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ABSTRACT

	

The par al l el ef f ect s of t he ani on t r anspor t i nhi bi t or DI DS ( 4, 4' -

di i sot hi ocyanost i l bene- 2, 2' - di sul f onat e) on net chl or i de f l ow and on chl or i de

exchange suggest t hat a maj or por t i on of net chl or i de f l ow t akes pl ace t hr ough

t he ani on exchange syst em. The " sl i ppage" model post ul at es t hat t he r at e of net

ani on f l ow i s det er mi ned by t he movement of t he unl oaded ani on t r anspor t si t e

acr oss t he membr ane. Bot h t he hal i de sel ect i vi t y of net ani on f l ow and t he

dependence of net chl or i de f l ux on chl or i de concent r at i on over t he r ange of 75

t o 300 mMar e i nconsi st ent wi t h t he sl i ppage model . Model s i n whi ch t he

di val ent f or m of t he ani on exchange car r i er or wat er por es medi at e net ani on

f l ow ar e al so i nconsi st ent wi t h t he dat a . The obser vat i ons t hat net chl or i de f l ux

i ncr eases wi t h chl or i de concent r at i on and t hat t he DI DS- sensi t i ve component

t ends t o sat ur at e suggest a model i n whi ch net ani on f l ow i nvol ves " t r ansi t " of

ani ons t hr ough t he di f f usi on bar r i er s i n ser i es wi t h t he t r anspor t si t e, wi t hout

any change i n t r anspor t si t e conf or mat i on such as nor mal l y occur s dur i ng t he

ani on exchange pr ocess . Thi s model i s successf ul i n pr edi ct i ng t hat t he ani on

exchange i nhi bi t or NAP- t aur i ne, whi ch bi nds t o t he modi f er si t e and i nhi bi t s

t he conf or mat i onal change, has l ess ef f ect on net chl or i de f l ow t han on chl or i de

exchange .

I NTRODUCTI ON

Al t hough smal l ani ons such as Cl - and HCO3 ar e exchanged ver y r api dl y

acr oss t he r ed cel l membr ane ( Br ahm, 1977 ; Kl ocke, 1976 ; Wi et h and Br ahm,

1980) , t he net f l ow of ani ons ( accompani ed by cat i ons) occur s much mor e

sl owl y . For exampl e, t he appar ent per meabi l i t y of t he membr ane t o Cl - as
measur ed by i sot ope exchange i s ^- 4 X 10- 4 cm/ S, wher eas t he per meabi l i t y
f or net chl or i de f l ow i s onl y ^- 2 . 5 X 10 - 8 cm/ s ( Hunt er , 1971, 1977 ; Knauf et

al . , 1977 ; Schuber t and Sar kadi , 1977) , ^ - 10, 000 t i mes l ess t han t he exchange

per meabi l i t y . Thi s f i ndi ng has t wo pr i nci pal i mpl i cat i ons . The f i r st i s t hat t he

ani on exchange mechani sm i s ver y t i ght l y coupl ed, a f act whi ch st r ongl y

suggest s t hat ani ons do not di f f use f r eel y acr oss t he membr ane, but r at her
cr oss t he membr ane by combi ni ng wi t h some membr ane component , a
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" car r i er " i n t he most gener al sense ( Gunn, 1972, 1979 ; Cabant chi k et al . ,

1978 ; Knauf , 1979) . The second i s t hat because of t he r el at i vel y l ow per mea-

bi l i t y of t he membr ane t o net ani on f l ow, compar at i vel y smal l changes i n

cat i on per meabi l i t y ( Gl ynn and War ner , 1972 ; Hof f man and Knauf , 1973) or

cat i on pump r at e ( Hof f man et al . , 1979) can have a l ar ge ef f ect on t he

membr ane pot ent i al .

The mechani sm of t he ani on exchange pr ocess has been ext ensi vel y i nves-

t i gat ed ( Dal mar k, 1975a, b ; 1976 ; Gunn et al . , 1973 ; Gunn, 1978, 1979 ; Gunn

and Fr ohl i ch, 1979 ; Schnel l et al . , 1978) , and has l ed t o t he f or mul at i on of a

pi ng- pong car r i er model f or t he t r anspor t mechani sm shown i n Fi g . 1 .
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FI GURE 1 . Schemat i c model f or t he ani on exchange syst em. The ani on ex-

change pr ot ei n can exi st i n ei t her of t wo conf or mat i ons, one i n whi ch t he
t r anspor t si t e f aces t he i nsi de of t he cel l ( Ei ) and anot her i n whi ch t he t r anspor t

si t e f aces out war d ( E. ) . Ki and K, ar e t he di ssoci at i on const ant s f or chl or i de at

t he i nsi de and out si de of t he membr ane, r espect i vel y ; k i s t he r at e const ant f or

t he conf or mat i onal change f r om i nsi de- f aci ng t o out si de- f aci ng when t he t r ans-

por t si t e i s l oaded wi t h chl or i de ; k' i s t he r at e const ant f or t he r ever se conf or -

mat i onal change. The const ant s s and s' ar e t he cor r espondi ng r at e const ant s f or
t he conf or mat i onal change when t he t r anspor t si t e i s empt y . I f s and s' ar e zer o,

t he conf or mat i onal change can onl y occur when an ani on i s bound, so an
obl i gat or y one- f or - one exchange of ani ons t akes pl ace . I f s and s' ar e non- zer o,

t he syst em can change conf or mat i on wi t hout t r anspor t i ng an ani on . Thi s

" sl i ppage" of t he unl oaded car r i er r esul t s i n net t r anspor t of one ani on when t he

t r anspor t si t e bi nds an ani on and goes back acr oss t he membr ane .

Accor di ng t o t hi s model , ani ons cr oss t he membr ane by combi ni ng wi t h t he

subst r at e si t e, desi gnat ed E, af t er whi ch t hey cr oss t he membr ane as an E- Cl

compl ex . The t i ght l y coupl ed exchange i s account ed f or by assumi ng t hat t he

unl oaded f or ms of t he car r i er , Eo and Ei , cannot cr oss t he membr ane . St udi es

wi t h chemi cal pr obes ( Cabant chi k and Rot hst ei n, 1974 ; Passow et al . , 1975)

have shown t hat ani on exchange i s medi at ed by an i nt egr al 95, 000- mol wt
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t r ansmembr ane pr ot ei n known as band 3 ( Fai r banks et al . , 1971) , whi ch i s

asymmet r i cal l y or i ent ed i n t he membr ane and whi ch compr i ses - 25- 30%of

t he t ot al membr ane pr ot ei n ( Fai r banks et al . , 1971 ; St eck, 1974) . The t r anspor t

pr ocess al most cer t ai nl y does not i nvol ve di f f usi on of an act ual car r i er acr oss

t he membr ane, but r at her a conf or mat i onal change i n t he band 3 pr ot ei n,

such t hat t he t r anspor t si t e changes f r om i nsi de- f aci ng t o out si de- f aci ng or

vi ce ver sa ( Gunn, 1978 ; Knauf , 1979) , a pr ocess whi ch i s ki net i cal l y equi val ent

t o t he car r i er model ( Pat l ak, 1957) . Dal mar k ( 1976) has obt ai ned evi dence f or

a second ani on bi ndi ng si t e of l ower af f i ni t y, known as t he modi f i er si t e. When

ani ons ar e bound t o t hi s si t e, t r ansl ocat i on of t he subst r at e si t e- ani on compl ex

i s i nhi bi t ed .

The net ani on t r anspor t pr ocess has been much l ess t hor oughl y char act er -

i zed, despi t e i t s i mpor t ance i n det er mi ni ng t he membr ane pot ent i al . I n
par t i cul ar , t he r el at i onshi p of net ani on f l ow t o t he ani on exchange syst em i s

cont r over si al . On t he one hand, net ani on f l owexhi bi t s a di f f er ent t emper at ur e

dependence ( Hunt er , 1977 ; Cass and Dal mar k, 1973) , pHdependence ( Scar ps

et al . , 1970 ; Knauf et al . , 1977) , and ani on sel ect i vi t y ( Passow et al . , 1975 ;

Knauf et al . , 1977 ; Hunt er , 1977) f r om t hat of ani on exchange . Cer t ai n

i nhi bi t or s, not abl y phl or i zi n, have di f f er ent ef f ect s on net and exchange

chl or i de per meabi l i t y ( Kapl an and Passow, 1974) . On t he ot her hand, di py-

r i damol e has si mi l ar ef f ect s on net and exchange chl or i de per meabi l i t y

( Hof f man and Knauf , 1973 ; Cot t er r el l , 1975) , and Kapl an et al . ( 1976) have

f ound a par al l el i sm bet ween t he si de dependence of t he ef f ect s of cer t ai n

i nhi bi t or s on net and exchange chl or i de t r anspor t . Per haps t he st r ongest

evi dence f or a common mechani sm i s t he f i ndi ng t hat t he hi ghl y sel ect i ve

i nhi bi t or of ani on exchange DI DS ( 4, 4' - di i sot hi ocyano- 2, 2' - st i l bene di sul f on-

at e) i nhi bi t s net and exchange f l uxes of chl or i de and sul f at e i n par al l el ( Knauf

et al . , 1977) . Under t he condi t i ons of t hese exper i ment s, DI DS bi nds ver y
sel ect i vel y t o band 3 ( Shi p et al . , 1977) , whi ch suggest s t hat t he band 3 pr ot ei n
i s i nvol ved i n bot h net and exchange ani on f l ow. Fur t her evi dence f or t hi s i s
pr ovi ded by t he f i ndi ng t hat vesi cl es f r om whi ch al most al l of t he maj or
membr ane pr ot ei ns ot her t han band 3 have been ext r act ed st i l l mani f est

DI DS- sensi t i ve net and exchange sul f at e f l uxes ( Wol osi n et al . , 1977) .

I n t er ms of t he car r i er mechani sm shown i n Fi g. 1, t he par al l el ef f ect s of

i nhi bi t or s on net and exchange f l uxes coul d be most si mpl y expl ai ned by

supposi ng t hat t he net f l ow r epr esent s a smal l component of " sl i ppage" of t he

unl oaded car r i er ( Ei or Eo) acr oss t he membr ane ( Vest er gaar d- Bogi nd and

Lassen, 1974 ; Sachs et al . , 1975 ; Kapl an et al . , 1976 ; Knauf et al . , 1977 ;

Cabant chi k et al . , 1978 ; Gunn, 1978) . Bi ndi ng or coval ent r eact i on wi t h
i nhi bi t or s such as DI DS woul d r educe t he t ot al number of act i ve car r i er s, and
t her eby woul d i nhi bi t bot h net and exchange f l ows i n par al l el . Si nce t he r at e-
l i mi t i ng st ep f or net f l ow woul d be di f f er ent f r om t hat f or exchange ( t r ansl o-
cat i on of t he unl oaded and l oaded car r i er s, r espect i vel y) , di f f er ences i n t he

pH dependence, t emper at ur e dependence, and r esponse t o cer t ai n noncom-
pet i t i ve i nhi bi t or s woul d be expect ed . Thi s model pr ovi des a si ngl e expl anat i on
f or bot h net and exchange ani on f l ow, and i t f ur t her suggest s t hat st udi es of
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net ani on f l ow may pr ovi de i nsi ght s i nt o cer t ai n st eps of t he ani on exchange

mechani sm.

Thi s model has t he f ur t her advant age t hat i t makes cer t ai n st r i ki ng pr edi c-

t i ons whi ch can be t est ed exper i ment al l y . I n t he f i r st pl ace, si nce i t i s t he f l ow

of unl oaded car r i er t hat i s r at e- l i mi t i ng f or net ani on t r anspor t , t he net f l ow

r at e f or di f f er ent ani ons woul d be expect ed t o be mor e near l y si mi l ar t han t he

exchange r at es f or t he same ani ons, whi ch ar e det er mi ned by t he t r ansl ocat i on

r at e f or t he car r i er - ani on compl ex. The exper i ment al r esul t s ar e i n qual i t at i ve

agr eement wi t h t hi s pr edi ct i on ( Knauf et al . , 1977 ; Hunt er , 1977 ; Gunn,

1978) . Fur t her mor e, i t woul d be pr edi ct ed t hat t hose ani ons t hat bi nd mor e

st r ongl y t o t he subst r at e si t e shoul d have l ower net per meabi l i t i es, si nce net

f l ow depends on t he amount of unl oaded car r i er , and t hi s decr eases i f t he

car r i er i s compl exed wi t h ani ons . At est of t hi s pr edi ct i on i s pr esent ed i n t he

f i r st sect i on of t he Resul t s .

