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ABSTRACT Si ngl e- channel f l uct uat i ons of a chl or i de- speci f i c channel

f r omTor pedo cal i f or ni ca el ect r opl ax wer e st udi ed wi t h hi gh cur r ent and t i me

r esol ut i on . Channel s wer e i ncor por at ed i nt o vi r t ual l y sol vent - f r ee pl anar

bi l ayer membr anes f or med f r om phosphol i pi d monol ayer s, and t he sub-

st r uct ur e of t he open channel was anal yzed . The si ngl e channel di spl ays

t hr ee wel l - def i ned subst at es of conduct ances 0, 10, and 20 pS i n 200 mM

Cl - . These t hr ee subst at es ar e i nt er pr et ed i n t er ms of a di mer i c channel

compl ex composed of t wo i dent i cal " pr ot ochannel s" gat i ng i ndependent l y

i n par al l el on a t i me scal e of mi l l i seconds, but coupl ed t oget her by a bur st i ng

pr ocess on a t i me scal e of seconds . The pr obabi l i t y of f or mi ng an open

pr ot ochannel i s vol t age dependent and i s i ncr eased st r ongl y as aqueous pH

i s l ower ed . Var i at i ons of pH ar e ef f ect i ve onl y on t he same si de of t he

bi l ayer as t he addi t i on of el ect r opl ax vesi cl es . The dependence of si ngl e-

channel ki net i cs on pH and vol t age l ead t o a mi ni mal f our - st at e model i n

whi ch bot h open and cl osed st at es can be pr ot onat ed on a r esi due t hat

changes i t s pK f r om6 t o 9 upon openi ng of t he pr ot ochannel .

I NTRODUCTI ON

The el ect r opl ax or gan of t he mar i ne el ect r i c r ay Tor pedo cal i f or ni ca car r i es

an i on channel hi ghl y speci f i c f or CI i on ( Mi l l er and Whi t e, 1980) .

Pur i f i cat i on st udi es i ndi cat e t hat t hi s channel r esi des i n t he noni nner -

vat ed- f ace pl asma membr ane of t he el ect r opl ax cel l ( Whi t e, 1981) . The

channel has been st udi ed by i nser t i on of noni nner vat ed- f ace membr ane

vesi cl es i nt o pl anar bi l ayer membr anes ( Whi t e and Mi l l er , 1979, 1981 a;

Mi l l er and Whi t e, 1980 ; Mi l l er , 1982) , by ani on f l ux measur ement s on

t hese vesi cl es ( Taguchi and Kasai , 1980 ; Whi t e and Mi l l er , 1981b) , and

by pat ch- r ecor di ng f r om l i posomes cont ai ni ng det er gent ext r act s of t he
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noni nner vat ed- f ace membr anes ( Tank et al . , 1982 ; Tank and Mi l l er ,

1983) . The channel di spl ays t wo t ypes of vol t age- dependent gat i ng pr o-

cesses : a sl ow pr ocess, on a t i me scal e of seconds, and a f ast pr ocess

occur r i ng i n mi l l i seconds . When si ngl e Cl - channel s ar e exami ned at hi gh

t i me r esol ut i on ( Mi l l er , 1982) , i t can be seen t hat channel s appear i n

" bur st s, " t hat bur st f or mat i on occur s on t he second t i me scal e, and t hat

wi t hi n a bur st , r api d gat i ng occur s among t hr ee wel l - def i ned conduct ance

st at es . Bur st f or mat i on has been t hus i dent i f i ed wi t h t he sl ow gat i ng

pr ocess st udi ed pr evi ousl y ( Whi t e and Mi l l er , 1979 ; Mi l l er and Whi t e,

1980) , wher eas t he mul t i - st at e f l uct uat i ons wi t hi n a bur st ar e r esponsi bl e
f or t he r api d pr ocess .

Thi s st udy i s concer ned wi t h t he r api d gat i ng pr ocess . I t has pr evi ousl y

been shown ( Mi l l er , 1982) t hat t he t hr ee " subst at es" of t he channel seen
wi t hi n a bur st can be under st ood i n t er ms of a di mer i c model of t he

channel pr ot ei n compl ex . The pr ot ei n i s vi ewed as a di mer of t wo i dent i cal

" pr ot ochannel s, " each of whi ch gat es on t he mi l l i second t i me scal e be-

t ween t wo st at es, open and cl osed . Thr ee di st i nct conduct ance st at es ar e

t hus gener at ed, cor r espondi ng t o t he openi ng of zer o, one, or t wo of

t hese pr ot ochannel s . Assumi ng t hat t he t hr ee subst at es ar e i n f act at t r i b-

ut abl e t o t he di mer i c mechani sm, i t i s possi bl e t o der i ve t he pr obabi l i t y

of openi ng of t he i ndi vi dual pr ot ochannel , as wel l as i t s r at e const ant s of

openi ng and cl osi ng ( Mi l l er , 1982) . We have f ound t hat t hese f undament al

pr ot ochannel par amet er s ar e pr of oundl y af f ect ed by t he pH of t he

aqueous phase ; i t i s our i nt ent i on her e t o char act er i ze t hi s ef f ect quant i -

t at i vel y . We show t hat pr ot ons act i vat e t he r api d openi ng of t he Cl -

channel , and we of f er a mi ni mal f our - st at e model t o account f or bot h t he

vol t age dependence and t he act i vat i on by pr ot ons .

MATERI ALS AND METHODS

Pl asma membr ane vesi cl es f r om T. cal i f or ni ca el ect r opl ax wer e pr epar ed f r om
f r esh t i ssue i mmedi at el y af t er di ssect i on, by f r act i onat i on on sucr ose densi t y
gr adi ent s ( Sobel et al . , 1977) . The l i ght f r act i on, whi ch i s enr i ched i n vesi cl es
der i ved f r om t he noni nner vat ed f ace of t he el ect r opl ax cel l ( Whi t e, 1981) , was
col l ect ed . The pr epar at i on was st or ed at - 70° C i n 0. 4 Msucr ose i n smal l
al i quot s, each of whi ch was t hawed onl y once, on t he day of t he exper i ment .

Li pi ds used t o f or m bi l ayer s wer e phosphat i dyl et hanol ami ne ( PE) and phos-
phat i dyl chol i ne ( PC) pr epar ed f r omegg yol ks ( Labar ca et al . , 1980) .

Pl anar Bi l ayer s and Channel I nser t i on

Pl anar bi l ayer s wer e f or med accor di ng t o Mont al and Muel l er ( 1972) , usi ng 6-
j Am- t hi ck t ef l on par t i t i ons wi t h hol es of - 150 um di am. Par t i t i ons wer e pr e-

t r eat ed wi t h n- hexadecane ( 5% i n n- pent ane) and al l owed t o dr y i n ai r . I n al l
exper i ment s, l i pi d monol ayer s wer e f or med at t he aqueous- ai r i nt er f ace f r om a
sol ut i on of 8 mMPE/ 2 mMPC i n n- pent ane ; pent ane was al l owed t o evapor at e
f r om t he monol ayer s f or at l east 5 mi n bef or e bi l ayer f or mat i on . The aqueous
phases wer e 200 mMNaCl / 10 mMHepes, adj ust ed t o t he exper i ment al pH
wi t h ei t her NaOH or Tr i s base .

