

Mg unbl ock of t he or der of 10' - 10' s- ' cor r espond t o cur r ent s smal l enough t o

escape det ect i on by di r ect el ect r i cal r ecor di ng . Evi dence f or Cd, Mg, or La i nf l ux

vi a Ca channel s mi ght be obt ai ned wi t h met hods t hat measur e i nt r acel l ul ar i on

accumul at i on . Test s f or Ca channel per meat i on woul d be par t i cul ar l y i mpor t ant
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i n t he case of La, si nce La i ons have l ong been used as mar ker s f or ext r acel l ul ar

Ca bi ndi ng si t es . Our r esul t s suggest t hat La may al so r each si t es wi t hi n t he por e

and t he cyt opl asm.

Ca Bl ock Gi ves I nf or mat i on about t he Fi r st St ep i n Per meat i on

The r at e of Ca bl ock of Li cur r ent s can be expr essed as a second- or der r at e

coef f i ci ent of 4 . 5 X 10 8 M' s' . On t he basi s of ar gument s pr esent ed above, we

t ake t hi s bl ocki ng r at e as a di r ect measur e of Ca ent r y i nt o t he channel , t he f i r st

st age of i on per meat i on . I f t hi s i nt er pr et at i on i s cor r ect , our dat a gi ve t he f i r st

est i mat e of t he r at e of pr i mar y i nt er act i on bet ween a por e and i t s f avor ed

physi ol ogi cal i on . The measur ed val ue i s, i f anyt hi ng, a l ower l i mi t because i t

i gnor es Li bi ndi ng t o channel si t es .

The ent r y r at e coef f i ci ent i s about si x t i mes f ast er t han an ef f ect i ve r at e

coef f i ci ent f or t he over al l i on t r ansf er pr ocess, 7 . 5 X 10 7 M- I S' , der i ved f r oma

measur ement of a uni t ar y Ca f l ux at 10 mM Ca of 750, 000 S' ( Hess et al . ,

1986) . The si mpl est i nt er pr et at i on i s t hat Ca ent r y i s not r at e- l i mi t i ng i n t he

over al l pr ocess of i on t r ansf er .

I t i s i nt er est i ng t o compar e t he measur ed on r at e wi t h t heor et i cal expect at i ons

f or t he di f f usi on- l i mi t ed r at e of i oni c col l i si ons wi t h t he mout h of t he por e,

namel y

k = 27r r DN- 10 - 3 ,

wher e r i s t he capt ur e r adi us i n cent i met er s, D i s t he di f f usi on coef f i ci ent of Ca

i n f r ee sol ut i on ( 8 X 106 cm2SI ) , and Ni s Avogadr o' s number . A r easonabl e

est i mat e f or r can be obt ai ned by t aki ng t he di f f er ence bet ween t he r adi us of

t et r amet hyl ammoni um, t he l ar gest i on known t o per meat e Ca channel s ( Mc-

Cl eskey and Al mer s, 1985 ; McCl eskey et al . , 1985) and t he r adi us of a Ca i on .

Thi s gi ves r = ( 2 . 75 A - 1 . 0 A) = 1 . 75 A, and a cal cul at ed on r at e of k = 5 . 3 X

10 8 M- I S" ' .

The cl ose agr eement wi t h t he measur ed val ue i s pr obabl y f or t ui t ous. For one

t hi ng, t he cal cul at i on i gnor es t he i nf l uence of el ect r ost at i c f or ces on t he i nt er -

act i on bet ween Ca i ons and t he por e mout h ( see Hi l l e, 1984 ; Moor e and Pear son,

1981) . The mai n poi nt i s t hat t he measur ed val ue of k i s of t he same or der as

t heor et i cal expect ai ons f or di f f usi on cont r ol . We f ound ot her evi dence consi st ent

wi t h a di f f usi on- l i mi t ed on r at e . Li ke t he on r at e f or Ca" , t he on r at es f or Cd 2 +

and La 3+ wer e ver y f ast , and wi t hi n a f act or of 2 of t he Ca on r at e i f al l owance

i s made f or Ba occupancy of t he channel as i n Fi g . 4 . As i n t he case of Ca t + , Cd

and La on r at es wer e essent i al l y vol t age i ndependent , as expect ed f or a pr ocess

t hat occur s out si de t he membr ane f i el d .

What Det er mi nes an I on' s Ef f ect i veness as a Per meat or or Bl ocher ?