The sl i ppage model al so pr edi ct s t hat as t he concent r at i on of any ani on i s

i ncr eased, t he net f l ux of t hat ani on shoul d decr ease. Thi s i s so because as t he

ani on concent r at i on i s r ai sed, mor e car r i er - ani on compl exes ar e f or med, and

t he amount of uncompl exed car r i er decr eases . Si nce t he net f l ow depends on

t he amount of unl oaded car r i er , i t must al so decr ease ( see Appendi x) . St i m-

ul at ed by Passow' s ( 1977) r epor t t hat net sul f at e f l uxes i ncr ease wi t h i ncr easi ng

sul f at e concent r at i on, cont r ar y t o expect at i on, we exami ned t he dependence

of net chl or i de f l ux on t he chl or i de concent r at i on. Thi s r equi r es t hat t he cel l s

be l oaded wi t h di f f er ent KCl concent r at i ons by usi ng t he ant i bi ot i c nyst at i n

( Passow, 1977 ; Dal mar k, 1975b) . To guar d agai nst t he possi bi l i t y of nonspe-

ci f i c l eak pat hways i nduced by nyst at i n t r eat ment , we compar ed t he f l uxes i n

cel l s wi t h and wi t hout nyst at i n t r eat ment , and i n addi t i on used sensi t i vi t y t o

DI DS as a mar ker f or t he por t i on of net ani on f l ux t hat i s appar ent l y

associ at ed wi t h t he exchange pat hway . Pr el i mi nar y r epor t s of such exper i -

ment s ( Knauf and Law, 1980 ; Kapl an et al . , 1980) suggest t hat t he net

chl or i de f l ux i ncr eases wi t h i ncr easi ng chl or i de concent r at i on, cont r ar y t o t he

sl i ppage model .

I n ear l i er exper i ment s wi t h DI DS ( Knauf et al . , 1977) , we f ound t hat - 20-

30%of t he net chl or i de f l ux was not i nhi bi t ed by DI DS, even when 99%of

t he exchange f l ux was i nhi bi t ed . Thi s DI DS- i nsensi t i ve f l ux mi ght r epr esent

a separ at e pat hway f or net chl or i de f l ow, or i t mi ght si mpl y r ef l ect a par t i al

i nhi bi t i on by DI DS of t he net f l ow t hr ough t he exchange mechani sm. To

i nvest i gat e t hi s quest i on, we have exami ned t he ef f ect s of di f f er ent i nhi bi t or s

and of changes i n t he chl or i de concent r at i on, pH, and t emper at ur e on t hese

t wo component s of t he net chl or i de f l ux .

METHODS

Nyst at i n Tr eat ment

Bl ood was obt ai ned f r om appar ent l y heal t hy adul t s wi t h hepar i n as an ant i coag-

ul ant . The cel l s wer e washed t hr ee t i mes i n 160 mMNaCl and 5 mMHEPES at

r oom t emper at ur e and t he whi t e cel l s wer e r emoved by aspi r at i on .
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Al l sol ut i ons wer e t i t r at ed t o pH 7. 2 at r oomt emper at ur e, unl ess ot her wi se st at ed .
The cel l s wer e di vi ded i nt o t hr ee por t i ons and t r eat ed wi t h nyst at i n accor di ng t o a
modi f i cat i on of Dal mar k' s met hod ( 1975b) . The f i r st por t i on ( A) was washed i n 75
mMKCI , 120 mMsucr ose, and 5 mMHEPES, and t hen r esuspended i n t he same
sol ut i on ( i ce col d) at 10%hemat ocr i t wi t h 75 j i g/ ml nyst at i n ( E. R. Squi bb & Sons,
I nc . , Pr i ncet on, NJ) ( added as a 5- mg/ ml sol ut i on i n met hanol ) f or 10 mi n. The cel l s
wer e t hen cent r i f uged and r esuspended i n i ce- col d 75 mMKCI , 27 mMsucr ose, and
5 mMHEPES wi t h 75 j i g/ ml nyst at i n . The cel l s wer e i ncubat ed f or 10 mi n on i ce
and wer e t hen cent r i f uged and washed f i ve t i mes at r oom t emper at ur e i n 75 mM
KCI , 27 mMsucr ose, and 5 mMHEPES wi t hout nyst at i n and wer e st or ed over ni ght
i n t hi s buf f er . On t he next day, t he cel l s wer e washed t wo mor e t i mes i n t he same
buf f er , br ought t o 50%hemat ocr i t , and used f or t he f l ux measur ement s . The second
por t i on of cel l s ( B) was t r eat ed i n a si mi l ar manner , except t hat t he cel l s wer e t r eat ed
wi t h nyst at i n i n 160 mMKCI , 27 mMsucr ose, and 5 mMHEPES, and washed i n
t he same buf f er . The t hi r d por t i on of cel l s ( C) was t r eat ed and washed wi t h 300 mM
KCI , 27 mMsucr ose, and 5 mMHEPES.

I t was f ound necessar y t o keep t he i ce- col d cel l s i n t hese hi gh- pot assi um medi a
si nce ot her wi se t he cel l s l ose pot assi umbef or e t he f l ux measur ement . Thi s pr esumabl y
occur s because nyst at i n i s much mor e ef f ect i ve at l ow t emper at ur es ( Cass and
Dal mar k, 1973) , so a t i ny amount of r esi dual nyst at i n can cause a subst ant i al K+ l oss
over a per i od of hour s i n i ce- col d cel l s, even t hough no ef f ect of nyst at i n pr et r eat ment
was seen at 37 ° C. I n an ear l i er ser i es of exper i ment s ( Knauf and Law, 1980) , cel l s
wer e st or ed on i ce i n l ow- K' medi um, and t hi s caused a l oss of pot assi um f r om t he
cel l s bef or e some of t he f l ux det er mi nat i ons . Thi s i n t ur n ( because of t he exper i ment al
desi gn, i n whi ch f l uxes f or some condi t i ons wer e measur ed bef or e ot her s) l ed t o a
syst emat i c under est i mat i on of t he f l uxes at hi gh chl or i de concent r at i ons i n some
exper i ment s .

Net KCl Fl ux

To begi n net KCI ef f l ux, cel l s wer e suspended at 0. 1% hemat ocr i t i n a f l ux medi um
at 37 ° C, pH 7. 04, whi ch cont ai ned 1. 33, uM val i nomyci n ( Cal bi ochem- Behr i ng Cor p . ,
La Jol l a, CA) and 1. 33%et hanol . For measur ement s of t he DI DS- sensi t i ve component
of net Cl f l ux, 10 uMDI DS was added t o t he f l ux medi um. For t he Acel l s t he f l ux
medi um was 70 mMNaCl , 5 mMKCI , 5 mMHEPES, and 27 mMsucr ose ; f or t he
B cel l s i t was 150 mMNaCl , 10 mMKCI , 5 mMHEPES, and 27 mMsucr ose ; and
f or t he C cel l s t he medi um was 280 mMNaCl , 20 mMKCI , 5 mMHEPES, and 27
mMsucr ose .

Sampl es wer e t aken as soon as possi bl e af t er t he st ar t of t he f l ux and usual l y at 5-
mi n i nt er val s t her eaf t er . For each sampl e, - 10 ml of t he suspensi on was pour ed i nt o
a 50- ml cent r i f uge t ube, and 20 ml of i ce- col d washi ng buf f er was added . Si nce
l ower i ng t he t emper at ur e vi r t ual l y st ops t he val i nomyci n- medi at ed f l ux, t he t i me of
t he sampl e was t aken as t he t i me when t he i ce- col d buf f er was added . For t he A cel l s
t he washi ng buf f er was 75 mMNaCl and 5 mMHEPES; f or t he B cel l s i t was 160
mMNaCl and 5 mMHEPES; and f or t he C cel l s i t was 300 mMNaCl and 5 mM
HEPES. The cel l s wer e washed t wi ce i n t he washi ng buf f er and t hen l ysed i n 2 . 2 ml
di st i l l ed de- i oni zed wat er . 1 ml of t he l ysat e was added t o 2 ml Dr abki n' s sol ut i on f or
det er mi nat i on of hemogl obi n as cyanmet hemogl obi n ( Cr osby et al . , 1954) by meas-
ur i ng opt i cal densi t y at 540 nmagai nst a cyanmet hemogl obi n st andar d ( Hycel I nc . ,
Houst on, TX) . A second al i quot of t he l ysat e was appr opr i at el y di l ut ed f or K+
det er mi nat i on by f l ame phot omet r y ( Nat i onal I nst r ument at i on Labor at or i es) , usi ng
l i t hi um as an i nt er nal st andar d.
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Si nce t he cel l s wer e st or ed i n medi a cont ai ni ng KCI , some K' was added t o t he

f l ux medi umwi t h t he cel l s. To det er mi ne t hi s, sampl es of t he medi umwer e t aken f or

K+ det er mi nat i on by f l ame phot omet r y . For t he exper i ment s r epor t ed her e, t he

ext er nal K' f or t he A cel l s was 5. 76 mMt 0. 15 mM( SD) ; f or t he B cel l s i t was 11 . 3

t 0. 3 mM; and f or t he Ccel l s i t was 23 . 6 t 1 . 1 mM.

Det er mi nat i on of Cel l K +, Cl - , and Wat er

For det er mi nat i on of t he i nt r acel l ul ar chl or i de, cel l s wer e suspended at 15%hemat ocr i t

i n t he buf f er used f or nyst at i n t r eat ment ( wi t hout nyst at i n) , cont ai ni ng 0. 1 I LCi / ml

36CI ( Amer shamCor p . , Ar l i ngt on Hei ght s, I L, or I CN Chemi cal and Radi oi sot ope

Di v . , I r vi ne, CA) and l uCi / ml [ 3H] - met hoxyi nul i n ( New Engl and Nucl ear , Bost on,

MA) . The suspensi on was i ncubat ed at 37 ° C f or 10 mi n and t hen cent r i f uged at

13, 000 r pmi n an HB- 4 r ot or i n a Sor val l RC- 2B cent r i f uge ( E. I . DuPont de Nemour s

and Co . , Newt own, CT) . Al i quot s of 25, ul of t he cel l pel l et or t he super nat ant wer e

added ( Al i quant er ; Hami l t on Co . , Reno, NE) t o 1 ml of 5% t r i chl or oacet i c aci d

( TCA) , and 0. 8 ml of t he super nat ant was count ed i n 8 ml Aquasol ( New Engl and

Nucl ear ) i n a Packar d l i qui d sci nt i l l at i on count er ( Packar d I nst r ument s, I nc. , Downer s

Gr ove, I L) . Addi t i onal 25- Al al i quot s wer e l ysed and di l ut ed i n Dr abki n' s sol ut i on f or

hemogl obi n measur ement , and t he r emai nder of t he cel l pel l et was wei ghed, dr i ed f o,

at l east 24 h at 80 ° C, and t hen r ewei ghed f or det er mi nat i on of t he wet and dr y

wei ght . Fr omt hese measur ement s and an assumed cel l densi t y of 1 . 097, we cal cul at ed

t he r at i o of i nt r acel l ul ar t o ext r acel l ul ar chl or i de concent r at i on and t he amount of

hemogl obi n per l i t er cel l wat er . The i nt r acel l ul ar chl or i de concent r at i on was t hen

det er mi ned as t he pr oduct of t he chl or i de r at i o and t he ext r acel l ul ar chl or i de

concent r at i on .

For measur ement of i nt r acel l ul ar pot assi um concent r at i on, 100- I LI al i quot s of t he

50%cel l suspensi ons used f or t he f l ux exper i ment s wer e washed t wi ce i n t he appr o-

pr i at e wash buf f er t o r emove ext er nal pot assi um. The pel l et s wer e t hen r esuspended

i n 2. 2 ml di st i l l ed dei oni zed wat er and sampl es wer e pr epar ed f or det er mi nat i on of

hemogl obi n and pot assi um as descr i bed above f or t he t i med f l ux sampl es . Fr om t he

measur ement of pot assi umper ki l ogr am of hemogl obi n and t he val ue of ki l ogr ams of

hemogl obi n per l i t er cel l wat er det er mi ned above, t he pot assi um i n mi l l i mol es per

l i t er cel l wat er was cal cul at ed. For t he pH exper i ment s i n Fi g . 6, t he pot assi um was

det er mi ned di r ect l y by f l ame phot omet r y of a di l ut i on of t he r adi oact i ve cel l pel l et

used f or measur i ng t he chl or i de r at i o .

Tr eat ment of Cel l s wi t h DI DS or NAP- Taur i ne

Fr esh r ed cel l s wer e washed t hr ee t i mes wi t h 150 mMNaCl , 10 mMKCI , and 5 mM

HEPES ( FI NK) , pH 7 . 2, at r oom t emper at ur e . They wer e t hen t r eat ed wi t h var i ous

concent r at i ons ( 0- 10 AM) of DI DS at 25%hemat ocr i t f or 30 mi n at 37 ° Ci n t he same

buf f er . I n t he case of NAP- t aur i ne, cel l s wer e suspended at 9% hemat ocr i t wi t h an

NAP- t aur i ne concent r at i on of ei t her 136 or 500 g. M and wer e i r r adi at ed wi t h whi t e
l i ght f r om a t ungst en sour ce f or 10 mi n at 0°Cas descr i bed pr evi ousl y ( Knauf et al . ,

1978b) . Af t er t r eat ment , al l cel l s wer e washed t wi ce i n FI NK pl us 0. 5%bovi ne ser um

al bumi n ( Si gma Chemi cal Co . ) , t hen once i n FI NK. The cel l s wer e st or ed over ni ght
i n 27 mMsucr ose, 10 mMgl ucose, 112 mMKCI , and 38 mMNaCl , t o mi ni mi ze

changes i n t he i nt r acel l ul ar i on concent r at i ons . On t he next day, a por t i on of each

cel l sampl e was washed t wi ce i n FI NK, br ought t o 25%hemat ocr i t , and 1 j . Ci of
36

Cl

was added t o 0. 2 ml of t hi s suspensi on, whi ch was t hen i ncubat ed at r oomt emper at ur e

f or 15 mi n and t hen on i ce f or 15 mi n. Chl or i de exchange was measur ed by t he r api d
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f i l t r at i on t echni que of Dal mar k and Wi et h ( 1972) as pr evi ousl y descr i bed ( Knauf et

al . , 1978a) . The f ol l owi ng day, anot her por t i on of each cel l sampl e was washed t wi ce

i n buf f er and net KCI f l ux was measur ed as descr i bed above f or B cel l s ( wi t h nyst at i n

t r eat ment omi t t ed) .