Chl or i de channel s wer e i nser t ed i nt o t he bi l ayer by addi ng vesi cl es ( 1- 5 ug/
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ml ) t o t he ci s aqueous sol ut i on, wi t h cont i nuous st i r r i ng, i n t he pr esence of 500

mMur ea, al so added t o t he ci s chamber . I n cont r ast t o channel i nser t i on i nt o

decane- cont ai ni ng bi l ayer s ( Mi l l er and Whi t e, 1980) , t he t r ansmembr ane osmot i c

gr adi ent est abl i shed by ur ea addi t i on was r equi r ed her e, wi t h sol vent - f r ee bi l ay-

er s . Thi s r equi r ement has al so been obser ved i n t he f usi on of l i posomes wi t h

pl anar bi l ayer s ( Cohen et al . , 1980, 1982) . Channel i nser t i on was moni t or ed by

measur ement of conduct ance at a hol di ng pot ent i al of - 30 mV. Af t er t he f i r st

" f usi on" event ( det ect ed as an abr upt i ncr ease i n bi l ayer conduct ance) , t he ci s

chamber was ext ensi vel y per f used wi t h ur ea- f r ee sol ut i on t o r e- est abl i sh sym-

met r i cal aqueous condi t i ons and t o i nhi bi t f ur t her vesi cl e f usi on . Onl y mem-

br anes cont ai ni ng a si ngl e Cl - channel wer e used f or dat a anal ysi s ; i f mor e t han
one CI - channel was i nser t ed i n t he f i r st f usi on event , t he membr ane was br oken

and a new at t empt was made . To obt ai n a hi gh pr obabi l i t y of obt ai ni ng si ngl e-

channel membr anes, i t was necessar y t o soni cat e t he vesi cl es f or 2 mi n bef or e

use ( Mi l l er , 1982) . Al l exper i ment s wer e conduct ed at r oom t emper at ur e, 20-

22° C.
The basi c el ect r i cal set up has been descr i bed ( Mi l l er , 1982) . Vol t age was

appl i ed t o t he ci s aqueous sol ut i on ( t he opposi t e, t r ans si de was def i ned as gr ound)

wi t h an adj ust abl e bat t er y or f unct i on gener at or . The cur r ent acr oss t he bi l ayer

was r ecor ded usi ng a f ast cur r ent - t o- vol t age t r ansducer ( 10 Go f eedback r esi s-

t ance) based on a OPA101 ampl i f i er ( Bur r - Br own Resear ch Cor p . , Tucson, AZ) .

Feedback capaci t ance was compensat ed, and a hi gh- f r equency boost er ci r cui t

was used ( Hami l l et al . , 1981) . The cur r ent was st or ed on FMt ape f or subsequent

anal ysi s .

Dat a Anal ysi s

Dat a f r om FMt ape wer e f i l t er ed at 0 . 5- 1 kHz and sampl ed at 0 . 5- 1 kHz by a
MI NC 11/ 23 comput er ( Di gi t al Equi pment Co . , Maynar d, MA) . A pat t er n
r ecogni t i on pr ogr am was t hen appl i ed t o t he di gi t i zed r ecor ds t o i dent i f y t he
segment s of t i me spent i n t he t hr ee open- channel subst at es . The col l ect i on of
t he f ol l owi ng t i me segment s was used t o cal cul at e f or each of t he t hr ee subst at es :
t i me di st r i but i on, mean dwel l t i me, l ong- t er m f r equency of appear ance, and

mean conduct ance . Each t i me di st r i but i on was f i t wi t h a si ngl e- exponent i al

r el axat i on, t he t i me const ant of whi ch was compar ed wi t h t he mean dwel l t i me

of t he same dat a set . Ther e wer e t wo ser i ous l i mi t at i ons on t he dat a anal ysi s .

Fi r st , si nce t he channel i s r at her smal l ( 10 pS) , vol t ages smal l er t han 40 mV wer e

usual l y not usabl e f or t he si gnal - t o- noi se r at i o r equi r ed f or r el i abl e aut omat i c

anal ysi s . Thi s made i t i mpossi bl e t o anal yze dat a bet ween pH 9 and 10 . Second,

at hi ghl y negat i ve vol t ages and l ow pH val ues, t he r at e of t he " sl ow" gat i ng

pr ocess became f ast enough t o cont ami nat e t he f ast pr ocess si gni f i cant l y ; i n t hi s

case, i t was necessar y t o anal yze t he dwel l - t i me di st r i but i ons wi t h doubl e- expo-

nent i al r el axat i ons, usi ng t he f ast er component as a measur e of t he t r ue subst at e
f l uct uat i ons . I n t hese cases, t he ampl i t ude of t he sl ow f r act i on was never mor e
t han 10%of t he t ot al r el axat i on ampl i t ude . Dat a wer e col l ect ed f or anal ysi s onl y
f r om l ong- l ast i ng bur st s, i . e . , bur st s i n whi ch at l east 100 subst at e f l uct uat i ons
occur r ed .

RESULTS

Si ngl e chl or i de channel s f r om Tor pedo el ect r opl ax, when exami ned at 1

I ns t i me r esol ut i on, di spl ay a char act er i st i c " bur st i ng" pat t er n, i n whi ch
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l ong si l ent per i ods al t er nat e wi t h " act i ve" per i ods ( Fi g. 1) . Dur i ng an
act i ve per i od, t he channel f l uct uat es r api dl y among t hr ee subst at es, named
U, M, and D, wi t h conduct ances 20, 10, and 0 pS i n 200 mM Cl - ,

r espect i vel y . The f act t hat t hese t hr ee subst at es al ways appear and di sap-
pear t oget her i dent i f i es t hi s t hr ee- l evel bur st as t he conduct i ng uni t of

t he Cl - channel pr ot ei n and appear s t o i ndi cat e r at her compl i cat ed mul t i -

st at e behavi or of t he channel . However , a si mpl e expl anat i on of t he t hr ee
subst at es has been pr esent ed ( Mi l l er , 1982) : a di mer i c model i n whi ch t he
channel compl ex i s composed of t wo i dent i cal , physi cal l y di st i nct Cl -
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FI GURE 1 . Di mer i c bur st s of Cl - channel s . A si ngl e Cl - channel was
i nser t ed i nt o a Mont al - Muel l er bi l ayer as descr i bed i n Mat er i al s and Met h-
ods, and cur r ent was measur ed at - 120 mV hol di ng pot ent i al . I n al l t r aces
i n t hi s r epor t , upwar d def l ect i on cor r esponds t o channel openi ng .

di f f usi on pat hways, or " pr ot ochannel s . " Each of t he pr ot ochannel s under -
goes t r ansi t i ons bet ween an open and a cl osed st at e; t he t hr ee equal l y
spaced subst at es r epr esent t he openi ng of bot h, one, or nei t her of t he
t wo pr ot ochannel s . The f l uct uat i ng pr ot ochannel s appear and di sappear
t oget her vi a a second gat i ng pr ocess oper at i ng on a sl ower t i me scal e .

Our pur pose her e i s t hr eef ol d . Fi r st , we wi sh t o subj ect t he above
di mer i c pi ct ur e of t he r api d gat i ng pr ocess t o mor e ext ensi ve quant i t at i ve
t est s t han pr evi ousl y pr esent ed . Second, we document t he st r ong ef f ect
of t he pH of t he aqueous medi umon t he r api d gat i ng behavi or . Fi nal l y,
we i nf er f r om t he subst at e f l uct uat i ons of t he channel compl ex a ki net i c
model f or t he i ndi vi dual pr ot ochannel ' s gat i ng pr ocess .

