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ABSTRACT

	

Combi ned i on f l ux and el ect r ophysi ol ogi cal measur ement s have

been used t o char act er i ze act i ve t r anspor t of pot assi um by cel l s of Neur ospor a

cr assa t hat have been moder at el y st ar ved of K+ and t hen mai nt ai ned i n t he

pr esence of mi l l i mol ar f r ee cal ci um i ons . These condi t i ons el i ci t a hi gh- af f i ni t y

( K, , = 1- 10 / aM) pot assi um upt ake syst emt hat i s st r ongl y depol ar i zi ng. Cur r ent -

vol t age measur ement s have demonst r at ed a K+- associ at ed i nwar d cur r ent ex-

ceedi ng ( at sat ur at i on) hal f t he t ot al cur r ent nor mal l y dr i ven out war d t hr ough

t he pl asma membr ane pr ot on pump . Pot assi um act i vi t y r at i os and f l uxes have

been compar ed quant i t at i vel y wi t h el ect r ophysi ol ogi cal par amet er s, by usi ng

smal l ( ^ - 15 um di am) spher i cal cel l s of Neur ospor a gr own i n et hyl ene gl ycol . Al l

dat a ar e consi st ent wi t h a t r anspor t mechani sm t hat car r i es K i ons i nwar d by

cot r anspor t wi t h H i ons, whi ch move down t he el ect r ochemi cal gr adi ent cr eat ed

by t he pr i mar y pr ot on pump . The st oi chi omet r y of ent r y i s 1 K i on wi t h 1 H

i on ; over al l char ge bal ance i s mai nt ai ned by pumped ext r usi on of t wo pr ot ons,

t o yi el d a net f l ux st oi chi omet r y of 1 K+ exchangi ng f or 1 H+ . The mechani sm

i s compet ent t o sust ai n t he l ar gest st abl e K+ gr adi ent s t hat have been measur ed

i n Neur ospor a, wi t h no di r ect cont r i but i on f r om phosphat e hydr ol ysi s or r edox

pr ocesses . Such a pot assi um- pr ot on sympor t mechani smcoul d account f or many

obser vat i ons r epor t ed on K+ movement i n ot her f ungi , i n al gae, and i n hi gher

pl ant s .

I NTRODUCTI ON

The abi l i t y t o gener at e and sust ai n hi gh i nt r acel l ul ar l evel s of pot assi um, agai nst

l ow ext r acel l ul ar concent r at i ons of t hat i on, i s a wel l - def i ned pr oper t y of al most

al l l i vi ng cel l s . Thi s pr oper t y i s especi al l y pr omi nent i n f ungi and pl ant s, f or

whi ch nor mal ext r acel l ul ar concent r at i ons of t he i on can be i n t he mi cr omol ar

r ange . Concent r at i on r at i os, [ K' ] i / [ K+] o, as hi gh as 2 . 5 X 10 4 have been r epor t ed

f or yeast ( Bor st - Pauwel s, 1981) i n t he st eady st at e, and r at i os i n t he r ange of
103_

10' ar e achi eved i n al most al l or gani sms ( Tr ombal l a, 1980 ; Cheeseman and
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Hanson, 1980 ; Hauer et al . , 1981 ; van Br unt et al . , 1982) . The t r anspor t
mechani sms t hat account f or such l ar ge concent r at i on r at i os have many common
f eat ur es i n al l pl ant s and f ungi . At t he concent r at i on ext r emes, K+ upt ake i s
t her modynami cal l y " act i ve, " wi t h net f l ux occur r i ng agai nst t he t ot al el ect r o-

chemi cal pot ent i al di f f er ence f or K+, and i t i s st r ongl y i nhi bi t ed by agent s

bl ocki ng ei t her ener gy met abol i sm or t he maj or pl asma membr ane ( H+- t r ans-

por t i ng) ATPase ( Pena, 1975 ; Leonar d and Hot chki ss, 1976 ; Cocucci et al . ,

1980 ; Cheeseman et al . , 1980 ; Tr ombal l a, 1981 ; Hauer et al . , 1981 ; van Br unt

et al . , 1982 ; Rabat and Rei nhol d, 1983) . I n most cases t hat have been speci f i cal l y

checked, upt ake of K+ occur s i n ^- 1 : 1 exchange f or H+ and l eads t o det ect abl e

cyt opl asmi c al kal i ni zat i on ( Conway and O' Mal l ey, 1946 ; Conway and Downey,

1950 ; Tr ombal l a, 1978 ; Ogi no et al . , 1983) . Fi nal l y, i n t he whol e r ange of cel l

t ypes, gr owt h or pr ei ncubat i on under condi t i ons of pot assi um st ar vat i on gr eat l y

enhances bot h t he vel oci t y and af f i ni t y of K+ t r anspor t , wi t h appar ent Kmval ues

f al l i ng t o t he nei ghbor hood of 10 / . M ( Epst ei n, 1966 ; Cheeseman et al . , 1980 ;

Hauer et al . , 1981) .