Theor y and Cal cul at i ons

When hi gh- K
+

r ed cel l s ar e suspended i n l ow- K
+

medi a i n t he pr esence of val i no-

myci n, t her e i s a net KCI l oss f r om t he cel l s, accompani ed by an i sot oni c f l ow of

wat er . As a r esul t , t he vol ume of t he cel l decr eases i n par al l el wi t h i t s K' cont ent , so

t he K+ concent r at i on r emai ns r el at i vel y const ant . For t hi s r eason, t he dr i vi ng f or ce

f or t he net KCI ef f l ux does not change ver y much, so t he f l ux i s qui t e const ant dur i ng

t he f i r st 30- 50% of i nt r acel l ul ar K+ l oss ( see Fi g . 4) . The net K+ ef f l ux can t her ef or e

be det er mi ned f r om t he i ni t i al sl ope of a pl ot of t he cel l K+ cont ent per ki l ogr am of

hemogl obi n vs . t i me ( see Fi g . 4) . Si nce net f l ows of H+, OH- , and HCO3 ar e smal l i n

compar i son wi t h t he net K+ f l ow under t hese condi t i ons ( Knauf et al . , 1977) , t he net

K' f l ow i s near l y equal t o t he net Cl - f l ow.

I f one assumes t hat t he f l ows of i ons ar e i ndependent of each ot her and t hat t her e

i s a const ant el ect r i c f i el d t hr ough t he membr ane, t he membr ane pot ent i al ( i nsi de

wi t h r espect t o out si de) i s gi ven by t he Gol dman- Hodgki n- Kat z equat i on ( Gol dman,

1943 ; Hodgki n and Kat z, 1949) :

RT

	

PkK. + Pct Cl i

Em = F I n
PkK + Pci Cl o

.

Onl y t er ms i n K+ and CI - ar e i ncl uded, si nce i n t he pr esence of val i nomyci n t hese ar e

by f ar t he most per meabl e i ons . Under t he condi t i ons of t hese and our pr evi ous

( Knauf et al . , 1977) exper i ment s, t he ext er nal pot assi umconcent r at i on i s appr eci abl e.

Thus, at hi gh val i nomyci n concent r at i ons ( hi gh Pk) t he PkK. and PKKi t er ms

domi nat e t he numer at or and denomi nat or of Eq . 1, so t he membr ane pot ent i al

becomes near l y equal t o t he Ner nst pot ent i al f or pot assi um, t hat i s, E. = ( RT/

F) I n( K. / K) .

The net f l ow of chl or i de may be descr i bed by t he Gol dman f l ux equat i on as :

Jci = Pci 1nB
Cl ' B - Cl .

B - I

	

( 2)

wher e B= exp( - FE. / RT) . Si nce under our condi t i ons Pei has ver y l i t t l e ef f ect on E.

( and t her ef or e on B) , t he net chl or i de f l ux i s al most a l i near f unct i on of t he net

chl or i de per meabi l i t y, Pc, . I n par t i cul ar , i ncr eases i n t he Kper meabi l i t y have ver y

l i t t l e ef f ect on t he net KCI ef f l ux ( Knauf et al . , 1977) . I t i s t her ef or e compar at i vel y

easy and accur at e t o cal cul at e Pci f r omt he measur ed KCI f l ux and t he i nt er nal and

ext er nal K+ and Cl - concent r at i ons . For our cal cul at i ons, we used a val ue of Pk at

1 . 33 , uM val i nomyci n of 3. 56 mmol / kg hemogl obi nzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" mi n " mM, det er mi ned f r om ' ` 2K

exchange exper i ment s ( Knauf et al . , 1977) , but i naccur aci es i n t hi s val ue woul d have

l i t t l e ef f ect on t he r esul t s. Thi s i s i n shar p cont r ast t o ot her met hods ( Hunt er , 1971,

1977; Kapl an et al . , 1980 and unpubl i shed dat a) , i n whi ch t he pr eci si on of t he Pct

val ue depends on t he accur acy of bot h t he net f l ux det er mi nat i on and t he Pk val ue.

One addi t i onal advant age of our met hod i s t hat t he r at i o of i nt er nal and ext er nal

K+ concent r at i ons can be hel d const ant , t her eby keepi ng t he membr ane pot ent i al

near l y const ant . Thi s condi t i on i s di f f i cul t t o achi eve wi t h t echni ques i n whi ch

ext er nal K+ i s l ow, but may be necessar y f or pr eci se r esul t s, si nce i n a separ at e st udy
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we f ound t hat t he val ue of Pcl i s st r ongl y dependent on t he membr ane pot ent i al

( Knauf and Mar chant , 1977) . 1

Fl uxes ar e most easi l y expr essed i n mi l l i mol es per ki l ogr am hemogl obi n per mi nut e,
and t he dr i vi ng f or ce ( t he t er ms ot her t han Pcl on t he r i ght - hand si de of Eq. 2) i n
mi l l i mol ar , so t he per meabi l i t y i s gi ven i n uni t s of mi l l i mol es per ki l ogr am of

hemogl obi n per mi nut e per mi l l i mol ar . To conver t t hi s t o t he commonl y used uni t of

mi n - ' , t he per meabi l i t i es shoul d be mul t i pl i ed by ki l ogr ams of hemogl obi n per l i t er
cel l wat er , whi ch f or t he exper i ment s r epor t ed her e, except f or t he pHexper i ment s i n
Fi g . 6, was ^0. 412 ± 0 . 024 ( SD) .

An advant age of expr essi ng t he per meabi l i t i es i n uni t s of mi l l i mol es per ki l ogr am
of hemogl obi n per mi nut e per mi l l i mol ar i s t hat t he per meabi l i t y i s not af f ect ed by

t he i ni t i al cel l vol ume, as ar e per meabi l i t i es expr essed i n mi n - ' . Si nce t he amount of

hemogl obi n i s l i near l y pr opor t i onal t o t he number of cel l s, per meabi l i t i es i n t hese
uni t s pr ovi de an easy means of cal cul at i ng t he f l ux per cel l i f t he dr i vi ng f or ce f r om
t he Gol dman equat i on ( Eq . 2) i s known . We have chosen not t o expr ess f l uxes or
per meabi l i t i es per uni t of sur f ace ar ea, bot h because of t he var i at i ons i n l i t er at ur e

val ues f or sur f ace ar ea and because at l east f or t he DI DS- sensi t ve f l uxes, t he ani ons

f l ow t hr ough di scr et e si t es i n t he membr ane, r at her t han t hr ough t he ent i r e membr ane

sur f ace. Thus, t he t ot al f l ux i s r el at ed t o t he number of t r anspor t si t es per cel l , and

t he sur f ace ar ea of t he cel l s i s i r r el evant . I f i t i s desi r ed f or compar at i ve pur poses t o

conver t t o uni t s of cent i met er s per second, t hi s can be done by mul t i pl yi ng t he

per meabi l i t y i n mi l l i mol es per ki l ogr am of hemogl obi n per mi nut e per mi l l i mol ar by

t he f act or 4. 3 X 10 - 7 , cal cul at ed f r omt he val ues of sur f ace ar ea and vol ume gi ven i n

Knauf et al . , 1977 .

Tr eat ment of Red Cel l s wi t h I nhi bi t or s of Wat er Per meabi l i t y

Fr esh r ed cel l s wer e washed and t r eat ed wi t h 10 f t MDI DS as descr i bed above . Af t er

t hr ee washes wi t h PBS ( 1 par t 310 mosmol phosphat e buf f er , pH 7 . 4 [ Dodge et al . ,

1963] , 9 par t s 165 mMNaCl ) , por t i ons of t he cel l s wer e t r eat ed wi t h ei t her 1 mM

PCMBS ( par achl or omer cur i benzenesul f oni c aci d) or 1 mMDTNB ( 5, 5' - di t hi o- bi s- 2-

ni t r obenzoi c aci d) ( concent r at i on i n t he medi um at t i me zer o) at 25% hemat ocr i t f or

60 mi n at 21- 22 ° C i n phosphat e- buf f er ed sal i ne ( PBS) . The cel l s wer e t hen washed

t hr ee t i mes i n 20 mMTr i s, 130 mMNaCl , and 10 mMKCI , pH 7 . 4, and t he net K+

ef f l ux at 37 ° C i n t he pr esence of 1 . 33 t . M val i nomyci n was measur ed as descr i bed

above . To check t he ef f ect i veness of PCMBS, net K+ ef f l ux was measur ed wi t h 0 . 1

mMouabai n and wi t hout val i nomyci n . I n al l exper i ment s r epor t ed, PCMBS pr et r eat -

ment caused at l east a f i vef ol d i ncr ease i n t he net K' ef f l ux .

Hal i de Subst i t ut i on Exper i ment s

Fr esh r ed cel l s wer e washed t hr ee t i mes i n sol ut i ons consi st i ng of 136 mMNax, 10

mMKX, 0 . 5 mMNa met abi sul f i t e, and 20 mMHEPES, pH 7 . 85, at r oom t emper -

at ur e, wher e X was Cl , Br , F, or 1 . Por t i ons of t he cel l s wer e t hen t r eat ed wi t h 10 t t M

DI DS as descr i bed above . Ef f l ux of K+ was measur ed wi t h 1 . 33 j , M val i nomyci n as
descr i bed above, except t hat X- r epl aced Cl - i n t he f l ux and washi ng buf f er s . I n t he

case of f l uor i de, cel l s wer e washed i n medi umcont ai ni ng 146 mMNaF, and t he f l ux

was measur ed i n HEPES- buf f er ed medi um cont ai ni ng 136 mMNaF and 10 mM

1 Knauf , P. A. , P. J . Mar chant , and F. - Y. Law. Ef f ect s of pot assi um concent r at i on and
membr ane pot ent i al on t he appar ent net chl or i de and sul f at e per meabi l i t i es of t he human
er yt hr ocyt e membr ane . Manuscr i pt i n pr epar at i on .
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KCI . Fr ee ani on di st r i but i on r at i os wer e est i mat ed by measur i ng t he chl or i de r at i o
wi t h 1 mMNaCl added t o t he buf f er , usi ng t he t echni que descr i bed above . Chl or i de
r at i os wer e si mi l ar f or t he var i ous hal i de medi a, and var i ed f r om0. 635 t o 0. 794 i n t he
di f f er ent exper i ment s .

pHExper i ment s

Fr esh bl ood was washed t hr ee t i mes i n 160 mMKCI , 27 mMsucr ose, and 5 mM
ei t her HEPES or PI PES buf f er , pH 7. 2, at r oom t emper at ur e, and t he buf f y coat was
r emoved. Cel l s wer e r esuspended at 10%hemat ocr i t and washed t hr ee t i mes i n t he
same buf f er , except at di f f er ent pH val ues . Bef or e each cent r i f ugat i on, t he cel l s wer e
al l owed t o st and 5 mi n at 37 ° C t o per mi t pH equi l i br at i on. Si nce even t hi s t r eat ment
di d not r esul t i n compl et e pH equi l i br at i on of t he cel l s i n l ow pH buf f er , f or t he
exper i ment s wi t h PI PES at pH6. 1 at 37 ° C, t he cel l s wer e t i t r at ed t o t he desi r ed pH
by bubbl i ng C02 t hr ough t he suspensi on, af t er whi ch t he cel l s wer e washed t hr ee
t i mes i n PI PES buf f er t o r emove C02 and bi car bonat e. I n al l cases, t he st at ed pH i s
t hat of t he cel l suspensi on i n t he l ast wash buf f er at 37 ° C. The cel l s wer e made up t o
20%hemat ocr i t and f l uxes wer e measur ed at 0. 33% hemat ocr i t wi t h 1 . 33% et hanol
and 1 . 33 j u. M val i nomyci n at 37 ° C as descr i bed f or t he nyst at i n- t r eat ed cel l s, usi ng

medi a wi t h 150 mMNaCl , 9 mMKCI , 27 mMsucr ose, and 5 mMHEPES or PI PES,
t o gi ve a f i nal ext er nal K+ concent r at i on of - 10 mM. Chl or i de r at i o, i nt r acel l ul ar K+
concent r at i on, and cel l wat er wer e measur ed as descr i bed above.

RESULTS AND DI SCUSSI ON

Hal i de Sel ect i vi t y

Si nce t he af f i ni t i es of t he var i ous hal i de ani ons f or t he ani on exchange syst em

ar e known ( Dal mar k, 1976) , t he r at e of net f l ow f or each hal i de can be

cal cul at ed accor di ng t o t he " sl i ppage" model . Those hal i des, such as i odi de,

whi ch bi nd t i ght l y t o t he subst r at e si t e, shoul d r educe t he number of unl oaded

t r anspor t si t es and t her ef or e shoul d have a l ow net f l ow r at e. To t est t hi s

exper i ment al l y, r ed cel l s wer e equi l i br at ed wi t h sol ut i ons cont ai ni ng 10 mM

KX, 136 mMNaX( wher e Xi s CI - , Br - , F- , or I - ) , 20 mMHEPES ( pH 7. 85

at r oom t emper at ur e) , and 0. 5 mMsodi um met abi sul f i t e, t o keep t he hal i des

i n t he i oni zed f or m ( Par ker et al . , 1977) . Net ef f l ux of pot assi um i n t he

pr esence of val i nomyci n was measur ed at 37 ° C.