Fi g . 14 cl assi f i es t he i ons we have exami ned accor di ng t o t hei r ef f ect i veness i n

bl ocki ng t he channel ( t hi s ar t i cl e) or car r yi ng char ge t hr ough i t ( Hess et al . ,

1986) . St ar t i ng i n t he upper l ef t - hand cor ner and movi ng cl ockwi se, t he i ons

r ange f r omt hose t hat ar e pot ent bl ocker s and ar e not det ect abl y per meant ( e . g. ,
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Cd 2+ ) , t o i ons t hat ar e pot ent bl ocker s and ar e easi l y per meant ( e . g . , Ca" ) , t o

i ons t hat ar e easi l y per meant but ar e not ef f ect i ve as bl ocker s ( e . g. , Na' ) .

Si nce Cd2+ , Ca2+ , and Na+ have al most i dent i cal Paul i ng r adi i , i t i s evi dent

t hat t hi s spect r um of behavi or does not ar i se f r om consi der at i ons of i oni c si ze

al one ( see al so McCl eskey and Al mer s, 1985) . I nst ead, we pr opose t hat t hi s

pr ogr essi on l ar gel y r ef l ect s di f f er ences i n i on af f i ni t y f or t he pr oposed i nt r apor e

bi ndi ng si t es : ver y hi gh- af f i ni t y bi ndi ng gi ves pot ent bl ock but a di ssoci at i on so

sl ow t hat f l uxes ar e i mmeasur abl y smal l ; ver y l ow- af f i ni t y bi ndi ng l eads t o l ar ge

f l uxes and no bl ock ; bi ndi ng wi t h i nt er medi at e st r engt h i n t he mi cr omol ar r ange

makes Ca 2+, Sr 2+, and Ba t + pot ent as bl ocker s of monoval ent i on f l uxes, but

al l ows r easonabl y l ar ge di val ent f l uxes wi t h t he hel p of a negat i vel y cooper at i ve

i nt er act i on such as el ect r ost at i c r epul si on bet ween pai r s of i ons .

Mg2+ i s bot h a weak bl ocker and a poor per meat or , and t hus l i es i n a di st i nct

cat egor y out si de t he sequence descr i bed so f ar . We at t r i but e t hi s behavi or t o t he

sl owness of t he pr i mar y associ at i on bet ween Mg2+ and t he por e . Thi s i s i n accor d

wi t h exper i ment al measur ement s of t he r at e const ant s f or Mg or Ca compl ex

a .
x
U
0

m

m

a°
0

Rapi d Per meat i on

no yes

FI GURE 14 .

	

Cl assi f i cat i on of i ons as bl ocker s or per meat or s .

f or mat i on wi t h l i gands of known st r uct ur e, whi ch gi ve t ypi cal val ues of 5 X 10 5

M- ' s ' f or Mgt ' as opposed t o 5 X 10' M- ' s ' f or Ca21 ( Hague, 1977) . I t i s

bel i eved t hat Me' di f f er s f r om Ca 2' and Cd2+ because of i t s i nt er act i on wi t h

wat er , t he r at e of exchange of wat er mol ecul es on i t s i nner shel l of hydr at i on

bei ng t hr ee or f our or der s of magni t ude sl ower t han f or t he ot her i ons i n Fi g .

14 ( Di ebl er et al . , 1969) . Loss of wat er seems t o be a r at e- l i mi t i ng st ep i n a ser i es

of st eps : ( a) t he associ at i on of f ul l y hydr at ed i on wi t h l i gand i n a l oose compl ex

wi t h a di ssoci at i on const ant of t he or der of 1 M, ( 6) a l oss of one wat er mol ecul e

f r omt he i on' s i nner hydr at i on spher e, ( c) t he devel opment of a st r ong i nt er act i on

bet ween met al i on and l i gand ( Hague, 1977) .

Mg` i s al so except i onal i n t he vol t age dependence of i t s bl ocki ng r at e, whi ch

i ncr eases e- f ol d per 55 mV hyper pol ar i zat i on . Thi s vol t age dependence i s as
expect ed f or an out er ener gy bar r i er l ocat ed 20%down t he el ect r i cal f i el d . One
possi bl e expl anat i on f or t he cont r ast wi t h ot her i ons i s t hat Mg` penet r at es

f ur t her i nt o t he por e bef or e exper i enci ng st abi l i zat i on f r om l i gand gr oups

exchangi ng wi t h wat er , per haps because of i t s smal l er si ze or sl ower r at e of
dehydr at i on .