Test s of Di mer i c Gat i ng Model

I f we do not consi der t he l ong cl osed i nt er val s bet ween channel bur st s,
t r ansi t i ons among t he channel ' s t hr ee subst at es can be f or mal i zed i n t er ms
of t he di mer i c model vi a scheme 1 :
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Her e, t he r at e const ant s X and A, r epr esent t he f undament al openi ng and
cl osi ng r at es of each i ndi vi dual pr ot ochannel . Thi s scheme makes sever al

st r ong pr edi ct i ons concer ni ng t he pr obabi l i t i es of appear ance of t he
subst at es and t he r at es of t r ansi t i on among t hem. We def i ne t he f r equency
of t he i t h subst at e, f , as t he pr obabi l i t y of obser vi ng t hat st at e wi t hi n a
bur st . I t i s di r ect l y measur abl e f r om t he f r act i on of t i me t he channel
spends i n t he i t h subst at e . Then, i f t he pr ot ochannel s ar e i dent i cal and
i ndependent i n t hei r r api d gat i ng, i t i s r equi r ed t hat t he subst at e f r equen-
ci es be bi nomi al l y di st r i but ed :

f D = ( I _

	

_ p) 2

	

f m = 2p( I - p)

	

f U =
p2,

	

( 2)

wher e p i s t he f undament al pr obabi l i t y of an i ndi vi dual pr ot ochannel
bei ng i n i t s open st at e, t he " act i vat i on pr obabi l i t y" ; i t i s al so di r ect l y
measur abl e :

p = ( f m + 2f u) / 2 .

Fur t her mor e, t he mean dwel l t i mes, Ti , i n t he t hr ee subl evel s can be
wr i t t en by i nspect i on of scheme 1 :

TD

	

+ ~)

	

Tu = Il 2l l .

	

( 4)

Fi nal l y, t he act i vat i on pr obabi l i t y i s r el at ed t o t he r at e const ant s :

29

pl ( I - p) = X/ w;

	

( 5)

t hi s quant i t y i s t he obser ved equi l i br i umconst ant f or openi ng. Ther ef or e,
f r om Eqs . 4 and 5, t he t wo r at e const ant s X and u ar e over det er mi ned
f r om t he f our measur abl e quant i t i es TD, TM, Tu , and p :

A = !l 2TD

	

/ . !. _ ~JTU;

	

( 6)

= p/ TM A = ( I - p) / TM.

	

7

The scheme t hus demands t hat t he r at e const ant s cal cul at ed f r om t hese
i ndependent measur ement s agr ee.

Tabl e I shows a sampl e comput er anal ysi s of subst at e f l uct uat i ons
wi t hi n a bur st , at a si ngl e vol t age and pH. The measur ed f r equenci es, f ,
f ol l ow t he a pr i or i pr edi ct i on of a bi nomi al di st r i but i on, Eq . 2, wi t hi n 5%.
The r at e const ant s agr ee wi t hi n 10%whet her cal cul at ed f r om Eq . 6 or
Eq . 7 . Fi nal l y, t he t hr ee subst at es ar e equal l y spaced i n conduct ance,
wi t hi n 5%. I t i s al so i mpor t ant t o r eal i ze t hat t he mean dwel l t i mes agr ee
wel l wi t h t he t i me const ant of t he exponent i al di st r i but i on of dwel l t i mes .
The dat a of Tabl e I ar e pr esent ed as an exampl e r epr esent at i ve of our
exper i ence wi t h t he syst em, over t he ent i r e r ange of pHand vol t age used
her e . We concl ude f r om t hese t est s t hat t he di mer i c model i s suf f i ci ent t o
expl ai n t he t hr ee- st at e f l uct uat i ons of t he channel , and t hat we can use
t he obser ved t r ansi t i ons among t hese subst at es t o ext r act t he f undament al
gat i ng par amet er s of t he si ngl e pr ot ochannel .
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Dependence of Gat i ng Pr obabi l i t y on Vol t age and pH

The Cl - channel subst at e f l uct uat i ons show a pr onounced vol t age de-
pendence ( Fi g . 2) . At a f i xed pH, as vol t age i s made mor e negat i ve, t he

l ower conduct ance subst at es ar e i ncr easi ngl y f avor ed at t he expense of
t he hi gher . I n t er ms of t he di mer i c model , t he pr ot ochannel act i vat i on

pr obabi l i t y i ncr eases wi t h vol t age, and t hi s pr obabi l i t y f ol l ows t he pr edi c-

t i on of a t wo- st at e channel model ( Ehr enst ei n et al . , 1970 ; Labar ca et al . ,

TABLE I

Anal ysi s of Si ngl e- Channel Subst at e Fl uct uat i ons

Measur ed

	

Subst at e

val ues D

	

M

	

U

i ( ms)

	

14 . 6 ( 14 . 1)

	

9 . 8 ( 8 . 5)

	

8 . 3 ( 7 . 9)

f

	

0 . 40 ( 0 . 39)

	

0 . 44 ( 0 . 47)

	

0 . 16 ( 0 . 14)

' y ( ps)

	

0

	

10 . 4 : 0 . 3

	

21 . 1 . 10 . 4

Thi s t abl e pr esent s an anal ysi s of a si ngl e dat a set t ypi cal of t he dat a t o be used

her e. A si ngl e channel was exami ned at - 100 mV, pH 7 . 5 . Pr ot ochannel

act i vat i on pr obabi l i t y p was measur ed f r om t he subst at e f r equenci es f usi ng Eq .

3 . Thi s val ue was t hen used t o cal cul at e t he subst r at e f r equenci es pr edi ct ed by a

bi nomi al di st r i but i on ( shown i n par ent heses) . Mean dwel l t i mes i n t he t hr ee

subst at es, i , wer e cal cul at ed di r ect l y and ar e compar ed wi t h l east - squar es r egr es-

si on- l i ne t i me const ant s of t he dwel l t i me di st r i but i ons ( i n par ent heses) . Rat e

const ant s of openi ng, a, and cl osi ng, u, wer e cal cul at ed vi a Eq . 6 or Eq . 7, as

i ndi cat ed . Subst at e conduct ances, - y, ar e al so shown .

1980) , i n whi ch an equi val ent char ge, z, moves
upon channel openi ng ( Fi g . 4) :

p( V) = [ 1 + e' ( ` ' - vo) I RTI - t

acr oss t he membr ane

For t he dat a of Fi g . 2 ( r ecor ded at pH 7 . 0) , z = 1 . 1 and t he hal f - sat ur at i on
vol t age, Vo , i s - 85 mV. The pr ot ochannel t her ef or e appear s t o gat e by a
si mpl e mechani sm i nvol vi ng onl y t wo conf or mat i onal st at es, open and
cl osed .

The aqueous pH al so cont r ol s t he channel ' s subst at e gat i ng ( Fi g . 3) . I n
t hese r ecor ds, t he pH was var i ed, whi l e vol t age was hel d f i xed . I t i s
appar ent t hat l ower i ng t he pH t ends t o dr i ve t he pr ot ochannel open,
wher eas r ai si ng i t has t he opposi t e ef f ect . The channel conduct ance i s
i ndependent of pH i n t hi s r ange . I n Fi g . 4, t he ef f ect s of bot h vol t age
and pH on t he f undament al openi ng pr obabi l i t y ar e shown . At each pH
val ue, t he pr obabi l i t y- vol t age cur ve f ol l ows Eq . 8 . Lower i ng t he pH

Cal cul at ed val ues

p = 0 . 38

Equat i on used

3

=365' 6

a =40 s' 7

, u=635' 6

=675' 7
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pr ogr essi vel y shi f t s Vo t owar d mor e negat i ve val ues, but z changes onl y
sl i ght l y, f r om 1 . 3 at hi gh pH t o - 1 . 0 at l ow pH ( Fi g . 5) . Thi s pH- dr i ven
shi f t i n V. , ^ - 60 mV per pH uni t , i s t he basi s f or t he " pr ot on act i vat i on"
of t he chl or i de channel . By exami ni ng t he pHdependence of t he appar ent
equi l i br i umconst ant f or openi ng vi a Hi l l pl ot s ( e. g . , Fi g . 6) , we obt ai n an

pH 7, 8

I 2pA

0 . 26

I s

FI GURE 2 .