Fi g . 2 shows t he net K+ f l ux f or cel l s equi l i br at ed wi t h ei t her Cl - or I -

medi umand exposed t o var i ous val i nomyci n concent r at i ons . For Cl - t he f l ux

t ends t o r each a pl at eau wi t h i ncr easi ng val i nomyci n concent r at i on . Thi s i s

expect ed si nce as t he K+ per meabi l i t y i s i ncr eased, net KCI ef f l ux i s l i mi t ed

by t he r at e of net Cl - f l ow ( Knauf et al . , 1977) . I n t he case of i odi de, t he f l ux

i s l ar ger and t he pl at eau i s r eached at hi gher val i nomyci n concent r at i ons .

Thi s woul d be expect ed i f t he membr ane per meabi l i t y f or I - net f l ow i s

gr eat er t han f or Cl - , si nce t he I - per meabi l i t y shoul d not become r at e- l i mi t i ng

unt i l t he pot assi um per meabi l i t y ( t hat i s, t he val i nomyci n concent r at i on) i s

r ai sed t o hi gher val ues .

The r esul t s i n Fi g. 2, whi ch suggest t hat t he net I - per meabi l i t y i s much

gr eat er t han t he net CI - per meabi l i t y, ar e i n agr eement wi t h Hunt er ' s ( 1977)

val ues obt ai ned by a di f f er ent t echni que, and woul d seem t o pr ovi de st r ong
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evi dence agai nst t he " sl i ppage" hypot hesi s . Thi s i s onl y t r ue, however , i f t he

l ar ge net I - f l ow i s act ual l y r el at ed t o t he ani on exchange syst em and does not

t ake pl ace vi a a par al l el pat hway t hr ough t he membr ane . Thi s l at t er possi -

bi l i t y exi st s even t hough met abi sul f i t e was pr esent t o pr event f or mat i on Of I Z

and 13- . To t est t hi s, net K+ f l uxes wi t h 1 . 33 AMval i nomyci n f or I - and t he

ot her hal i des wer e compar ed i n DI DS- t r eat ed and cont r ol cel l s .

2
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FI GURE 2 .

	

Ef f ect s of val i nomyci n on net K+ ef f l ux i n chl or i de or i odi de medi a.

Cel l s wer e washed i n chl or i de or i odi de medi a as descr i bed i n Met hods and t he

net KCl ef f l ux i nt o medi um wi t h 10 mMK+ was measur ed af t er addi t i on of

var i ous amount s of val i nomyci n . Sol i d l i nes ar e t heor et i cal cal cul at i ons of t he

K+ f l ux, usi ng PK val ues f or t he di f f er ent val i nomyci n concent r at i ons det er mi ned

pr evi ousl y ( Knauf et al . , 1977) . For t he upper l i ne, t he PI val ue ( det er mi ned

f r om t he r i ght most poi nt ) was 0. 2904 mmol / kg Hb " mi n " mM, wher eas f or t he

l ower l i ne, t he Pci val ue was 0 . 0436 mmol / kg Hb " mi n " mM. The somewhat

l ower f l uxes at l ow val i nomyci n concent r at i ons, r el at i ve t o t he t heor et i cal

pr edi ct i ons, may be par t l y due t o a decr ease i n net ani on per meabi l i t y whi ch

occur s at t he l ower membr ane pot ent i al val ues under t hese condi t i ons!

Af t er washi ng wi t h t he var i ous hal i de sol ut i ons, t he cel l s wer e di vi ded i nt o

t wo por t i ons, one of whi ch was t r eat ed wi t h 6 . 7 Amol DI DS per l i t er cel l

suspensi on ( at 33%hemat ocr i t ) f or 30 mi n at 37° C, t hen washed t hr ee t i mes

wi t h buf f er cont ai ni ng 0 . 5% al bumi n and t hr ee t i mes wi t h buf f er . The r esul t s,

shown i n Tabl e I , demonst r at e t hat f or I - t her e i s no st at i st i cal l y si gni f i cant

DI DS- sensi t i ve net f l ux . A DI DS- sensi t i ve component may exi st , but i t i s
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smal l and i s compl et el y masked by t he scat t er i n t he much l ar ger DI DS-

i nsensi t i ve net I - f l ux . Thus, t he l ar ge net f l ux of i odi de must t ake pl ace by a

par al l el pat hway t hr ough t he membr ane and i s not r el evant t o t he quest i on

of t he hal i de sel ect i vi t y of t he net ani on f l ux t hat t akes pl ace t hr ough t he

ani on exchange mechani sm ( def i ned as t he DI DS- sensi t i ve component ) .

The absence of DI DS- sensi t i ve i odi de net f l ux mi ght be expl ai ned on a

t r i vi al basi s i f t her e wer e some di f f er ence i n t he r esponse of i odi de exchange

t o DI DS, or i f DI DS wer e a l ess pot ent i nhi bi t or i n i odi de t han i n chl or i de

medi a . That t hi s i s not t he case i s shown i n Fi g. 3, wher e t he i odi de exchange

f l ux at 20 ° C as a per cent of cont r ol i s pl ot t ed agai nst t he number of DI DS

mol ecul es per cel l t o whi ch t he cel l s wer e exposed . For t he l ow DI DS

concent r at i ons, wher e t her e i s l i t t l e nonspeci f i c bi ndi ng ( Shi p et al . , 1977) ,

t her e i s a ver y good cor r el at i on ( t2 = 0. 994) bet ween t he i nhi bi t i on of i odi de

TABLE I

NET K+ EFFLUX AT 37° C FROMCELLS LOADED WI TH DI FFERENT HALI DE

ANI ONS

Cel l s wer e l oaded wi t h di f f er ent hal i des as descr i bed i n Met hods . Net K+ f l uxes i nt o medi a cont ai ni ng 10

mMK+ i n t he pr esence of 1 . 33 #Mval i nomyci n ar eexpr essed i n mi l l i mol es K+ per ki l ogr am of hemogl obi n

per mi nut e . Val ues ar e gi ven ± st andar d er r or of t he mean. The number s i n par ent heses i ndi cat e t he
number of exper i ment s . P val ues i ndi cat e t he si gni f i cance of t he di f f er ence bet ween t he f l ux wi t h a
par t i cul ar hal i de pr esent and t hat wi t h Cl - pr esent , as det er mi ned by an unpai r ed St udent ' s t t est . For t he

cont r ol and DI DS- t r eat ed cel l s, i ndi vi dual f l uxes wer e compar ed st at i st i cal l y . The DI DS- sensi t i ve compo-

nent was det er mi ned by subt r act i ng t he aver age f l ux i n DI DS- t r eat ed cel l s t aken f r oma gi ven donor f r om

t he aver age f l ux i n cont r ol cel l s t aken f r om t he same donor . For t hi s r eason, t he number of det er mi nat i ons

of t he DI DS- sensi t i ve f l ux i s smal l er and t he wei ght i ng of t he obser vat i ons i s somewhat di f f er ent .

exchange and t he number of DI DS mol ecul es per cel l . The ext r apol at ed val ue
f or t he maxi mumnumber of mol ecul es per cel l r equi r ed f or 100%i nhi bi t i on,

assumi ng t hat ever y DI DS mol ecul e added i s bound t o t he t r anspor t si t es, i s

^ - 1 X 106 . Thi s i s i n ver y good agr eement wi t h est i mat es of t he number of

t r anspor t si t es der i ved f r om measur ement s of t he ef f ect s of DI DS ( Shi p et al . ,

1977) or ot her i nhi bi t or s ( Zaki et al . , 1975 ; Lepke et al . , 1976 ; see summar y
i n Knauf , 1979) on chl or i de or sul f at e exchange f l uxes and suggest s st r ongl y
t hat i odi de and chl or i de shar e a common exchange pat hway, as woul d be
expect ed si nce i odi de i s a compet i t i ve i nhi bi t or of chl or i de exchange ( Dal mar k,

1976) .

For t he ot her hal i des ( Tabl e I ) , t he di f f er ence bet ween t he net f l ux i n t he

pr esence and absence of DI DS i s hi ghl y si gni f i cant ( P < 0. 02) . For t he DI DS-
sensi t i ve component , t he f l ux wi t h F- i s gr eat er t han t hat wi t h Cl - , whi ch
i ndi cat es a hi gher net per meabi l i t y f or F- t han f or Cl - . The i ncr eased f l ux

Hal i de Cont r ol P DI DS t r eat ed P DI DS sensi t i ve P

F- 19 . 8±5 . 8 ( 3) <0. 02 4 . 3±1 . 2 ( 3) <0. 05 15 . 4±4 . 7 ( 3) <0 . 05

CI - 9. 5±1 . 4 ( 4) - 2 . 1±0 . 4 ( 3) - 7 . 0±1 . 4 ( 3) -

Br 12 . 8±1 . 4 ( 3) <0. 05 3 . 3±0 . 8 ( 3) <0. 1 9 . 7±0. 8 ( 3) <0. 05

I - 52 . 1±18 . 5 ( 15) <0. 02 48 . 4±14 . 0 ( 11) <0. 001 10 . 1±16 . 1 ( 5) 90. 5
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cannot be due t o an i ncr eased K+ per meabi l i t y i n t he pr esence of F- , si nce at
1 . 33 j , Mval i nomyci n t he K' per meabi l i t y i s so l ar ge t hat a f ur t her i ncr ease
i n K+ per meabi l i t y causes no si gni f i cant i ncr ease i n net Kf l ux ( Knauf et al . ,

1977) . The hi gh net F- per meabi l i t y f i t s wi t h t he " sl i ppage" model , si nce F-

has a l ower af f i ni t y f or t he t r anspor t si t e t han does Cl - . On t he ot her hand,
t he f act t hat t he DI DS- sensi t i ve net Br per meabi l i t y i s si gni f i cant l y ( P <

0. 05) l ar ger t han t hat f or Cl - i s not pr edi ct ed by t hi s model , si nce Br has a
hi gher af f i ni t y f or t he t r anspor t si t e t han does Cl - , and hence shoul d have a
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DI DS mol ecul es/ cel l ( x 10- 5 )

FI GURE 3.

	

Ef f ect of DI DS on i odi de exchange. Al i quot s of cel l s wer e t r eat ed

wi t h var i ous amount s of DI DS as descr i bed i n Met hods. The i odi de exchange

r at e const ant ( expr essed as per cent of cont r ol ) , measur ed at 20 ° C, i s pl ot t ed

agai nst t he number of mol ecul es of DI DS added per cel l . The st r ai ght l i ne was

f i t t ed t o t he f i r st f our poi nt s by t he met hod of l east squar es . Poi nt s f or hi gher

DI DS concent r at i ons wer e not used si nce nonspeci f i c bi ndi ng becomes mor e

pr omi nent at hi gher concent r at i ons ( 1, epke et al . , 1976) . The sl ope was - 9 . 97

t 0. 31 ( SD) , whi ch cor r esponds t o 1 . 0 X 106 mol ecul es per cel l r equi r ed f or

compl et e i nhi bi t i on .
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l ower net f l ow. Because of t he compar at i vel y smal l di f f er ence bet ween Cl -

and Br af f i ni t i es and t he smal l di f f er ence i n net f l uxes, however , t hese r esul t s
do not pr ovi de concl usi ve evi dence agai nst t he model .

Ef f ect s of Chl or i de Concent r at i on on Net Chl or i de Fl ux

To t est t he sl i ppage model mor e st r i ngent l y, cel l s wer e l oaded wi t h di f f er ent

KCl concent r at i ons by use of nyst at i n, and t he ef f l ux of KCl i nt o a l ow- K
+

medi um was measur ed i n t he pr esence of 1 . 33 AMval i nomyci n . Under t hese
ci r cumst ances, t he K+ per meabi l i t y i s hi gh enough t hat t he membr ane

pot ent i al i s essent i al l y equal t o t he pot assi umequi l i br i um pot ent i al ( EK) , and

t he membr ane pot ent i al was kept near l y const ant by var yi ng ext er nal K+

t oget her wi t h i nt er nal K+. Fi g . 4 shows a pl ot of t he pot assi um cont ent

mi nut es

FI GURE 4.

	

Loss of K+ f r om cel l s t r eat ed wi t h val i nomyci n i n medi a wi t h
var i ous Cl - concent r at i ons . Cel l K+ cont ent was det er mi ned as descr i bed i n
Met hods at var i ous t i mes af t er exposur e of cel l s t o 1 . 33 AM val i nomyci n at
37 ° C. O, 0, and Opoi nt s r ef er t o val ues f r om di f f er ent exper i ment s. Li nes wer e
dr awn by eye .
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( expr essed as mi l l i mol es K' per ki l ogr am of hemogl obi n) of cel l s t r eat ed wi t h

nyst at i n i n ei t her 75, 160, or 300 mMCl - as a f unct i on of t i me af t er addi t i on

of 1 . 33 t LMval i nomyci n . The i ni t i al t i me cour se of t he ef f l ux i s l i near , whi ch

per mi t s ext r apol at i on of t he l i nes t o zer o t i me t o obt ai n t he i ni t i al r at e of net

K+ l oss . Fr omFi g. 4 i t i s cl ear t hat t he net KCl ef f l ux i ncr eases as t he chl or i de

concent r at i on i ncr eases, cont r ar y t o t he pr edi ct i ons of t he sl i ppage hypot hesi s .