I nt er pr et at i on of t he mass of K' t r anspor t dat a on pl ant s and f ungi i s somewhat

bewi l der i ng, however ; t hi s i s due i n par t t o t he st udy of a ver y wi de r ange of

speci es and of t i ssues wi t hi n any one speci es, and i n par t t o t he i nt r i nsi c di f f i cul t y

of maki ng al l r el evant t r anspor t measur ement s ( i sot ope f l ux, net f l ux, el ect r i cal ,

met abol i c) on a si ngl e cel l or t i ssue t ype . The most per si st ent not i on, whi ch ar ose

f r omr easoni ng by anal ogy wi t h t he sodi umpump i n ani mal cel l s ( Hodges, 1976) ,
has been t hat K* upt ake i n pl ant s and f ungi i s chemi cal l y coupl ed t o t he act i ve

ef f l ux of anot her cat i on- now usual l y r egar ded as H+- t hr ough an ATPase

pump ( Pool e, 1978 ; Leonar d, 1982) . Exper i ment al suppor t has come ( a) f r om

r epeat ed obser vat i ons t hat membr ane- bound ATPases i n pl ant s and f ungi ar e

st i mul at ed by K i ons ( see, e . g . , Leonar d and Hot chki ss, 1976 ; Per l i n and

Spanswi ck, 1981 ; Sze and Chur chi l l , 1981 ; Pomer oy and McMur chi e, 1982) ; ( b)

f r omt he f i ndi ng t hat K' t r ansl ocat i on occur s i n l i posomes cont ai ni ng f unct i onal

yeast pl asma membr ane ATPase ( Vi l l al obo, 1984) ; and ( c) f r om r epor t s t hat

ext r i nsi c f act or s, such as agi ng, hor mones, or t oxi ns, modul at e pr ot on pumpi ng

and K+ upt ake i n par al l el ( Li n and Hanson, 1974 ; Mar r e et al . , 1974 ; Li n, 1979 ;

Pi t man et al . , 1975 ; Tr ombal l a, 1978) . The not i on has not r eal l y sol i di f i ed,

however , because of sever al anomal ous r esul t s . ( a) Cat i on st i mul at i on of cer t ai n

ATPases, such as t hat i n t he Neur ospor a pl asma membr ane ( Bowman and Sl ay-

man, 1977) , i s a sal t ef f ect r at her t han a speci f i c K' ef f ect . ( b) Maxi mal st i mul at i on

i s usual l y smal l ( 1 . 2- 3- f ol d) and nonsyner gi st i c . ( The Na' ' / K' ATPase of ani mal

cel l s, by compar i son, hydr ol yzes ATP - 30- f ol d f ast er i n t he pr esence of Na'

[ 10- 100 mM] pl us K' ' [ 10- 20 mM] t han i n t he pr esence of ei t her cat i on al one

[ Dunhamand Gl ynn, 1961] ; t he H+/ K+ ATPase of gast r i c mucosa hydr ol yzes

>50- f ol d f ast er wi t h 1 mMK+ i n pH 7 . 4 buf f er , t han wi t hout t he K+ [ Wal l mar k

et al . , 1980] . ) ( c) Par al l el var i at i on of K* t r anspor t f l ux and K' - act i vat ed ATPase

l evel s br eaks down under many condi t i ons ( Jensen et al . , 1983) . ( d) I n pr ot eol i p-

osomes cont ai ni ng yeast pl asma membr ane ATPase, pot assi um st i mul at i on of

pr ot on pumpi ng i s exer t ed by t he addi t i on of K+ t o t he ATPase si de of t he

membr ane ( Var a and Ser r ano, 1982) .
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Anot her si mpl e mechani sm t hat coul d be i magi ned f or t he obser ved 1 : 1

coupl i ng bet ween K+ i nf l ux and H' ef f l ux i s act ual exchange of t he t wo speci es

on a secondar y act i ve t r anspor t syst em, not di r ect l y coupl ed t o ATP hydr ol ysi s .

Thi s was suggest ed expl i ci t l y t o account f or anomal ous K+ t r anspor t dur i ng

el ect r i c pul si ng of Ni t el l a ( Bar r et al . , 1977 ; Ryan et al . , 1978) . I t was al so i ni t i al l y

post ul at ed t o account f or di t hi oer yt hr i t ol enhancement of K' / H+ exchange i n

cor n r oot s ( Li n and Hanson, 1976) , but t hat pi ct ur e has r ecent l y been compl i -

cat ed by di ssect i on of t wo cur r ent - car r yi ng syst ems f or K+ upt ake ( Cheeseman

et al . , 1980) .