	

Vol t age dependence of Cl - channel subst at es . Subst at e f l uc-
t uat i ons of a si ngl e Cl - channel ar e shown at t he i ndi cat ed vol t ages, wi t h a
sol ut i on pH of 7 . 0 . The cur r ent s cor r espondi ng t o t he t hr ee subst at es D,
M, and U ar e mar ked . These t r aces wer e al l t aken f r om t he same bi l ayer .
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FI GURE 3 .

	

Ef f ect of pH on subst at e f l uct uat i ons . Si ngl e channel s wer e
obser ved at a hol di ng pot ent i al of - 100 mV, i n sol ut i ons adj ust ed symmet -
r i cal l y t o t he i ndi cat ed pH val ues. Each t r ace i s t aken f r om a separ at e
membr ane .
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i ndi cat i on of t he mol ecul ar i t y of t he pr ot on act i vat i on . The sl opes of t he

Hi l l pl ot s ar e cl ose t o uni t y at al l vol t ages st udi ed, one of whi ch i s shown

her e ; t hi s r esul t suggest s t hat onl y one pr ot on i s i nvol ved i n t he pr ot on-

dr i ven channel openi ng.

V ' MV

FI GURE 4. Pr ot ochannel act i vat i on pr obabi l i t y : dependence on vol t age
and pH. Fundament al act i vat i on pr obabi l i t y, p, of t he i ndi vi dual pr ot ochan-
nel was cal cul at ed f r om subst at e f r equenci es as i n Fi gs . 2 and 3 vi a Eq . 3 .
Dat a at each pH val ue wer e f i t t o Eq . 8, wi t h par amet er s gi ven bel ow.
These ar e compi l ed dat a col l ect ed f r om 25 separ at e bi l ayer s ; dat a f r om 2-
5 separ at e bi l ayer s wer e used f or each pH val ue, and each poi nt r epr esent s
t he aver age of 2- 4 dat a set s, each i nvol vi ng 100- 1, 000 f l uct uat i ons . (" )
pH 6. 0, Vo = - 200 mV, z = 0 . 8 . ( +) pH 7. 0, Vo = - 116 mV, z = 1 . 0 . ( p)
PH7. 5, V. =- 85mV, z=1 . 1 . ( 0) PH8 . 0, V. =- 52 mV, z=1 . 1 . ( 0) PH

8. 5, Vo =- 29mV, z=- 1 . 2 . ( 0) PH10 . 4, V. =+62mV, z=1 . 3 .

1 . 0

Z

0. 9

0

200

100

V0 , MV 0

- 100

- 200

FI GURE 5 . Pr ot ochannel openi ng par amet er s : dependence on pH. The
ef f ect i ve gat i ng char ge z and hal f - sat ur at i on vol t age V. , det er mi ned as i n
Fi g . 4, ar e di spl ayed as a f unct i on of pH. The sol i d l i ne was dr awn
empi r i cal l y f or t he gat i ng char ge dat a ( A) . The cur ve t hr ough t he Vo dat a
was dr awn accor di ng t o Eq . 18 . Par amet er s used f or t hi s f i t wer e : K, ( 0) =
0. 25, pKo = 9. 5, pK, : = 6 . 0 . Er r or bar s wer e det er mi ned by r ocki ng t he
l i near i zed dat a of Fi g . 4 by eye and not i ng t he wor st - case val ues .



HANKS AND MI LLER Pr ot on- act i vat ed Cl - Channel

The exper i ment s above wer e car r i ed out wi t h symmet r i cal var i at i on of

pH, t o el i mi nat e t he possi bi l i t y of asymmet r i cal changes i n sur f ace pot en-

t i al as t he PE ami no gr oup i s t i t r at ed ( pK = 9 . 5) . However , al l t he ef f ect s

of pH descr i bed her e can be br ought about by changi ng t he pH onl y on

t he ci s si de of t he bi l ayer . For exampl e, no ef f ect on r api d gat i ng coul d

be di scer ned when t he t r ans pH was r ai sed f r om 7 . 0 t o 10 . 0 ( dat a not

shown) ; a si mi l ar var i at i on i n t he ci s pH l ower s t he equi l i br i um const ant

f or openi ng 1, 000- f ol d . Pr evi ous wor k ( Mi l l er and Whi t e, 1980) has

document ed t he st r ong ef f ect s of ci s pH on t he macr oscopi c st eady st at e

conduct ance of bi l ayer s cont ai ni ng many Cl - channel s .

100

0. 1 1
1 - r

9 8 7 6

pH

Ef f ect s of Vol t age and pH on Gat i ng Ki net i cs

33

FI GURE 6 .

	

Hi l l pl ot f or pr ot on act i vat i on at - 70 mV. Pr ot ochannel act i -
vat i on pr obabi l i t y p was det er mi ned at - 70 mV as i n Fi g . 3, at pH val ues
i ndi cat ed, t o gener at e t he Hi l l pl ot shown . The sol i d cur ve i s dr awn
accor di ng t o Eq . 11, wi t h K, ( - 70 mV) = 0 . 04, pKa = 9 . 0, pKc = 5. 0 . The
dashed l i ne i s dr awn f or r ef er ence wi t h a sl ope of uni t y .

To devel op a pi ct ur e of t he act i vat i on of Cl - channel s by pr ot ons, i t i s
necessar y t o suppl ement t he above r esul t s on gat i ng equi l i br i um wi t h
si mi l ar st udi es on gat i ng ki net i cs . The pr obabi l i t y di st r i but i ons of al l t hr ee
subst at es wer e f ound t o be si ngl e- exponent i al ( Fi g . 7) . Fr om t he mean

dwel l t i mes i n t he t hr ee subst at es, we can cal cul at e t he r at es of openi ng

and cl osi ng of t he i ndi vi dual pr ot ochannel vi a Eq . 6 or Eq . 7, as i n Tabl e
I . I n Fi gs . 8 and 9, we see t hat bot h f undament al r at e const ant s depend
on vol t age and pH. At al l pH val ues, openi ng and cl osi ng r at e const ant s
var y exponent i al l y wi t h vol t age . At al l vol t ages, bot h t he openi ng and
cl osi ng r at e const ant s var y wi t h pr ot on act i vi t y, but not i n a si mpl e way .
As pr ot on act i vi t y i ncr eases, t he cl osi ng r at e const ant decr eases t o a
l i mi t i ng val ue bel ow pH 6; t hi s sat ur at i on i s mor e cl ear l y appar ent i n a
r eci pr ocal pl ot of t he dat a ( Fi g. 9C) . The exi st ence of a l i mi t i ng val ue f or
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A at hi gh pH i s al so suggest ed . The openi ng r at e const ant i s an i ncr easi ng
f unct i on of pr ot on act i vi t y ; a l i mi t i ng val ue at hi gh pH i s appar ent , but i f
a l ow- pH asympt ot e exi st s, i t i s t oo r api d t o be det ect ed by our r ecor di ng
syst em. Bel ow, we wi l l see t hat t hi s behavi or of t he r at e const ant s al l ows
us t o choose a mi ni mal model f or t he gat i ng of t he pr ot ochannel .

P ( t ) 0 . 1

DI SCUSSI ON

FI GURE 7 . Ti me di st r i but i ons of Cl - channel subst at es . Si ngl e- channel
dwel l - t i me di st r i but i ons i n t he i ndi cat ed subst at es wer e det er mi ned at - 85
mV and pH 7 . 5, as descr i bed i n Mat er i al s and Met hods . Ti me const ant s i n
t hi s exper i ment wer e 19, 5, and 3 ms f or t he D, M, and U st at es, r espec-
t i vel y ; mean t i mes and t i me const ant s agr eed wi t hi n 5%er r or . Pr obabi l i t y,
P( t ) , i s pl ot t ed as a cumul at i ve di st r i but i on based on 1, 659 t ot al event s .