As i n t he case of t he hal i de f l uxes, however , t hi s f i ndi ng i s onl y si gni f i cant

i f t he f l ux t akes pl ace vi a t he DI DS- sensi t i ve ani on exchange syst em, and not

by some par al l el pat hway t hr ough t he membr ane, per haps r esul t i ng f r om

nyst at i n t r eat ment . Thi s l at t er possi bi l i t y woul d seem unl i kel y, si nce at 160

m1Vf chl or i de, net KCl f l uxes measur ed wi t h and wi t hout nyst at i n t r eat ment

wer e not si gni f i cant l y di f f er ent ( dat a not shown) . Never t hel ess, t o eval uat e

t he ef f ect s of chl or i de concent r at i on on t he DI DS- sensi t i ve and DI DS- i nsen-

si t i ve component s of net chl or i de f l ux, f l uxes wer e measur ed i n t he pr esence

and absence of 10 g, MDI DS i n t he f l ux medi um. The r esul t s f or sever al such

exper i ment s ar e shown i n Fi g . 5 . Al l t he component s of net chl or i de f l ux show

an i ncr ease wi t h i ncr easi ng chl or i de concent r at i on . For t he DI DS- i nsensi t i ve

f l ux, t he i ncr ease i s near l y l i near , wher eas t her e i s some t endency f or t he t ot al

and DI DS- sensi t i ve component s t o sat ur at e wi t h i ncr easi ng chl or i de concen-

t r at i on . Ther e i s al so a t endency f or t he DI DS i nhi bi t i on t o decr ease as t he

chl or i de concent r at i on i ncr eases . Thi s ef f ect i s not due t o a decr ease i n t he

i nhi bi t or y ef f ect of DI DS at hi gh chl or i de concent r at i ons ( Shami et al . , 1978) ,

si nce t he chl or i de exchange measur ed at 0° C was >99%i nhi bi t ed by 10 / , M

DI DS, even at 600 mMchl or i de ( dat a not shown) .

The sl i ppage model woul d pr edi ct t hat t he DI DS- sensi t i ve f l ux shoul d

decr ease as chl or i de concent r at i on i ncr eases, si nce t her e ar e f ewer unl oaded

car r i er s t o sl i p back acr oss t he membr ane . The r esul t s ar e so dr amat i cal l y

di f f er ent f r omt hi s pr edi ct i on t hat t hey make i t ver y unl i kel y t hat t he sl i ppage

mechani sm account s f or any appr eci abl e por t i on of net chl or i de f l ow under

t hese condi t i ons .

Ef f ect of I nhi bi t or s of Wat er Fl ow

The l i near i t y of t he r esponse of net chl or i de f l ux t o i ncr eases i n chl or i de

concent r at i on, par t i cul ar l y i n t he case of t he DI DS- i nsensi t i ve net chl or i de

f l ux, suggest s t hat at l east par t of t he net chl or i de f l ow may occur by f r ee

di f f usi on of t he chl or i de acr oss t he membr ane. Hunt er ( 1977) has suggest ed

t hat net ani on f l ow mi ght t ake pl ace t hr ough t he post ul at ed " por es" t hat ar e

t hought t o medi at e most of t he wat er f l ow acr oss t he membr ane . I f ani ons

and wat er use t he same channel s, agent s t hat bl ock t he f l ow of t he ver y smal l

wat er mol ecul e woul d be expect ed t o cause an equal or gr eat er i nhi bi t i on of

net ani on f l ow. To t est t hi s, we t r eat ed i nt act r ed cel l s wi t h t wo sul f hydr yl

( SH) - r eact i ve i nhi bi t or s, PCMBS and DTNB, at concent r at i ons t hat have

been r epor t ed t o i nhi bi t osmot i c wat er per meabi l i t y . Cel l s wer e pr et r eat ed

wi t h 1 mMPCMBS or DTNB f or 60 mi n at 21- 22° C, whi ch shoul d i nhi bi t

osmot i c wat er t r anspor t by ^- 80 and 50%, r espect i vel y ( Macey and Far mer ,

1970 ; Naccache and Sha' af i , 1974) . As can be seen f r om Tabl e I I , nei t her
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FI GURE 5 .

	

K+ ef f l ux f r om val i nomcyi n- t r eat ed cel l s i n medi a wi t h di f f er ent

Cl - concent r at i ons . Cel l s wer e l oaded wi t h di f f er ent KCI concent r at i ons by use

of nyst at i n as descr i bed i n Met hods, and ef f l ux of K+ i nt o l ow- K+ medi a at

37 ° C i n t he pr esence of 1 . 33 I AMval i nomyci n was measur ed . For t he cel l s i n 75

mMCl ` medi um, t he ext er nal K' concent r at i on was 5. 76 t 0. 15 mM( SD) , t he

chl or i de r at i o was 0. 935 t 0 . 057, and t he i nt er nal K+ concent r at i on was 86 . 1

t 11 . 8 mM. For t he cel l s i n 160 mmCl - , Ka was 11 . 3 t 0. 3 mM, Cl i / Cl o was

0 . 954 t 0. 039, and K2 was 170 . 3 t 15 . 4 mM. I n 300 mMCl - , Ko was 23 . 6 t 1 . 1

mM, Cl; / Cl. was 0 . 977 t 0. 053, and K was 297 . 1 t 32 . 9 mM. For al l

exper i ment s, t he cal cul at ed membr ane pot ent i al was bet ween - 63 . 1 and - 74 . 4

mV. Symbol s r epr esent t he mean of f our exper i ment s t SEM. I n each exper i -

ment , f l uxes wer e det er mi ned i n dupl i cat e or t r i pl i cat e .
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PCMBS nor DTNB caused any si gni f i cant r educt i on i n ei t her t he t ot al net
chl or i de f l ux or i t s DI DS- sensi t i ve or DI DS- i nsensi t i ve component s . Al t hough
t her e was consi der abl e scat t er i n t he dat a, t he net chl or i de f l uxes af t er
t r eat ment wi t h PCMBS or DTNB t ended t o be, i f anyt hi ng, sl i ght l y l ar ger
t han i n t he cont r ol cel l s . Thi s r esul t i s t he opposi t e of t hat pr edi ct ed i f ani ons
f l ow t hr ough wat er channel s, whi ch suggest s t hat no si gni f i cant component of
net ani on f l ow t akes pl ace t hr ough t hi s r out e .

Ef f ect s of pH

Gunn ( 1972) has post ul at ed t hat t he ani on exchange car r i er can exi st i n t wo
f or ms . Ti t r at i on wi t h one hydr ogen i on conver t s t he monoval ent ani on car r i er
t o a f or m t hat car r i es t he di val ent ani on sul f at e. I t has been suggest ed
( Gut knecht and Wal t er , 1982) t hat t he di val ent f or m of t he car r i er mi ght

TABLE I I

EFFECTS OF WATER PERMEABI LI TY I NHI BI TORS ON Pct

Exper i ment

A

B

" ` Pct was measur ed as descr i bed i n Met hods and was expr essed as a f r act i on of t he val ue of Pct f or unt r eat ed

cel l s i n t he same exper i ment .

$ The DI DS- i nsensi t i ve component of Pci was measur ed i n cel l s t hat had been t r eat ed wi t h 10 UMDI DS

as descr i bed i n Met hods and was expr essed as a f r act i on of t he cont r ol Pct val ue .

I The DI DS- sensi t i ve component of Pct was det er mi ned by subt r act i ng Pc, i n t he DI DS- t r eat ed cel l s f r om

t he t ot al Pct .

I Val ues ar e expr essed ± st andar d devi at i on . The number s i n par ent heses ar e t he number of Pa det er mi -

nat i ons . None of t he ef f ect s of DTNB or PCMBSon Pct wer e si gni f i cant ( P > 0. 05) , except f or t he sl i ght

i ncr ease i n t he cont r ol Pci by DTNB i n exper i ment B, whi ch was mar gi nal l y si gni f i cant ( 0 . 02 < P<0. 05) .

Two ot her exper i ment s wi t h 1 mMext r acel l ul ar pot assi um i nst ead of 10 mMgave si mi l ar r esul t s.

par t i ci pat e i n net chl or i de f l ow by t r anspor t i ng t wo chl or i de i ons i n one
di r ect i on and t hen r et ur ni ng wi t h onl y a si ngl e chl or i de i on . Such a model
woul d be capabl e of expl ai ni ng t he obser ved i ncr ease i n net f l ux wi t h
i ncr easi ng chl or i de concent r at i on i f t he af f i ni t y of t he di val ent car r i er f or
chl or i de wer e so l ow t hat i t i s not sat ur at ed at t he chl or i de concent r at i ons
used i n t hese exper i ment s . Thi s model woul d, however , i mpl y t hat t he f l ux
shoul d i ncr ease wi t h decr easi ng pH, as mor e of t he monoval ent car r i er i s
conver t ed i nt o t he di val ent f or m. Ear l i er i nvest i gat i ons by our sel ves ( Knauf et
al . , 1977) and ot her s ( Scar pa et al . , 1968, 1970) , usi ng l i ght - scat t er i ng t ech-
ni ques, had suggest ed t hat chl or i de per meabi l i t y does i ncr ease wi t h decr easi ng
pH. To f ur t her i nvest i gat e t hi s poi nt , we measur ed t he net chl or i de per mea-
bi l i t y over t he r ange f r om pH6 . 1 t o 7 . 6, usi ng t he net K' ef f l ux t echni que .

As can be seen f r om Fi g. 6, t he t ot al net chl or i de per meabi l i t y i ncr eased

I nhi bi t or Pc11P- e"
1"

DI DS

i nsensi t i ve#

DI DS

sensi t i ve¢

None 1 . 00±0. 08 ( 2) 1 0 . 28±0 . 02 ( 2) 0. 7210 . 08

PCMBS ( 1 mM) 1 . 12±0 . 15 ( 3) 0 . 48±0 . 09 ( 3) 0 . 64±0 . 17

DTNB ( 1 mM) 1 . 88±0 . 60 ( 3) 0 . 25±0 . 09 ( 3) 1 . 63±0 . 61

None 1 . 00±0 . 04 ( 4) 0 . 14±0 . 04 ( 3) 0 . 86±0 . 06

DTNB ( 1 mM) 1 . 18±0 . 05 ( 4) 0 . 23±0 . 02 ( 3) 0. 95±0 . 05
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FI GURE 6.

	

pHdependence of net chl or i de per meabi l i t y . Sol i d symbol s r epr e-

sent exper i ment s wi t h PI PES buf f er , open symbol s wi t h HEPES.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , O: t ot al PCI ;

" , D: Pc, i n t he pr esence of 10 #M DI DS; " , A: di f f er ence bet ween PC, i n t he

absence and pr esence of DI DS. Bar s i ndi cat e SEMof at l east 5 and up t o 11

separ at e det er mi nat i ons of per meabi l i t y i n a ser i es of 7 exper i ment s . I n al l but

one exper i ment , bl ood f r om a si ngl e donor was used, t o mi ni mi ze donor - t o-

donor var i at i ons i n Pci . Cal cul at ed membr ane pot ent i al s r anged f r om - 49 t o

- 74 mV. St andar d er r or s ar e not shown f or t he DI DS- sensi t i ve per meabi l i t y ;

t hey ar e si mi l ar t o t hose shown f or t he cor r espondi ng t ot al Pel . For t he DI DS-

i nsensi t i ve per meabi l i t y, al l of t he val ues i n t he same buf f er at di f f er ent pH

wer e si gni f i cant l y di f f er ent ( P < 0. 05) . For t he t ot al and DI DS- sensi t i ve PCI ,

none of t he val ues wer e si gni f i cant l y di f f er ent ( P > 0. 05) . pH val ues gi ven ar e

t hose of t he suspensi on of cel l s i n t he l ast wash bef or e t he f l ux ; t he cor r espondi ng

pH val ues of t he f l ux medi a at 37 ° Car e 6. 12 and 7. 12 f or PI PESand 6. 36, 7. 04,

and 7. 80 f or HEPES. Li nes wer e dr awn by eye . For compar i son, t he pH

dependence of chl or i de exchange i n r ed cel l ghost s at 38 ° C ( Br ahm, 1977) i s

i ndi cat ed by t he br oken l i ne and t he r i ght - hand or di nat e.
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sl i ght l y wi t h decr easi ng pH, but t he i ncr ease was not st at i st i cal l y si gni f i cant .

Thi s was appar ent l y ent i r el y due t o a ver y si gni f i cant i ncr ease i n t he DI DS-

i nsensi t i ve component , wi t h t he DI DS- sensi t i ve component showi ng no si g-
ni f i cant change . The i ncr ease i n t he DI DS- i nsensi t i ve component was not due
t o a decr ease i n t he r eact i vi t y of DI DS at l ow pH ( Shi p et al . , 1977) , si nce i n
t hese exper i ment s DI DS was pr esent i n t he f l ux medi a so t he i nhi bi t i on was

i ndependent of t he coval ent r eact i on of DI DS.
These r esul t s suggest t hat t he DI DS- sensi t i ve and DI DS- i nsensi t i ve com-

ponent s of net chl or i de per meabi l i t y have di f f er ent pH dependenci es and

t her ef or e ar e pr obabl y i ndependent pr ocesses wi t h di f f er ent r at e- det er mi ni ng

st eps . Bot h net f l ux component s al so exhi bi t a pH dependence t hat i s
si gni f i cant l y di f f er ent f r om t hat of chl or i de exchange . Over a pHr ange wher e
t he chl or i de exchange decr eases by >40%, t he DI DS- sensi t i ve net chl or i de
per meabi l i t y i s unaf f ect ed, wher eas t he DI DS- i nsensi t i ve component act ual l y
i ncr eases mor e t han t wof ol d . Al t hough t he i ncr ease i n t hi s l at t er component
i s hi ghl y si gni f i cant , i t i s f ar l ess t han t he mor e t han- 10- f ol d i ncr ease t hat
woul d be expect ed i f net chl or i de f l ux wer e medi at ed by t he di val ent f or mof
t he ani on exchange syst em. The same i s t r ue f or t he DI DS- sensi t i ve compo-

nent , whi ch shows no change . Thus, t he pH dat a ar gue st r ongl y agai nst

i nvol vement of t he di val ent f or m of t he ani on exchange car r i er i n net ani on

f l ow and suggest t hat di f f er ent pr ocesses det er mi ne t he r at es of net and

exchange ani on f l ow.