I n f act , a sur vey of i on bal ance st udi es on al gae and hi gher pl ant s shows t hat

net K+ upt ake can be neut r al i zed under di f f er ent condi t i ons by Na' ef f l ux, Cl -

i nf l ux, and HCO3 i nf l ux, as wel l as by H+ ef f l ux ( Jackson and Adams, 1963 ;

Jackson and St i ef , 1965 ; Pool e, 1966 ; Kyl i n, 1966 ; Fi ndl ay et al . , 1969 ; Nobel ,

1969 ; MacRobbi e, 1970) , but t her e i s no evi dence f or di r ect coupl i ng except i n

t he case of pr ot ons . Such di ver si t y l eads t o t he r easonabl e suggest i on t hat a

changi ng ensembl e of act i ve and passi ve t r anspor t syst ems may oper at e f or

pot assi um and ot her i nor gani c i ons, so t he composi t i on of f l ux bal ance depends

upon " physi ol ogi c need . " For pl ant cel l s, however , a quant i t at i ve demonst r at i on

of even passi ve t r anspor t syst ems has pr oven i l l usor y, and i s unequi vocal onl y

under speci al condi t i ons, such as cal ci uml eachi ng of al gal cel l s ( Hope and Wal ker ,

1960) , t r i gger i ng of gat ed Cl - or K+ conduct ances ( Ki shi mot o, 1964 ; Fi ndl ay,

1982 ; Fi ndl ay and Col eman, 1983) , or physi cal i sol at i on of bona f i de K+ channel s

by means of t he pat ch- el ect r ode t echni que ( Schr oeder et al . , 1984 ; Mor an et al . ,

1984) .

The exper i ment s descr i bed bel ow on Neur ospor a cr assa wer e begun as a st udy

of t he ki net i c ef f ect s of pot assi um st ar vat i on, and wer e under t aken i n par t t o

r econci l e ( a) t he publ i shed descr i pt i on ( Sl ayman and Sl ayman, 1968 ; Sl ayman

and Sl ayman, 1970) of a hi gh- vel oci t y, l ow- af f i ni t y K' t r anspor t syst em seen

wi t hout added Ca i ons wi t h ( b) a l ow- vel oci t y scavenger mechani sm di scover ed

by H. Pf r uner ( unpubl i shed r esul t s) sever al year s ago i n exper i ment s wi t h 0 . 1-

10 mMadded ext r acel l ul ar cal ci um. The pr obl em of maki ng al l r el evant meas-

ur ement s on t he same cel l t ype was r esol ved wi t h spher i cal cel l s of Neur ospor a

obt ai ned by i ncubat i ng coni di ospor es i n gr owt h medi um cont ai ni ng 3 . 2 M

et hyl ene gl ycol ( Bat es and Wi l son, 1974 ; Bl at t and Sl ayman, 1983) . Pot assi um-

st ar ved Neur ospor a mai nt ai ned i n mi l l i mol ar ext r acel l ul ar cal ci umdi spl ayed hi gh-

af f i ni t y upt ake of K' associ at ed wi t h st oi chi omet r i c ext r usi on of pr ot ons . The

mechani sm pr oved t o be st r ongl y el ect r ophor et i c ( depol ar i zi ng) , such t hat t wo

char ges must ent er t he cel l s wi t h each pot assi um i on . Thi s cr uci al f i ndi ng, al ong

wi t h sever al ot her obser vat i ons, st r ongl y i mpl i cat es a 1 : 1 K' - H' cot r anspor t

mechani sm, whi ch woul d t her eby cl osel y r esembl e t he pr ot on- l i nked ami no aci d

and sugar cot r anspor t syst ems al r eady descr i bed i n Neur ospor a ( Sander s et al . ,

1983 ; Sl ayman and Sl ayman, 1974) . The exi st ence of a K+- H+ sympor t mecha-

ni sm was ant i ci pat ed by Bakker and Har ol d ( 1980) , wor ki ng wi t h St r ept ococcus

f aecal i s, and has r ecent l y been post ul at ed by Boxman et al . ( 1984) f or Sacchar o-

myces. A pr el i mi nar y r epor t of t hese exper i ment s on Neur ospor a has al so been

publ i shed ( Bl at t et al . , 1984) .
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MATERI ALS AND METHODS

Gr owt h and Pr epar at i on of Cel l s

The wi l d- t ype st r ai n RL21a of Neur ospor a cr assa was used t hr oughout t hese exper i ment s .
The gener al met hods f or gr owi ng and handl i ng t he cel l s have been descr i bed pr evi ousl y

( Sl ayman and Tat um, 1964 ; Sl ayman and Sl ayman, 1968) , but i n t he pr esent exper i ment s

pot assi um- depl et ed cel l s f or f l ux measur ement s wer e gr own i n t wo di f f er ent ways . So-

TABLE I

Composi t i ons of Gr owt h Medi a* and Fl ux Buf f er s

Concent r at i ons ar e gi ven i n mi l l i mol ar or per cent wei ght per vol ume .