- 150 - 100 - 50 0

	

- 150 - 100 - 50 0

V, TV

	

V, TV

FI GURE 8 .

	

Vol t age dependence of openi ng and cl osi ng r at e const ant s .
Rat e const ant s f or openi ng, X, and cl osi ng, j , wer e det er mi ned f r om
subst at e f l uct uat i on ki net i cs at t he i ndi cat ed pH val ues, accor di ng t o Eqs . 6
and 7 . Each poi nt r epr esent s dat a t aken f r om t wo t o t hr ee separ at e bi l ayer s .

I n at t empt i ng t o under st and t he gat i ng of t he Tor pedo Cl - channel , we
have encount er ed t wo t ypes of compl i cat i ons . The f i r st i s t he exi st ence
of t wo gat i ng pr ocesses i n t hi s channel . The sl ow pr ocess, on t he t i me
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scal e of seconds, has been pr evi ousl y st udi ed ( Whi t e and Mi l l er , 1979 ;
Mi l l er and Whi t e, 1980) and does not concer n us her e ; onl y t he f ast
pr ocess i s pr esent l y under st udy . Al t hough i t i s easy t o di st i ngui sh t he t wo
gat i ng pr ocesses by vi r t ue of t he di f f er ent t i me scal es i n whi ch t hey
oper at e, an addi t i onal compl i cat i on ar i ses i n t r yi ng t o st udy t he f ast gat i ng

P18
- 1

200

1' 14

100

1000

100

10

i

9 a 7 6

	

9 e 7 6

pH

	

pH

9 7

	

as
pH

C

	

D

ms

	

Jl MS

	

MV

300

Xx,

- 100 mV

	

10

- 70 mV

100

- 70 mV

~ - 100 mV

35

pH

FI GURE 9.

	

Openi ng and cl osi ng ki net i cs : dependence on pH. Rat e con-
st ant s f or openi ng and cl osi ng wer e measur ed as i n Fi g . 8, at t he i ndi cat ed
vol t ages as a f unct i on of pH. Sol i d cur ves ar e dr awn accor di ng t o Eq . 19,
wi t h t he f ol l owi ng par amet er s : pKo = 9 . 0, pK, = 5 . 9, A. , = X2 = 1, 000 s' ,

f or bot h vol t ages ; w2( - 70) = 4 s- ' , t <2( - 100) = 7 s' ; al ( - 70) = 30 s' ,
a, ( - 100) = 10 s' . ( A) Cl osi ng r at e ; ( B) openi ng r at e ; ( C) mor e ext ensi ve
dat a f or cl osi ng r at e, pl ot t ed on a r eci pr ocal - l i near scal e, t o i l l ust r at e t he
l i mi t i ng val ue at l ow pH; ( D) as i n C, f or openi ng r at e .

behavi or . I t appear s as t hough t wo separ at e " pr ot ochannel s" i ndepen-
dent l y open and cl ose t o gener at e t he t hr ee obser ved " subst at es" of t he
channel compl ex . St r ong suppor t f or t hi s di mer i c model i s pr esent ed i n
Tabl e 1 . Gi ven t he val i di t y of t hi s expl anat i on, we can t hen r educe our
quest i ons about t he r api d gat i ng behavi or t o a si mpl er l evel : how does
t he i ndi vi dual pr ot ochannel open and cl ose? How do vol t age and pr ot on
act i vi t y cont r ol t he i ndi vi dual pr ot ochannel gat i ng pr ocess? The r emai n-
der of t hi s di scussi on deal s onl y wi t h t he pr oper t i es of t he pr ot ochannel .
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We emphasi ze t hat we do not obser ve pr ot ochannel s i n i sol at i on ; t hey

al ways appear i n pai r s i n t he Cl - channel compl ex . But by assumi ng t he

di mer i c model i s cor r ect , we can ext r act i nf or mat i on about t he pr ot o-

channel f r om t he obser ved r api d gat i ng among t he t hr ee act i ve- channel

subst at es .

Pr ot ochannel Gat i ng Scheme

Pr evi ousl y, Mi l l er ( 1982) suggest ed t hat t he i ndi vi dual pr ot ochannel

oper at es by a si mpl e vol t age- dependent mechani sm, i nvol vi ng onl y t wo

st at es, open and cl osed . The st r ong ef f ect of pH on t he pr ot ochannel

gat i ng behavi or r ul es out t hi s pr oposal ; si nce pr ot onat i on as wel l as vol t age

can dr i ve t he channel open, we must post ul at e t he exi st ence of at l east

one addi t i onal st at e of t he pr ot ochannel i n whi ch a pr ot onat i on r eact i on

occur s . The f act t hat t he Hi l l coef f i ci ent f or t he pr ot on act i vat i on ef f ect

i s cl ose t o uni t y ( Fi g . 6) suggest s t hat onl y a si ngl e pr ot on par t i ci pat es i n

t hi s r eact i on . The mast compl et e scheme wi t h onl y a si ngl e pr ot onat i on

si t e t her ef or e f or ms t he basi s of t hi s di scussi on :

Gat i ng Equi l i br i um

X1

CEO

X2

CH=OH

A2

Her e, C and CH r ef er t o unpr ot onat ed and pr ot onat ed st at es of t he

cl osed channel , and Oand OH r ef er si mi l ar l y t o t he open channel . Bot h

cl osed st at es ar e assumed t o have zer o conduct ance, and bot h open st at es

ar e assumed t o have i dent i cal conduct ance ( 10 pS under exper i ment al

condi t i ons her e) . The pr ot onat i on equi l i br i a ar e descr i bed by t he aci d

di ssoci at i on const ant s f or t he cl osed and open st at es, K, and Ko , r espec-

t i vel y . Openi ng and cl osi ng r at es ar e descr i bed f or bot h t he unpr ot onat ed

( a l and , ul ) and pr ot onat ed ( a2 and A2) channel s . The cor r espondi ng

equi l i br i um const ant s f or openi ng ar e gi ven by :

Kl = X1/ , u1

	

K2 ' X21A2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

	

( 10)

At a gi ven pH, t he obser ved gat i ng behavi or wi l l r epr esent a mi xt ur e of

t he gat i ng pr ocesses of t he " pur e" unpr ot onat ed and " pur e" pr ot onat ed

st at es . The behavi or of each of t hese pur e st at es i s appr oached at t he

cor r espondi ng ext r eme of pH.

The equi l i br i um r esul t s on pr ot on act i vat i on show t hat i n t he unpr ot on-

at ed channel t he equi l i br i um l i es mor e t owar ds t he cl osed st at e t han i n

t he pr ot onat ed channel . Thi s, i n t ur n, r equi r es t hat i n t he cl osed st at e
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t he t i t r at abl e gr oup have a l ower pK t han i n t he open st at e . The gener al
scheme above can be used t o pr edi ct t he var i at i on of openi ng pr obabi l i t y
wi t h pr ot on act i vi t y [ H] :

p/ ( 1 - p) = KI ( 1 + [ H] / K. ) / ( l + [ H] / Kc ) ,

	

( 11)

wher e KI , Ka , and K, may al l be vol t age dependent . Si nce t he Hi l l pl ot
( Fi g . 6) i s l i near i n t he r anj e pH 6. 5- 8 . 5, anal ysi s of Eq . 11 r equi r es t hat
Kc > 10 - 6 Mand Ka < 10 . M.