I s t he Net Chl or i de Fl ux Sat ur abl e?

The val ues f or t ot al , DI DS- sensi t i ve, and DI DS- i nsensi t i ve net chl or i de per me-

abi l i t i es, cal cul at ed f r om t he f l ux exper i ment s pr esent ed i n Fi g. 5, ar e shown

i n Fi g . 7 . For t he DI DS- i nsensi t i ve f l ux, t her e i s no si gni f i cant di f f er ence

bet ween t he per meabi l i t i es measur ed at di f f er ent chl or i de concent r at i ons,
whi ch i s consi st ent wi t h t he concept t hat t hi s f l ux r epr esent s si mpl e di f f usi on

acr oss t he membr ane, per haps t hr ough t he l i pi d bi l ayer . For t he DI DS-

sensi t i ve component , however , t her e i s a smal l but si gni f i cant ( P < 0. 02)

decr ease i n per meabi l i t y as t he chl or i de concent r at i on i s r ai sed f r om 75 t o 300

mM. Evi dence f or a decr ease i n Pcl as t he Cl - concent r at i on i s i ncr eased f r om

50 t o 100 mMhas al so been obt ai ned by Kapl an et al . ( 1980 and unpubl i shed

dat a) , usi ng a di f f er ent t echni que f or measur i ng net Cl - f l ux . At pr esent , we

cannot r ul e out t he possi bi l i t y t hat t hi s appar ent sat ur at i on i s a si de ef f ect of

t he change i n i oni c st r engt h, r at her t han r epr esent i ng t r ue sat ur at i on behavi or .

Such sat ur at i on woul d, however , be expect ed i f net ani on f l ow i nvol ves

bi ndi ng t o t he ani on exchange si t e, as suggest ed by t he par al l el ef f ect s of

DI DS on net and exchange chl or i de f l uxes ( Knauf et al . , 1977) .

2 The di f f er ence i n t hese r esul t s f r om t hose obt ai ned ear l i er may possi bl y be at t r i but ed t o t he

smal l er pH r ange st udi ed i n t he ear l i er exper i ment s ( Knauf et al . , 1977) , t o t he di f f er ent

met hod used f or measur i ng net chl or i de f l uxes, or t o t he hi gher membr ane pot ent i al i n t he

pr evi ous exper i ment s .
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Var i at i on of PCI wi t h ext er nal Cl - concent r at i on . PCI val ues wer e
cal cul at ed f r om t he f l ux dat a shown i n Fi g. 5 . Pci was cal cul at ed f r om each
i ndi vi dual f l ux measur ement , and t he r esul t s f or each exper i ment wer e aver aged .
Each symbol r epr esent s t he mean of f our such exper i ment s t SEM.

Model f or Net Ani on Fl ow t hr ough t he Ani on Exchange Syst em

Recent evi dence f r omt he st r uct ur e of t he band 3 pr ot ei n and f r omt he ki net i cs
of ani on exchange suggest s t hat t he ani on exchange syst em may f unct i on as
a l ock car r i er ( Gunn, 1978 ; Knauf , 1979) . Accor di ng t o t hi s model ( Fi g. 8) ,
t he t r anspor t pr ot ei n can exi st i n t wo conf or mat i ons, one i n whi ch t he

t r anspor t si t e f aces i nwar d ( Ei ) and t he ot her i n whi ch i t f aces out war d ( E. ) .

Thi s conf or mat i onal change may be br ought about not by movement of t he

t r anspor t si t e i t sel f , but r at her by a change i n posi t i on of t he di f f usi on bar r i er s
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Model f or net ani on f l ow t hr ough t he ani on exchange syst em. Onl y

pr ocesses r esul t i ng i n Cl - ef f l ux ar e shown . Cl - i nf l ux woul d i nvol ve t he same

pr ocesses, oper at i ng i n t he opposi t e di r ect i on . A. Wi t h t he syst em i n t he i nwar d-

f aci ng, l oaded f or m ( ECl i ) , Cl - can cr oss t he bar r i er ( Bo) at t he out si de of t he

t r anspor t si t e ( +) . B. Chl or i de mi ght al so cr oss t he bar r i er t owar d t he i nsi de of

t he t r anspor t si t e ( Bi ) , so t hat i nt er nal Cl - coul d combi ne wi t h t he out war d-

f aci ng, unl oaded f or m of t he t r anspor t syst em ( E. ) . Pr ocess A shoul d di spl ay

sat ur at i on because t he i on must be bound t o t he si t e bef or e cr ossi ng Bo . Pr ocess

B may decr ease wi t h i ncr easi ng Cl - , because an i on bound at t he si t e mi ght

i nhi bi t t he Cl - i on f r om cr ossi ng Bi . C and D r epr esent si mi l ar pr ocesses i n

whi ch t her e i s si mul t aneous di spl acement of an i on at t he t r anspor t si t e as t he

i on cr osses t he per meabi l i t y bar r i er . These pr ocesses woul d not be expect ed t o

exhi bi t sat ur at i on behavi or . I n al l of t hese net t r anspor t event s, a chl or i de i on

cr osses t he di f f usi on bar r i er s adj acent t o t he t r anspor t si t e, wi t h no change i n

t he pr ot ei n conf or mat i on . Thi s cont r ast s wi t h t he si t uat i on dur i ng ani on ex-

change ( panel E) , wher e t he i on cr osses t he membr ane by vi r t ue of a pr ot ei n

conf or mat i onal change i n whi ch t he t r anspor t si t e changes f r omi nsi de- f aci ng t o
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( Bi and Bo) i n ser i es wi t h t he t r anspor t si t e. To expl ai n t he t i ght coupl i ng of

ani on i nf l ux and ef f l ux, i t i s assumed t hat t he conf or mat i onal change occur s

onl y when an ani on i s bound t o t he t r anspor t si t e ( Fi g. 8E) .

I n t er ms of such a model , i t i s r el at i vel y easy t o see howDI DS- sensi t i ve net

ani on f l ow mi ght t ake pl ace, and why i t mi ght t end t o sat ur at e wi t h i ncr easi ng

chl or i de concent r at i on. I f t he di f f usi on bar r i er s ar e not compl et el y i mper me-

abl e t o ani ons, t hen i t i s possi bl e f or an ani on t o cr oss t he membr ane wi t hout

t he usual change i n pr ot ei n conf or mat i on . For exampl e, as i n Fi g . 8A, i f t he

t r anspor t syst em i s i n t he i nwar d- f aci ng conf or mat i on, an i on mi ght di f f use

f r om t he si t e acr oss t he bar r i er Bo t o t he ext er nal sol ut i on . Net ani on ef f l ux

mi ght al so occur wi t h t he syst em i n t he out war d- f aci ng conf or mat i on i f an

ani on cr osses t he bar r i er Bi f r om t he i nsi de sol ut i on t o t he bi ndi ng si t e ( Fi g.

8B) . Si nce t he pr obabi l i t y of cr ossi ng t he bar r i er shoul d be r el at ed t o t he

bi ndi ng of ani ons t o t he t r anspor t si t e, some sat ur at i on shoul d be obser ved . I f ,

however , t he t r anspor t can occur by pr ocesses such as depi ct ed i n Fi gs . 8C

and D, t he syst emmay not exhi bi t t he same sat ur at i on char act er i st i cs as ani on

exchange . Al so, bi ndi ng of chl or i de t o t he modi f i er si t e may af f ect t he

pr oper t i es of t he bar r i er s Bo and Bi .

Wi t hout f ur t her i nf or mat i on r egar di ng t he r at es of t he i ndi vi dual st eps, i t

i s i mpossi bl e t o cal cul at e pr eci sel y t he expect ed net chl or i de f l ow as a f unct i on

of chl or i de concent r at i on f r om t hi s model . Never t hel ess, i t i s easy t o see how

t hi s model coul d account f or t he DI DS sensi t i vi t y of net ani on f l ow, si nce

bi ndi ng of DI DS shoul d bl ock t he t r anspor t si t e and pr event net f l ow t hr ough

t he bar r i er s .

Ef f ect s of NAP- Taur i ne on Net Chl or i de Fl ow

Despi t e t he di f f i cul t i es i n maki ng quant i t at i ve pr edi ct i ons f r om t hi s model ,

cer t ai n qual i t at i ve pr edi ct i ons may be made. Var i ous l i nes of evi dence suggest

t hat ext er nal NAP- t aur i ne bi nds t o t he modi f i er si t e of t he ani on exchange

syst em and i nhi bi t s t r anspor t by l ocki ng t he syst em i n t he out war d- f aci ng

f or m ( Knauf et al . , 1978a, 1980 ; Knauf , 1979) . 3 Si nce t he pr ot ei n conf or ma-
t i onal change i s r equi r ed f or ani on exchange, but i s not necessar y f or net

chl or i de f l ow, NAP- t aur i ne shoul d have a smal l er i nhi bi t or y ef f ect on net

chl or i de f l ux t han on chl or i de exchange . Some ef f ect of NAP- t aur i ne on t he

net f l ow mi ght be expect ed, of cour se, because NAP- t aur i ne wi l l i ncr ease t he

pr opor t i on of t r anspor t si t es i n t he Eo f or m and t he per meabi l i t i es of t he

i nt er nal and ext er nal di f f usi on bar r i er s ( Bi and Bo) may not be equal .

3 Knauf , P. A. , F. - Y. Law, T. Tar shi s, and W. Fur uya . Use of NAP- t aur i ne t o det ect ef f ect s of

t he t r anspor t si t e conf or mat i on on t he modi f i er si t e of t he human er yt hr ocyt e ani on exchange
pr ot ei n . Manuscr i pt i n pr epar at i on .

out si de- f aci ng, or vi ce ver sa. The pr ot ei n conf or mat i on " r emember s" t he di r ec-
t i on of t he l ast i on t r anspor t event , so t hat t he next event i s al ways i n t he
opposi t e di r ect i on, gi vi ng r i se t o a one- f or - one coupl i ng of ani on f l ows i n
opposi t e di r ect i ons .



As a basi s f or compar i son, t he ef f ect s of DI DS on net and exchange chl or i de

f l uxes wer e measur ed . Por t i ons of cel l s wer e t r eat ed wi t h var i ous amount s of

DI DS, excess DI DS was washed away wi t h al bumi n, and net and exchange

f l uxes of chl or i de wer e measur ed . The r esul t s, shown i n Fi g . 9, ar e ver y si mi l ar
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Ef f ect s of DI DS and NAP- t aur i ne on chl or i de exchange and net

chl or i de f l ux . Al i quot s of cel l s wer e t r eat ed wi t h var i ous amount s of ei t her DI DS

or NAP- t aur i ne as descr i bed i n Met hods, and t he chl or i de exchange r at e

const ant was det er mi ned at 0° Cas wel l as t he val ue of Pcl ( t he per meabi l i t y f or

net chl or i de f l ow) at 37 ° C. As i n pr evi ous exper i ment s usi ng a di f f er ent

t echni que f or measur ement of PcI ( Knauf et al . , 1977) , t her e was a st r ong

cor r el at i on ( 12 = 0. 895) bet ween t he ef f ect s of DI DS ( ci r cl es) on chl or i de

exchange and net f l ow, but 29 . 4 t 2 . 9% ( SD) of t he net f l ux was i nsensi t i ve t o

DI DS. The squar e poi nt s show t he r esul t s f or 500 ( l ef t ) and 136 JI M ( r i ght )

NAP- t aur i ne t SEMf or 2 and 10 exper i ment s, r espect i vel y . For NAP- t aur i ne

t he i nhi bi t i on of net chl or i de per meabi l i t y was si gni f i cant l y l ess ( P < 0. 001)

t han t hat caused by DI DS.

t o t hose obt ai ned ear l i er ( Knauf et al . , 1977) usi ng a l i ght - scat t er i ng t echni que

t o measur e net chl or i de f l uxes . The r el at i onshi p bet ween net and exchange

f l ux i s l i near , wi t h a cor r el at i on coef f i ci ent ( r ) of 0. 895 . About 30° 70 of t he net

f l ux was i nsensi t i ve t o DI DS, wher eas <1% of t he chl or i de exchange was

DI DS i nsensi t i ve . For t he cel l s t r eat ed wi t h NAP- t aur i ne and exposed t o l i ght ,

t he i nhi bi t i on of net chl or i de f l ow was si gni f i cant l y ( P < 0. 001) l ess t han t he
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i nhi bi t i on caused by a DI DS t r eat ment t hat had an i dent i cal ef f ect on ani on

exchange. 4

These dat a f ur t her r ei nf or ce t he concept t hat t he DI DS- sensi t i ve component

of net chl or i de f l ux t akes pl ace t hr ough t he ani on exchange mechani sm. They

ar gue st r ongl y agai nst any model i n whi ch t he conf or mat i onal change,

i nhi bi t ed by NAP- t aur i ne, i s necessar y f or net ani on f l ow. For exampl e,

Hunt er ( 1977) has suggest ed t hat net chl or i de f l ow coul d occur i f t wo chl or i de

i ons ar e l oaded on a si ngl e t r anspor t si t e . Tr ansl ocat i on of t hese chl or i de i ons

woul d be expect ed t o r equi r e t he same conf or mat i onal shi f t as t hat whi ch i s

i nvol ved f or nor mal chl or i de t r ansl ocat i on, and t her ef or e shoul d be i nhi bi t ed

by NAP- t aur i ne as wel l as chl or i de exchange i s i nhi bi t ed . Si nce NAP- t aur i ne

i nhi bi t s sul f at e exchange as wel l as chl or i de exchange, t he dat a pr ovi de f ur t her

evi dence agai nst t he possi bi l i t y ( Gut knecht and Wal t er , 1982) t hat net chl or i de

f l ow i s medi at ed by t he di val ent ( sul f at e- t r anspor t i ng) f or mof t he car r i er . The

dat a ar gue i n f avor of model s such as t hat pr esent ed i n Fi g . 8, i n whi ch net

ani on f l ow occur s wi t hout a change i n t r anspor t si t e or i ent at i on .