Cd La Ba Sr Ca Mn

ul t r ast r ong st r ong

bi ndi ng bi ndi ng

Mg Li Na K Cs

sl ow weak

dehydr at i on bi ndi ng
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I nf er ences about Channel St r uct ur e

Pr evi ous ar t i cl es have compar ed put at i ve Ca bi ndi ng si t es i n t he Ca channel t o

hi gh- af f i ni t y bi ndi ng si t es on cal ci um- bi ndi ng pr ot ei ns such as cal modul i n or

t r oponi n ( Kost yuk et al . , 1983 ; Hess and Tsi en, 1984 ; Al mer s and McCl eskey,

1984) or on Ca chel at or s such as EGTA ( Hess and Tsi en, 1984) . Tabl e I shows

var i ous si mi l ar i t i es and di f f er ences i n ( a) t he r at e coef f i ci ent of Ca associ at i on

wi t h or di ssoci at i on f r om var i ous bi ndi ng si t es, and ( b) t he r el at i ve af f i ni t y f or

Ca" and ot her pol yval ent i ons . Our val ue of kozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� f or Ca channel s i s somewhat

f ast er t han est i mat es of ko� f or bi ol ogi cal Ca bi ndi ng pr ot ei ns l i ke t r oponi n . I t i s

most si mi l ar t o val ues f or qui n 2, azo 1, and f ur a 2, member s of a f ami l y of

der i vat i ves of BAPTA, a Ca chel at or st r uct ur al l y r el at ed t o EGTA( Tsi en, 1980) .

Compar i son of Ca Channel s and Ot her Ca Bi ndi ng Mol ecul es

THEJOURNAL OF GENERAL PHYSI OLOGY " VOLUME 88 - 1986

TABLE I

Tabl e I al so compar es t he Ca channel wi t h ot her mol ecul es i n t he r el at i ve

af f i ni t y f or var i ous pol yval ent cat i ons . One di st i ngui shi ng char act er i st i c i s t he

r el at i ve sel ect i vi t y f or Cd 2+ . I n bi ndi ng Cd2+ i n pr ef er ence t o Cat + , t he Ca por e

i s at l east qual i t at i vel y si mi l ar t o EGTA and par val bumi n, and di f f er ent f r om

t r oponi n and cal modul i n . The over al l concl usi on f r omt hese compar i sons i s t hat

t he char act er i st i cs of t he Ca channel f al l wi t hi n t he r ange of behavi or f ound f or

var i ous Ca bi ndi ng mol ecul es . The i dea t hat Ca channel s and Ca bi ndi ng pr ot ei ns

shar e a common ancest r y r emai ns a r eal possi bi l i t y .

We t hank E. W. McCl eskey, R . L . Rosenber g, A. P. Fox, and J . A. Dani f or hel pf ul di scussi ons,

and S. C. Wong f or t echni cal assi st ance.

Thi s wor k was suppor t ed by gr ant s f r omt he U. S. Publ i c Heal t h Ser vi ce, Mi l es Phar maceut i cal s,

and Mar i on Labor at or i es .

Or i gi nal ver si on r ecei ved 17 Sept ember 1985 and accept ed ver si on r ecei ved 17 Mar ch 1986 .

Mol ecul e

Rat es of Ca

associ at i on and di ssoci at i on

Associ at i on Di ssoci at i on Ref er ence

10 8 M- ' s 1 s" '

Ca por e ( - 30 mV) 4 1, 200 Thi s paper

Qui n 2 7 . 5 57 Bayl ey et al . , 1984

Azo 1 4 1, 200 R. Y. Tsi en and J . Kao, per sonal communi cat i on

Fur a 2 6 100 "

Par val bumi n 1 . 2 0 . 5 Pot t er et al . , 1978

Tr oponi n C ^- 1 312 Pot t er and Johnson, 1982

Cal modul i n - 550 Bayl ey et al . , 1984

Rel at i ve af f i ni t i es

f or Ca and ot her i ons

Ca por e ( L) Cd > Ca - Sr > Ba > Mg Thi s paper

EGTA Cd > Ca > Sr . - Ba > Mg Mar t el l and Smi t h, 1974

Qui n 2 Ca > Sr > Mg Hesket h et al . , 1983

Par val bumi n Cd > Ca > Sr > Mg Cave et al . , 1979

Tr oponi n C Ca > Cd > Sr > Ba - Mg Fuchs, 1971

Cal modul i n Ca - Cd > Sr > Ba - Mg Chao et al . , 1984
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