We al so not e t hat consi der at i ons of det ai l ed bal ance demand t hat :

KI Kc = K2Ka,

	

( 12)

whi ch pl aces const r ai nt s not onl y on t he val ues of t he K' s, but al so on
t hei r vol t age dependences . I n par t i cul ar , we assume t hat each- equi l i br i um
const ant var i es wi t h vol t age accor di ng t o :

K; ( V) = K; ( 0) e" " , ( 13)

wher e z; i s t he " ef f ect i ve gat i ng char ge" of t he appr opr i at e st ep i n scheme
9 . Then, Eq . 12 l eads t o t he r el at i on :

zI +zc=z2+zazyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

	

( 14)

Thi s r el at i on among t he gat i ng char ges must hol d i n gener al ; an obser ved
gat i ng char ge, zabs, can be def i ned as :

RT I d I n [ p/ ( 1 - p) ]

	

( 15)zaps
=
F

	

dV

	

}
_

	

'
P 0 . 5

i n anal ogy wi t h t he def i ni t i on of gat i ng char ge i n a t wo- st at e model
( Ehr enst ei n et al . , 1970) . Ther ef or e, we expect t hat i n gener al zobs wi l l
var y wi t h pH, si nce i nt r oduci ng Eqs . 11 and 13 i nt o Eq . 15, we get

zabs = zI - 1 + Ka( O) e1/ RT +
1 +

Kc ( 0) ekI / RT

	

( 16 )

[ H]

	

[ H]

wher e Va i s t he vol t age f or p = 0 . 5, and i s i mpl i ci t l y gi ven by Eq . 11 . I f
t he aci d di ssoci at i on const ant s do not var y wi t h vol t age, t hen zabs wi l l be
pH i ndependent :

t abs = zI = z2 ( f or za = z, = 0) .

	

( 17)

Fi gs . 4 and 5 show t hat pr ot on act i vi t y exer t s a pr of ound ef f ect upon
t he posi t i on of t he pr obabi l i t y- vol t age cur ve upon t he vol t age axi s, but
has no di scer nabl e i nf l uence on t he st eepness of t he act i vat i on cur ves .
Thi s, i n t ur n, suggest s t hat t he " conf or mat i onal " equi l i br i a cont ai n al l of
t he vol t age dependence, and t hat t he pr ot onat i on r eact i ons cont ai n none .

The gener al scheme al so al l ows us t o pr edi ct t he shi f t i n Va wi t h pr ot on
act i vi t y . By not i ng t hat p = I/ 2 at V= Va , and assumi ng t hat t he pr ot onat i on
r eact i ons ar e i ndependent of vol t age, Eq . 11 l eads t o :
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- RT

	

(Kj ( 0) ( 1 + [ H] / K. )

Z. b, F
l nj

	

( I + [ H] / &)

	

t
The obser ved pH var i at i on of Vo ( Fi g . 5B) i s i n good agr eement wi t h Eq .
18, wi t h K, = 10- s Mand Ko = 10- 9. 5 M, i f we i gnor e t he si ngl e poi nt at
pH 10 . 4 . These val ues ar e si mi l ar t o t hose der i ved above f r om t he Hi l l
pl ot ( Fi g . 6) . Fur t her mor e, t he f i t t o Eq . 18 i mpl i es t hat K1 ( 0) < 1 . 5 and
Ks( 0) > 1, 500 .

We have model ed scheme 9 i n det ai l ( not shown) t o exami ne mor e
cl osel y whet her t he aci d di ssoci at i on const ant s mi ght be subst ant i al l y

vol t age dependent . We f i nd t hat , at most , 10%of t he gat i ng char ge coul d
be con&4ed i n t he pr ot onat i on equi l i br i a, t o be consi st ent wi t h bot h t he
pH dependence of Vo and t he pH i ndependence of z o b. . We can t her ef or e
val i dl y pl ace al l t he vol t age dependence of t he channel gat i ng i n t he
openi ng/ cl osi ng r eact i ons and can consi der t he pr ot onat i on st eps i nde-
pendent of vol t age .

Gat i ng Ki net i cs

A cr uci al pi ece of i nf or mat i on not pr ovi ded by t he equi l i br i um measur e-
ment s i s t he degr ee of communi cat i on among t he f our st at es . An anal ysi s
of t he pH dependence of t he si ngl e- pr ot ochannel ki net i cs i s r equi r ed t o
el i mi nat e a number of si mpl er t r ansi t i on schemes t hat woul d be consi st ent
wi t h t he equi l i br i um r esul t s . We r epr esent t he gener al model of scheme
9, i n whi ch al l r el evant st at es communi cat e, wi t h a squar e di agr am:

A ki net i c scheme of t hi s t ype pr edi ct s t hat t he dwel l - t i me di st r i but i ons

of bot h open and cl osed st at es shoul d be doubl e- exponent i al , i n whi ch

bot h t he ampl i t udes and r at e const ant s of t he exponent i al r el axat i ons
depend on pH ( Col quhoun and Hawkes, 1981) . We obser ve onl y si ngl e-
exponent i al di st r i but i ons f or bot h open and cl osed t i mes, a r esul t r equi r -
i ng t hat t he t wo pr ot onat i on equi l i br i a be r api d wi t h r espect t o t he t wo
ot her r eact i ons ( Col quhoun and Hawkes, 1981) . For exampl e, t hi s r esul t
r ul es out t he t wo schemes

t hat demand t hat ei t her t he open or cl osed t i me show a doubl e- exponen-
t i al di st r i but i on, and t hat t he ampl i t udes, but not t he r at e const ant s, of
t he exponent i al s var y wi t h pH.

Ot her schemes ar e el i mi nat ed by t he par t i cul ar behavi or of t he openi ng
and cl osi ng r at e const ant s as a f unct i on of pH. Consi der t he sequent i al
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scheme bel ow i n whi ch onl y t he unpr ot onat ed st at e of t he channel can

open and cl ose :

Her e, si ngl e- exponent i al di st r i but i ons ar e per mi t t ed i f t he pr ot onat i on
r eact i ons ar e r api d compar ed wi t h t he openi ng and cl osi ng st eps . But now
bot h t he openi ng and cl osi ng r at es must var y i nver sel y wi t h pr ot on
act i vi t y . Exper i ment al l y, we do not obser ve t hi s ( Fi g . 9) . The openi ng
r at e act ual l y i ncr eases st r ongl y wi t h pr ot on act i vi t y, and t he cl osi ng r at e
at t ai ns a mi ni mum val ue at l ow pH, as i s cl ear l y shown i n t he r eci pr ocal
pl ot of Fi g . 9C. Si mi l ar l y, t he compl ement ar y sequent i al scheme

i s el i mi nat ed by si mi l ar ar gument s . Si mpl er sequent i al model s such as

and

ar e al so r ul ed out , si nce t hese demand t hat ei t her t he cl osi ng or openi ng
r at e const ant be i ndependent , of pH.

The ki net i c dat a, t hen, i dent i f y scheme 9 as t he si mpl est model t o
expl ai n t he act i vat i on of t he channel by pr ot ons . Assumi ng t hat bot h
pr ot onat i on equi l i br i a ar e r api d ( as i mpl i ed by t he obser vat i on of si ngl e-
exponent i al t i me di st r i but i ons) , we can t hen wr i t e t he var i at i on of r at e
const ant wi t h H+ act i vi t y :

X( [ H] ) = ( A1 + X2[ H] / Kc) / ( 1 + [ H] / K, : )

A( [ H] ) = ( I CI + I A2[ H] / Ko) / ( 1 + [ Hl / K. )

( 19a)

( 19b)

wher e t he par amet er s ar e now i ndependent of pH ( but do, i n gener al ,
var y wi t h vol t age) . Bot h openi ng and cl osi ng r at es ar e expect ed by Eq .
19 t o r each l i mi t i ng val ues at bot h hi gh and l ow pH. These cor r espond
t o t he openi ng and cl osi ng r at es of t he pur e unpr ot onat ed or pur e
pr ot onat ed channel , r espect i vel y . Over t he vol t age r ange - 20 t o - 120
mV, l i mi t i ng val ues f or t he openi ng r at e at hi gh pH, and t he cl osi ng r at e
at l ow pH, ar e cl ear l y i ndi cat ed by our dat a ( see Fi g . 9 f or an exampl e) .
The val ues f or t hese pur e r at e const ant s ar e shown i n Fi g . 10 . Bot h var y
exponent i al l y wi t h vol t age, as expect ed f or si mpl e t wo- st at e behavi or
( Ehr enst ei n et al . , 1974; Labar ca et al . , 1980) . For t he pur e unpr ot onat ed
channel , - 60%of t he equi l i br i um gat i ng char ge, z I , i s cont ai ned i n t he
openi ng r at e a ; hence, 40%of t he equi l i br i umvol t age dependence l i es i n
t he cl osi ng r at e I . , . Si mi l ar l y, f or t he pur e pr ot onat ed channel , 35%of
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t he equi l i br i um gat i ng char ge, z, , r esi des i n t he cl osi ng r at e 142, and 65%
i n t he openi ng r at e A2 . Thus, t he di st r i but i on of char ge movement i n
openi ng and cl osi ng r eact i ons appear s si mi l ar f or bot h pr ot onat ed and
unpr ot onat ed st at es of t he channel .