CONCLUSI ONS

The dat a pr esent ed her e ar e i nconsi st ent wi t h sever al post ul at ed mechani sms

f or net ani on f l ow. Wat er t r anspor t i nhi bi t or s have l i t t l e or no ef f ect on net

chl or i de f l ux ( Tabl e I I ) , whi ch suggest s t hat net chl or i de f l ow does not t ake

pl ace t hr ough wat er channel s . Bot h t he hal i de sel ect i vi t y ( Tabl e I ) and t he

concent r at i on dependence of net ani on f l ow ( Fi g . 5) st r ongl y suggest t hat net
f l ow does not i nvol ve backf l ow ( " sl i ppage" ) of t he unl oaded chl or i de car r i er

( or a conf or mat i onal change of t he unl oaded car r i er i n, t he model shown i n

Fi g . 8) . I n addi t i on, i t does not appear t hat t he sul f at e- t r anspor t i ng f or m of
t he car r i er i s i nvol ved, si nce under t he condi t i ons of t he exper i ment s r epor t ed

her e, l ower i ng t he pH does not cause a dr amat i c i ncr ease i n net ani on f l ow

( Fi g. 6) , as woul d be expect ed f r om t hi s model . Fur t her mor e, t r anspor t does

not seem t o i nvol ve a doubl y l oaded f or m of t he ani on exchange car r i er ( Fi g.
9) .

The DI DS- i nsensi t i ve por t i on of net chl or i de f l ow may i nvol ve a pat hway
separ at e f r om t he ani on exchange syst em, si nce t hi s component of t he f l ux
i ncr eases l i near l y wi t h concent r at i on and i s not sensi t i ve t o i nhi bi t or s of ani on
exchange. I n t he case of nyst at i n- t r eat ed cel l s, i t i s possi bl e t hat par t of t hi s
f l ux goes t hr ough nyst at i n channel s, si nce i n some nyst at i n exper i ment s t he
DI DS- i nsensi t i ve component amount ed t o 50%of t he t ot al f l ux, compar ed
wi t h t he mor e usual val ue i n unt r eat ed cel l s of 20- 30% ( see, e. g . , Fi gs . 6 and
9) . The maj or i t y of t he DI DS- i nsensi t i ve f l ux, however , cannot be at t r i but ed

' Si nce NAP- t aur i ne l ocks t he syst em i n t he Eo f or mand i nhi bi t s net chl or i de f l ux somewhat ,

i t mi ght seem t hat net chl or i de ef f l ux occur s mor e r eadi l y when t he syst em i s i n t he ECl i f or m

t han when i t i s i n t he ECI . f or m ( t hat i s, t he pr ocesses shown i n Fi gs . 8A and C ar e mor e

pr obabl e t han t hat shown i n D) . Thi s specul at i on i s l i kel y t o be i n er r or , however , i f NAP-

t aur i ne causes a change i n t he st r uct ur e of t he ECI . f or m whi ch decr eases i t s net ani on
per meabi l i t y .



THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 81 " 1983

t o nyst at i n channel s . I n t he case of i odi de, i t seems pr obabl e t hat di f f usi on
t hr ough t he l i pi d account s f or t he ver y l ar ge DI DS- i nsensi t i ve f l ux . Dat a
i ndi cat i ng t hat anot her l i pi d- sol ubl e ani on, ni t r at e, has a net per meabi l i t y
>15 t i mes t hat of chl or i de ( Rei chst ei n and Rot hst ei n, 1981) woul d suppor t
t hi s concept . The hi gh act i vat i on ener gy f or t he DI DS- i nsensi t i ve component
( 22 . 0 kcal / mol as compar ed wi t h 14 . 6 kcal / mol f or t he t ot al PCI , based on net
f l ux measur ement s at 25 and 37 ° C; dat a not shown) woul d al so be compat i bl e
wi t h t hi s model . Si nce i n t hese exper i ment s t he membr ane cont ai ns val i no-
myci n, i t i s al so possi bl e t hat t he f or mat i on of compl exes bet ween t he mor e
pol ar i zabl e ani ons such as I - and val i nomyci n- K+ may cont r i but e t o t hei r
obser ved hi gh conduct ance .

On t he ot her hand, i t st i l l seems possi bl e t hat f or i ons such as chl or i de,
br omi de, and f l uor i de, much of t he DI DS- i nsensi t i ve f l ux may t ake pl ace vi a
t he ani on exchange mechani sm. The f ai l ur e t o obser ve sat ur at i on f or t hi s
component mi ght be due t o super posi t i on of f l ux t hr ough nyst at i n channel s,
whi ch woul d add a l i near component t o t he f l ux and t her eby make sat ur at i on
mor e di f f i cul t t o obser ve . Al so, i t i s possi bl e t hat DI DS mi ght al t er t he syst em
i n such a way as t o bl ock t he t r anspor t si t e but st i l l t o per mi t some net f l ow
of chl or i de t hr ough t he syst em. The si mi l ar sel ect i vi t i es of t he DI DS- sensi t i ve
and DI DS- i nsensi t i ve component s f or F- , Br - , and Cl - woul d f avor t hi s
concept . The di f f er ences i n t emper at ur e dependence and pH sensi t i vi t y sug-

gest t hat t he char act er i st i cs of t he r at e- det er mi ni ng pr ocesses f or DI DS-
sensi t i ve and - i nsensi t i ve net chl or i de f l ow di f f er si gni f i cant l y, but even t hi s
coul d be r econci l ed t o t he concept of a common band 3 pat hway i f DI DS
subst ant i al l y af f ect s t he band 3 st r uct ur e and hence al t er s t he nat ur e of t he
net f l ow pr ocess . Fur t her dat a ar e r equi r ed t o r esol ve t hi s quest i on .

I t i s hi ghl y pr obabl e t hat t he maj or ( 50- 80%) DI DS- sensi t i ve component of

net chl or i de f l ux i s medi at ed by t he ani on exchange syst em. The par al l el

ef f ect s of DI DS on chl or i de exchange and on t hi s component of net chl or i de

f l ow suppor t t hi s concept , as does t he evi dence f or sat ur at i on of t hi s component

at hi gh chl or i de concent r at i ons .
The pr oposed model f or net ani on f l ow ( Fi g . 8) expl ai ns net chl or i de f l ow

on t he basi s of di f f usi on of chl or i de t hr ough bar r i er s i n ser i es wi t h t he t r anspor t
si t e, a pr ocess t hat does not r equi r e t he pr ot ei n conf or mat i onal change t hat
nor mal l y accompani es ani on exchange . Thi s pr ocess can be cal l ed " t r ansi t " 5

i n t he sense t hat t he i on goes t hr ough ( per meat es) t he di f f usi on bar r i er , wi t h

no pr ot ei n conf or mat i onal change, as opposed t o " sl i ppage, " wher e t he

t r anspor t mechani sm i t sel f sl i ps f r om one conf or mat i on t o anot her wi t h no

i on pr esent . I t i s i nt er est i ng t o not e t hat t hi s bar r i er t r ansi t model gr ows
di r ect l y out of t he l ock- car r i er model f or ani on exchange . Accor di ng t o a

s
Fr 6hl i ch et al . ( 1983) have r ef er r ed t o t hi s pr ocess as " t unnel i ng . " The t er m " t r ansi t " i s chosen

because of i t s Lat i n r oot meani ng " he ( i t ) goes acr oss or t hr ough, " i n cont r ast t o t he t er m

" t r anspor t , " whose r oot meani ng i s " i t i s car r i ed acr oss . " Thus, " t r ansi t " i mpl i es movement of

t he i on i t sel f acr oss f i xed di f f usi on bar r i er s, i n cont r ast t o t he " t r anspor t " pr ocess, i n whi ch t he

i on i s car r i ed acr oss by vi r t ue of a movement of t he bar r i er s ( Fi g . 8E) .
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cl assi c di f f usi bl e car r i er model , t he pr ocess shown i n Fi g . 8A, wher e t he
i nwar d- f aci ng car r i er - ani on compl ex r el eases a chl or i de i on t o t he out si de,
coul d never occur . Accor di ng t o t he l ock- car r i er model , such a pr ocess ar i ses
nat ur al l y f r omt he l i kel y possi bi l i t y t hat t he bar r i er Bo has a f i ni t e per meabi l i t y
f or ani ons . Si mi l ar l y, t he ot her pr ocesses shown i n Fi gs . 8B- D ar e r ecogni zed
as possi bi l i t i es onl y i n t er ms of t he l ock- car r i er model . Thus, even t hough t he
l ock- car r i er and di f f usi bl e car r i er model s ar e ki net i cal l y equi val ent f or expl ai n-
i ng ani on exchange ( Pat l ak, 1957) , t he di f f er ent mol ecul ar model s cor r espond-
i ng t o t he l ock- car r i er concept suggest a new mechani sm f or net ani on f l ow

t hr ough t he exchange syst em.
I n t er ms of sat ur at i on, t he model pr oposes pr ocesses such as shown i n Fi gs .

8A and B, whi ch shoul d exhi bi t sat ur at i on or whi ch shoul d decr ease wi t h
i ncr easi ng Cl - concent r at i on, al ong wi t h pr ocesses t hat shoul d i ncr ease ( Fi gs .
8C and D) . Thi s f i t s r at her wel l wi t h t he weak sat ur at i on behavi or t hat has
been obser ved ( Fi g. 7) . As not ed i n Met hods, t he st r onger sat ur at i on seen i n
a pr el i mi nar y st udy ( Knauf and Law, 1980) was due par t l y t o an exper i ment al
ar t i f act .

Fr ohl i ch et al . ( 1983) have pr esent ed evi dence t hat net chl or i de f l ux

i ncr eases dr amat i cal l y at ver y l ow ext r acel l ul ar chl or i de concent r at i ons and
have suggest ed t hat t hi s pr obabl y r epr esent s sl i ppage of t he unl oaded f or mof
t he t r anspor t si t e under t hese condi t i ons, wher e many of t he t r anspor t si t es
ar e i n t he Ea f or m. An al t er nat i ve possi bi l i t y, al so not ed by Fr ohl i ch et al .
( 1983) , i s t hat t he per meabi l i t y of t he bar r i er B; may be l ar ge, so t hat a l ar ge

net f l ux occur s by t he pr ocess depi ct ed i n Fi g . 8B under t hese condi t i ons .
I ncr easi ng t he ext er nal Cl - concent r at i on woul d decr ease t he number of
out war d- f aci ng, unl oaded ( Eo) si t es, so t hat a l ar ger f r act i on of t he t r anspor t
si t es woul d be i n t he Ei and ECl i f or ms . I f t he per meabi l i t y of t he bar r i er Bo

i s l ess t han t hat of t he bar r i er Bi , t hen t hi s shi f t i n conf or mat i on woul d gi ve

r i se t o t he obser ved decr ease i n net chl or i de f l ux . Thi s model woul d expl ai n

t he dependence of t he net f l ux on membr ane pot ent i al j ust as wel l as woul d

t he sl i ppage model , except t hat i n t hi s case t he i ncr ease i n net chl or i de ef f l ux
wi t h membr ane hyper pol ar i zat i on woul d be ascr i bed t o t he ef f ect of pot ent i al
i n dr i vi ng t he chl or i de i on out war d, r at her t han i n dr i vi ng t he unl oaded,
posi t i vel y char ged t r anspor t si t e i nwar d . Fur t her exper i ment s ar e r equi r ed t o

r esol ve t he mechani sm of net ani on t r anspor t at l ow chl or i de concent r at i ons,

but i t seems t hat al l of t he avai l abl e dat a can be f i t t ed j ust as wel l t o t he

bar r i er t r ansi t model as t o t he sl i ppage model . I t seems cl ear , however , t hat
under physi ol ogi cal ci r cumst ances sl i ppage does not account f or any si gni f i -
cant f r act i on of net chl or i de f l ow.