Unf or t unat el y, t he openi ng r at es at l ow pH and t he cl osi ng r at es at
hi gh pH i ncr ease beyond t he t i me r esol ut i on of our syst em, and so onl y
a hi nt of l i mi t i ng val ues can be di scer ned . The measur ed openi ng r at es
and equi l i br i um const ant s, however , al l ow us t o pl ace l i mi t s on t hese

- 120 - 80 - 40 0

V, TV

FI GURE 10 .

	

Vol t age dependence of pur e ki net i c const ant s . Pur e ki net i c
const ant s a, and , u2 wer e det er mi ned f r om dat a as i n Fi g. 9, by f i t t i ng Eq .
19, at t he i ndi cat ed vol t ages . Sl opes of t he l i nes dr awn gi ve t he ef f ect i ve
gat i ng char ge of t he openi ng of t he unpr onat ed pr ot ochannel ( 0 . 65) , and
of t he cl osi ng of t he pr ot onat ed channel ( - 0 . 35) .

" i nvi si bl e" r at e const ant s . I n Tabl e 11, best - f i t val ues f or t he par amet er s

ar e shown ; t he l i mi t i ng r at e const ant s A2 and A, l i e i n t he r ange 500-

5, 000 s - I , j ust beyond t he l i mi t of r esol ut i on her e .

We woul d l i ke t o know t he vol t age dependences of al l t he par amet er s

i n scheme 9 . As shown above, t he var i at i ons of a, and Jut wi t h vol t age ar e

easi l y det er mi ned . The vol t age dependences of t he " i nvi si bl e" r at e con-

st ant s X2 and A, ar e t her ef or e det er mi ned f r om Eq . 14 . We concl ude t hat

bot h openi ng r at es X, and A2 show near l y i dent i cal vol t age dependences,

t hough t he absol ut e val ues di f f er by t wo or der s of magni t ude ; si mi l ar

concl usi ons hol d f or t he cl osi ng r at es, A, and u2 " I t has not been possi bl e

t o gat her suf f i ci ent l y accur at e val ues f or t he aci d di ssoci at i on const ant s t o

ascer t ai n t hei r vol t age dependences . Fr om our best det er mi nat i ons, we

can say t hat Ko var i es by <50%over t he vol t age r ange - 120 t o +50 mV.

By Eq . 14, t hi s must al so be t he case f or K, , si nce t he obser ved gat i ng

char ge i s pH i ndependent ( Fi g . 4) . Thus, we agai n concl ude t hat t he aci d
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di ssoci at i on const ant s ar e i ndependent of vol t age, t hi s t i me on t he basi s

of ki net i c evi dence .
I n Tabl e I I , we r epor t val ues of t he par amet er s of t he f our - st at e model

most consi st ent wi t h our dat a over t he vol t age r ange - 120 t o - 20 mV

f r ompH 6 t o 10 . 4 . These val ues pr ovi de an i nt ui t i vel y sat i sf yi ng expl a-

nat i on f or t he ef f ect s of vol t age and f or act i vat i on of t he channel by

pr ot ons . Bot h t he cl osed and open st at es of t he channel can be pr ot onat ed

f r om t he ci s aqueous sol ut i on on a cer t ai n r esi due . Bot h t he pr ot onat ed

TABLE 11

Equi l i br i umand Ki net i c Par amet er s f or Pr ot ochannel Gat i ng

Equi l i br i umconst ant s ( - 70 mV)

Equi l i br i um const ant s, K, , Ks, KzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� and K, f or f our r eact i ons of scheme 9 wer e

det er mi ned f r om our most near l y compl et e dat a, t aken at - 70 mV, over t he

r ange pH 6- 10 . 4 . The best est i mat es shown wer e det er mi ned f r om f i t t i ng t he

equi l i br i um dat a f r om t he Hi l l pl ot ( Fi g. 6) and f r om t he pH- dependent shi f t of

t he hal f - sat ur at i on vol t age ( Fi g. 5) . Al t er nat i vel y, equi l i br i um const ant s wer e

cal cul at ed f r om t he measur ed r at e const ant s X and Wat var i ous pH val ues, usi ng

Eq . 5. Er r or s gi ven i n t he r epor t ed val ues r epr esent t he r ange of par amet er s

obt ai ned by t he var i ous f i t s . Rat e const ant s wer e si mi l ar l y det er mi ned by t he f i t

of t he ki net i c dat a at - 70 mV t o Eq. 19 ( Fi g. 9) . Ef f ect i ve char ge i s gi ven as a

measur e of t he vol t age dependence of t he r el evant par amet er , as i n Eq. 13 .

and unpr ot onat ed st at es can under go a conf or mat i onal change bet ween

conduct i ng and nonconduct i ng st at es . Net char ge movement occur s dur -

i ng t hi s conf or mat i onal change, so t hat vol t age dependence i s conf er r ed

upon t hese r eact i ons ; t hese char ge movement s ar e ver y si mi l ar f or bot h

pr ot onat ed and unpr ot onat ed channel s .

Bi ochemi cal I mpl i cat i ons

Act i vat i on of t he channel by pr ot ons i s a di r ect consequence of t he 1, 000-

f ol d di f f er ence i n aci d di ssoci at i on const ant f or t he cl osed st at e vs . t hat of

t he open st at e . Thi s di f f er ence r equi r es t hat t he cl osed st at e be gr eat l y
f avor ed i n t he unpr ot onat ed channel [ Kt ( - 70 mV) = 0 . 1] , wher eas t he

open st at e i s gr eat l y f avor ed i n t he pr ot onat ed channel [ K2( - 70 mV) =

150] . I t i s i mpor t ant t o r eal i ze t hat scheme 9 demands t hat t he same

t i t r at abl e r esi due be i nvol ved i n bot h open and cl osed st at es . I n ot her

Fr om equi l i br i um Fr om ki net i cs Ef f ect i ve char ge

pK, =9. 0±0 . 5 pK, = 8. 0±0. 5 0

pK, =6. 0±0 . 5 p&= 5. 5±0. 5 0

K, =0. 1±0 . 02 K, = 0. 05±0. 02 1 . 2±0 . 1

K2 = 150±50 K2 = 250±50 1 . 0±0 . 5

Rat e const ant s ( - 70 mV) Ef f ect i ve char ge

a, =32 s' 0. 65

1\ 2 > 1, 000 s ' 0. 60

A, > 500 s' - 0 . 35

Wz =4s' - 0 . 4
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wor ds, upon openi ng of t he channel , a cer t ai n t i t r at abl e gr oup, exposed

t o t he ci s sol ut i on, changes i t s pK f r om 6 t o 9. I t i s t hi s change i n pK t hat
under l i es t he abi l i t y of pr ot ons t o dr i ve t he channel i nt o i t s open st at e .