The bar r i er t r ansi t model i s successf ul i n pr edi ct i ng t hat NAP- t aur i ne,
whi ch i nhi bi t s t he conf or mat i onal change, shoul d have a smal l er ef f ect on net
ani on t r anspor t t han does DI DS, whi ch bl ocks t he t r anspor t si t e . Much f ur t her
wor k i s r equi r ed t o t est var i ous aspect s of t hi s model . I n t he f i r st pl ace, t he
ki net i c const ant s f or t he pr ocesses depi ct ed i n Fi g. 8 shoul d be det er mi ned .
Thi s mi ght be f aci l i t at ed by use of NAP- t aur i ne or ot her pr obes t o hol d t he
syst em i n t he Eo conf or mat i on so t hat t he number of var i abl es i s r educed .



120 THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 81 " 1983

Because of t he i nt r i nsi c asymmet r y of t he t r anspor t syst em ( Gunn and
Fr ohl i ch, 1979 ; Fur uya, 1980 ; Knauf et al . , 1980) , i t seems t hat t he nat i ve
syst em i s pr i mar i l y i n t he Ei f or m ( Jenni ngs, 1980 ; Knauf , 1982) . Thus, i t
shoul d be possi bl e t o det er mi ne t he r at e const ant s f or each f or mof t he syst em
separ at el y and t o i mpr ove t he pr eci si on of t he ki net i c model . Thi s i n t ur n
may per mi t mor e accur at e pr edi ct i ons, whi ch coul d be used t o t est t he model .

The new model has t he abi l i t y i n pr i nci pl e t o expl ai n sever al aspect s of net
ani on t r anspor t as wel l as or bet t er t han pr evi ous model s . For exampl e, t he
si mi l ar i t y bet ween t he r at es of net sul f at e and chl or i de t r anspor t ( Knauf et
al . , 1977) , despi t e t he 10, 000- f ol d di f f er ence i n t hei r r at es of exchange, can be
expl ai ned i n t er ms of t he di f f er ent r at e- l i mi t i ng pr ocesses i nvol ved . The
exchange r at e depends on t he r at e of t he pr ot ei n conf or mat i onal change,
whi ch i n t ur n can be af f ect ed by t he nat ur e of t he i on bound t o t he t r anspor t
si t e . Net f l ow, on t he ot her hand, depends on t he abi l i t y of t he i on t o di f f use
acr oss t he per meabi l i t y bar r i er s . I ons t hat ar e poor l y t r anspor t ed by t he
exchange mechani sm may act ual l y di st ur b t he pr ot ei n conf or mat i on and t hi s
may i ncr ease t he per meabi l i t y of t he bar r i er s . I n t hi s connect i on, i t i s i nt er -
est i ng t o not e t hat bot h F- and Br - , whi ch ar e l ess r eadi l y exchanged t han
Cl - ( Tost eson, 1959 ; Wi et h et al . , 1973) , have hi gher r at es of DI DS- sensi t i ve
net t r anspor t ( Tabl e I ) . I n par t , t hi s obser vat i on may be r at i onal i zed by
consi der i ng t hat when an ani on i s bound t o t he i nwar d- f aci ng f or m of t he
t r anspor t syst em t o f or m t he ECl i compl ex, i t can ei t her di f f use acr oss t he
bar r i er Bo , as i n Fi g . 8A, or can under go a conf or mat i onal change t o t he ECI .
f or m, as i n Fi g. 8E. I nasmuch as t hi s r epr esent s an ei t her / or choi ce, t he ani on
exchange pr ocess may be sai d t o compet e wi t h net ani on f l ow. Thus, a hi gh
ani on exchange r at e woul d be expect ed t o cor r el at e wi t h a l ow net f l ux.

Si mi l ar r easoni ng may expl ai n t he di f f er ent ef f ect s of t emper at ur e, pH, and
i nhi bi t or s on net and exchange ani on f l uxes . A par t i cul ar case of i nt er est i s
ext er nal phl or i zi n, whi ch st r ongl y i nhi bi t s chl or i de exchange ( Schnel l et al . ,
1973) , but causes a 10- f ol d i ncr ease i n Pcl ( Kapl an and Passow, 1974) . The
same di sr upt i on of t he ani on t r anspor t pr ot ei n t hat i nhi bi t s t he del i cat e
conf or mat i onal change i nvol ved i n ani on exchange mi ght be expect ed t o
di sor gani ze t he pr ot ei n so as t o i ncr ease t he per meabi l i t i es of t he di f f usi on
bar r i er s adj acent t o t he t r anspor t si t e .

I t i s a bi t mor e di f f i cul t t o r at i onal i ze t he f ai l ur e of aci d pH t o i nhi bi t net
chl or i de f l ow, even t hough chl or i de exchange i s subst ant i al l y i nhi bi t ed. Gunn
and Mi l ani ck ( 1982) have pr esent ed evi dence t hat i nt er nal Cl - does not bi nd
t o t he pr ot onat ed f or mof t he t r anspor t syst emwhen t he i nt er nal pHi s above
5 . 7, whi ch woul d seem t o pr ecl ude t he pr ocesses i n Fi gs . 8A and C f or t he
pr ot onat ed car r i er . On t he ot her hand, t her e i s evi dence f or bi ndi ng of ext er nal
Cl - t o t he pr ot onat ed car r i er ( Mi l ani ck and Gunn, 1982) , so pr ocesses such as
t hose i n Fi gs . 8B and D coul d occur . Pr ot onat i on mi ght af f ect t he bar r i er
per meabi l i t i es i n such a way t hat t he t ot al t r anspor t r at e i s unaf f ect ed . Much
f ur t her wor k i s needed t o det er mi ne t he mechani sm of net ani on f l ow under
aci di c condi t i ons, but at pr esent i t seems t hat i n pr i nci pl e t he model pr esent ed
can account f or t he obser vat i ons .
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Fi nal l y, t he model may expl ai n t he dependence of t he net chl or i de and

sul f at e per meabi l i t i es on membr ane pot ent i al . Thi s phenomenon seems di f f i -

cul t t o r at i onal i ze on t he basi s t hat net f l owoccur s t hr ough t he ani on exchange

syst em, si nce an i deal ani on exchange syst em wi t h no sl i ppage i s by def i ni t i on

unr esponsi ve t o pot ent i al . I n t er ms of t he newmodel , however , i t woul d seem

qui t e pl ausi bl e t hat t he per meabi l i t y of t he bar r i er s coul d be af f ect ed by

changes i n pot ent i al . These changes i n bar r i er per meabi l i t y woul d af f ect net

f l ow, but woul d have no ef f ect on t he conf or mat i onal change i nvol ved i n

ani on exchange .
I f t he new model f or net chl or i de f l ow i s i ndeed cor r ect i n gener al out l i ne,

i t has some i nt er est i ng i mpl i cat i ons . Fi r st , measur ement s of net ani on f l ow

under cer t ai n condi t i ons may pr ovi de i nsi ght i nt o t he per meabi l i t y of t he

di f f usi on bar r i er s adj acent t o t he t r anspor t si t e and i nt o t he ef f ect s of var i ous

agent s such as enzymes and chemi cal pr obes on t hese st r uct ur es . Second,

because of ef f ect s of chl or i de gr adi ent s on t he conf or mat i on of t he t r anspor t

syst em ( Fur uya, 1980 ; Knauf et al . , 1980)
3,

6 i t i s possi bl e t hat t he net chl or i de
f l ow may exhi bi t r ect i f i cat i on under some ci r cumst ances .

Fi nal l y, al t hough t he new model f or net ani on f l ow i s qui t e successf ul i n

f i t t i ng t he dat a, i t i s by no means uni que . I n par t i cul ar , Passow and co-

wor ker s ( Passow et al . , 1980 ; Kapl an et al . , 1980; Passow and Fasol d, 1981)

have pr oposed a nonconduct i ng gat e model f or t he ani on exchange syst em, i n

whi ch ani on bi ndi ng causes a r eor i ent at i on of posi t i vel y char ged gr oups such

t hat a gat e i s al t er nat el y open t o one si de or t he ot her of t he membr ane. They
pr opose t hat occasi onal l y an ani on may pass t hr ough t he gat e wi t hout causi ng

t he si t e r eor i ent at i on, t her eby gi vi ng r i se t o net ani on f l ow. Al t hough we f eel

t hat t he det ai l ed mechani smof t hi s model i s somewhat l ess pl ausi bl e t han t he

model pr esent ed i n t hi s paper , t he cal cul at i ons of Passow and co- wor ker s

i ndi cat e t hat t hi s model coul d expl ai n many of t he char act er i st i cs of net ani on

f l ow j ust as wel l as t he model pr esent ed her e .

APPENDI X

The sl i ppage model shown i n Fi g . I assumes t hat t he r at e- l i mi t i ng st ep i n t he net
ef f l ux of chl or i de i s t he net i nwar d " f l ow" of t he unl oaded f or mof t he car r i er . Thus,
i t seems l ogi cal t hat t he net chl or i de ef f l ux shoul d decr ease at hi gh chl or i de concen-
t r at i ons, wher e t he amount of car r i er i n t he unl oaded f or m decr eases . Her e t hi s i s
demonst r at ed f or t wo di f f er ent f or ms of t he car r i er model .

Case I . - Symmet r i c Car r i er

I f we assume t hat t he chl or i de di ssoci at i on const ant at t he i nsi de sur f ace of t he
membr ane, K, i s equal t o t he chl or i de di ssoci at i on const ant at t he out si de, K. , t hen
Ki = K = K, wher e K i s t he concent r at i on of chl or i de t hat hal f - sat ur at es t he

s Fur uya, W. , T. Tar shi s, F. - Y. Law, and P. A. Knau£ Tr ansmembr ane ef f ect s of i nt r acel l ul ar
chl or i de on t he i nhi bi t or y pot ency of ext r acel l ul ar H2DI DS: evi dence f or t wo conf or mat i ons of
t he t r anspor t si t e of t he human er yt hr ocyt e ani on exchange pr ot ei n . Manuscr i pt i n pr epar at i on .
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t r anspor t syst em wi t h equal chl or i de at t he t wo si des of t he membr ane . ( I n al l of t hese

cal cul at i ons, i nt er act i ons at t he modi f i er si t e ar e i gnor ed, so t he model syst em wi l l

exhi bi t si mpl e sat ur at i on . Si nce any i nt er act i ons wi t h chl or i de at t he modi f i er si t e ar e
l i kel y t o be i nhi bi t or y, i ncl usi on of such ef f ect s i n t he model shoul d onl y emphasi ze
t he decr ease i n net f l ux wi t h i ncr easi ng chl or i de concent r at i on . ) For a symmet r i c
syst em, we f ur t her assume t hat t he r at e const ant f or t r anspor t of t he car r i er - chl or i de

compl ex f r om i nsi de t o out si de, k, i s equal t o t he r at e const ant f or t r anspor t i n t he

opposi t e di r ect i on, k' . Si nce t he net chl or i de ef f l ux i s det er mi ned by i nf l ow of unl oaded
car r i er , t he equat i on f or t he net ef f l ux, J, i s :

J = s' E. - sE;

	

( 1A)

wher e s and s' ar e t he r at e const ant s f or out f l ow of t he i nwar d- f aci ng unl oaded car r i er ,

E; , and i nf l ow of t he out war d- f aci ng unl oaded car r i er , E. , r espect i vel y ( see Fi g . 1) .

The r at e const ant s s and s' ar e assumed t o be f unct i ons of t he membr ane pot ent i al .
For a symmet r i c car r i er , t he amount s of Eo and E; , expr essed as a f r act i on of t he t ot al
car r i er , Et , ar e gi ven by :

The exi st ence of t he t er m Cl / K i n t he denomi nat or means t hat as t he chl or i de

concent r at i on i s i ncr eased, t he f l ux wi l l decr ease . At ver y l ow chl or i de concent r at i ons,

t he decr ease i n f l ux shoul d be smal l , but under no ci r cumst ances wi l l t he f l ux i ncr ease
wi t h i ncr easi ng chl or i de concent r at i on. For t he speci f i c case when t he unl oaded
car r i er s ar e assumed t o f l ow l i ke monoval ent i ons accor di ng t o t he Gol dman ( 1943)

equat i on, t he f l ux i s gi ven by :

Case I I . - Asymmet r i c Car r i er

FE.
J = - PEt 2( 1 + Cl / K)

I f K 9A Ko and k 96 k' , and i f we def i ne L as k/ k' , t hen t he expr essi on f or E. / Et i s :

E. / Et -

	

LKo/ Cl o

	

( 5A)
K LKo

+- + 1 + L
Cl ; C1o

wher eas t he cor r espondi ng expr essi on f or E; / Et i s :

K/ Cl ;

( 4A)

wher e F i s t he f ar aday, En, i s t he membr ane pot ent i al ( i nsi de wi t h r espect t o out si de) ,

and P i s t he per meabi l i t y of t he unl oaded car r i er .

E; / Et =
K

	

( 6A)
LKo

+- Cl o
+ 1 + L

Cl ;

The net chl or i de . f l ux wi t h Cl ; = Cl . = Cl i s gi ven by subst i t ut i ng Eqs . 5A and 6A

i nt o I A:

E. / Et = E; / Et = 0. 5/ ( 1 + C1/ K) ( 2A)

wher e Cl = Cl ; = Cl . . Subst i t ut i ng t hi s i nt o Eq . 1A:

s
j

' - s_

- E`
( 3A)

2( 1 + Cl / K) '
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