The occur r ence of a l ar ge change i n aci d di ssoci at i on const ant coupl ed

wi t h a pr ot ei n conf or mat i onal change i s not unusual i n t he bi ochemi cal

l i t er at ur e . The cl assi c exampl e i s t he Bohr ef f ect i n hemogl obi n, i n whi ch

a hi st i di ne gr oup i ncr eases i t s pK by 1 uni t upon deoxygenat i on ( Ki l mar t i n

and Rossi - Ber nar di , 1973) . Mor e dr amat i c exampl es of al t er ed pK val ues

ar e f ound i n super oxi de di smut ase ( St oesz et al . , 1979) , i n whi ch a

hi st i di ne of pK 10 . 4 was obser ved ( 3 . 5 uni t s hi gher t han i t s " r andomcoi l "

val ue) ; i n chymot r psi n ( Fer sht , 1972) , i n whi ch t he t er mi nal ami no gr oup
pK i s 10, a shi f t of Y2 over uni t s f r om i t s " unconst r ai ned" val ue of 7 . 8 ; and
i n acet oacet at e decar boxyl ase, i n whi ch a cr i t i cal l ysi ne pK i s l ower ed
f r om 9 . 2 t o 6 . 0 ( Kokesh and West hei mer , 1971) . I n each of t hese

exampl es, t he per t ur bed pK i s t he r esul t of pr oxi mi t y of t he t i t r at abl e
gr oup t o anot her char ged r esi due.

Our r esul t s cannot i dent i f y t he t ype of gr oup i nvol ved i n t he pK change

her e, but bi ochemi cal pr ecedent r ai ses t wo r easonabl e possi bi l i t i es . A

l ysi ne, of " nor mal " pK 9. 2 i n t he open st at e, coul d be per t ur bed t o pK 6

by pr oxi mi t y t o a posi t i vel y char ged r esi due i n t he cl osed conf or mat i on .

Al t er nat i vel y, a " nor mal " hi st i di ne ( pK 6. 8) i n t he cl osed st at e coul d r ai se

i t s pK t o 9 by movi ng cl ose t o a negat i ve gr oup i n t he open st at e .

El ect r ost at i c cal cul at i ons ( Ki r kwood and West hei mer , 1938) and exper i -

ence wi t h model compounds ( Schwar t zenbach, 1933) i ndi cat e t hat a

l ysi ne, f or exampl e, coul d decr ease i t s pK by 3 uni t s by appr oachi ng

wi t hi n 3. 5 A of a posi t i vel y char ged r esi due .

The possi bi l i t y of a cr i t i cal l ysi ne of unusual l y l ow pK i n t he cl osed

st at e t empt s us t o t he f ol l owi ng specul at i on . I t i s known t hat st i l bene

i sot hi ocyanat e der i vat i ves i nhi bi t t hi s channel i r r ever si bl y f r om t he ci s

si de, pr obabl y by r eact i ng wi t h an unpr ot onat ed l ysi ne r esi due ( Mi l l er

and Whi t e, 1980) . The r api d i nhi bi t i on by t hese compounds suggest s t hat

t he l ysi ne i nvol ved i s unusual , i n t hat unconst r ai ned pr i mar y ami nes do

not r eact appr eci abl y at neut r al pH under t he same condi t i ons ( M. Whi t e

and C. Mi l l er , unpubl i shed dat a) . We t her ef or e pr opose t hat channel

i nhi bi t i on by t hese compounds i s t he r esul t of coval ent modi f i cat i on of a

l ysi ne of pK 6, t he l ow- pK gr oup of t he cl osed channel ( scheme 9) . Such

a r eact i on woul d l ock t he pr ot ochannel i nt o t he cl osed st at e, accor di ng

t o t he f our - st at e scheme . Thi s hypot hesi s i s ent i r el y unsuppor t ed now,

and i t s pr edi ct i ons ar e pr esent l y under i nvest i gat i on .

The physi ol ogi cal si gni f i cance of t hi s channel ' s cont r ol by pH and

vol t age i s obscur e. Conduct ances i n t he Tor pedo el ect r opl ax noni nner -

vat ed- f ace membr ane have never been st udi ed i n det ai l , t hough i t i s

known t hat dur i ng an el ect r i cal di schar ge, t he vol t age acr oss t hi s mem-

br ane r emai ns const ant ( Bennet t et al . , 1961) . Changes i n pH i n t hi s

syst em ar e uni nvest i gat ed . We t hi nk i t l i kel y t hat t he behavi or of t he

channel i n t hi s model membr ane syst em i s r epr esent at i ve of i t s pr oper t i es
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i n t he nat i ve membr ane . The channel ' s pr oper t i es ar e quant i t at i vel y
i dent i cal i n t hr ee di f f er ent model membr ane syst ems : decane- cont ai ni ng
pl anar bi l ayer s ( Mi l l er , 1982) , gi ant l i posomes f or med af t er det er gent
ext r act i on of noni nner vat ed- f ace vesi cl es ( Tank et al . , 1982) , and, as we
see her e, sol vent - f r ee pl anar bi l ayer s f or med f r om l i pi d i nt er f ace f i l ms . I t
i s not abl e t hat macr oscopi c vol t age- cl amp st udi es on skel et al muscl e ( f r om
whi ch t he el ect r opl ax evol ved) pr esent a r at her compl i cat ed chl or i de
conduct ance behavi or : a chl or i de cur r ent i nhi bi t abl e by st i l bene i sot hi o-
cyanat e der i vat i ves ( Vaughan and Fong, 1978) , whi ch depends on bot h
vol t age and pH ( Hut t er and War ner , 1972 ; Loo et al . , 1981) . Fur t her
wor k i s r equi r ed t o r el at e t hese chl or i de conduct ances, but qual i t at i ve
si mi l ar i t i es bet ween t he macr oscopi c cur r ent s and t he Tor pedo si ngl e-
channel phenomena suggest mor e t han a f or t ui t ous connect i on .

The gat i ng model i nt r oduced her e i s, i n i t s essent i al poi nt s, si mi l ar t o
t hat devel oped t o expl ai n t he act i vat i on by Ca" of vol t age- dependent K'
channel s f r om muscl e pl asma membr anes ( Met hf essel and Bohei m,
1982) . ' I t i s i nt er est i ng t hat i n t he Ca" - act i vat ed K' channel , al l of t he
vol t age dependence r esi des i n t he Ca" - bi ndi ng st eps, and none i n t he
openi ng and cl osi ng st eps, ' whi ch i s pr eci sel y t he r ever se of t he act i vat i on
of t he Cl - channel by pr ot ons . The over al l si mi l ar i t i es bet ween t he t wo
syst ems i dent i f i es t he Tor pedo Cl - channel as anot her exampl e of a vol t age-
dependent , i on- gat ed i oni c channel .

We ar e gr at ef ul t o Dr . Ed Moczydl owski f or cheer f ul l y t ol er at i ng our f r equent i nt er r up-
t i ons f or advi ce on ki net i c model i ng of si ngl e- channel f l uct uat i ons, and t o Dr . G. Menes-
t r i na f or a cr i t i cal r eadi ng of t he manuscr i pt .
Thi s r esear ch was suppor t ed by Nat i onal I nst i t ut es of Heal t h Resear ch Car eer Devel op-
ment Awar d ( t o C. M. ) AM- 00354 and by r esear ch gr ant RO1- AM- 19826. Dr . Hanke was
i n par t suppor t ed by gr ant SFB114 of t he Deut sche For chungsgemei nschaf t .

Recei ved f or publ i cat i on 2 Febr uar y 1983 and i n r evi sed f or m 29 Mar ch 1983.
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