* Gr owt h medi a her e wer e modi f i ed f r om t he " N" mi ni mal medi umof Vogel ( 1956) ,

and cont ai ned t he same heavy- met al t r ace el ement s and bi ot i n . The f l ux buf f er s

di d not cont ai n t r ace el ement s or bi ot i n .

Except as speci f i cal l y not ed i n t he t ext or f i gur e l egends, al l sol ut i ons used i n t hese

exper i ment s wer e buf f er ed at pH 5. 80 ± 0. 05 . Headi ng abbr evi at i ons ar e def i ned

i n t he t ext .

f Component s desi gnat ed by " 0" wer e si mpl y omi t t ed . Act ual sol ut i ons concent r a-

t i ons achi eved wer e 5- 10 pMf or Na' , 1- 2 pMf or Ca" , and <1 WMf or K+.

I n a f ew exper i ment s KCI , r at her t han K2S04, was added t o r ai se [ K+] o .

' MES = 2- N- mor phol i noet hanesul f oni c aci d ; DMG= 3, 3' - di met hyl gl ut ar i c aci d .

* * Sucr ose medi a wer e used t o gr ow shaki ng- cul t ur e cel l s ; gl ucose medi a wer e used

t o gr ow spher i cal cel l s . Fl ux buf f er s cont ai ned gl ucose f or shaki ng- cul t ur e cel l s and

no sugar or added car bon sour ce f or t he spher i cal cel l s.

# EGwas added at a concent r at i on ( vol / vol ) of 18%, t o medi umAmVMf or gr owi ng

spher i cal cel l s, but t o t he buf f er CaMES onl y f or r i nsi ng t he spher i cal cel l s.

cal l ed shaki ng- cul t ur e cel l s wer e pr epar ed by ger mi nat i ng coni di a i n a l ow- K+ mi ni mal

medi um based on Vogel ' s medi um ( Vogel , 1956) , and buf f er ed wi t h ci t r at e and ei t her
ammoni um phosphat e ( AmVM) or sodi um phosphat e ( NaVM) cont ai ni ng 0 . 3 mM KCI

( see Tabl e 1) . The coni di a wer e i nocul at ed at 3 x 10 6/ ml , and t he suspensi ons wer e

mai nt ai ned on a r eci pr ocat i ng shaker ( 110 st r okes/ mi n) at 25* C f or 11- 13 h . By t he end

of t hi s t i me, ext r acel l ul ar [ K+ ] had f al l en bel ow 20 gMand i nt r acel l ul ar [ K+ ] was di l ut ed

t o ^- 100 mM, as descr i bed by Ramos and Rodr i guez- Navar r o ( 1985) . Cel l s obt ai ned by

t hi s t echni que ar e unbr anched f i l ament s 3- 5 pm i n di amet er and 60- 150 j ml ong .

AmVM* NaVM CaMES St DMG

Na* Of 61 . 8 0 25

K+ 0. 3 0. 3 0. 001- 0 . 2

as needed

NH4 40 25 0 0
Ca ++

0. 1 0. 1 1 . 5 1

Mg++ 0. 8 0. 8 0 0

CI - 0. 5 0. 3 - 1 2

N09 0 25 0 0

S0; 0. 8 0. 8 0. 005- 0. 1 0

added wi t h K+I

Phosphat e 15 36 . 8 0 0

Ci t r at e 8 . 4 8. 4 0 0

MES' 0 0 10 0

DMG' 0 0 0 20

Sucr ose ( %) 2 or 0* * 2 or 0 0 0

Gl ucose ( %) 0 or 1* * 0 or 1 1 or 0 1 or 0

EG#
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Because such cel l s ar e t oo sl ender f or r eady penet r at i on wi t h mi cr oel ect r odes, cor r e-

l at ed f l ux and el ect r ophysi ol ogi cal exper i ment s wer e car r i ed out on spher i cal cel l s ( Bl at t

and Sl ayman, 1983) gr own i n et hyl ene gl ycol ( EG) . Coni di a wer e i nocul at ed, agai n at 3 x

10' ' / ml , i nt o AmVM cont ai ni ng 15% EG ( vol / vol , 2 . 7 M) and suppl ement ed wi t h 1%

gl ucose ( i nst ead of t he usual 2%sucr ose ; see Tabl e 1) . The cel l s wer e mai nt ai ned at 25' C

f or 3 d on a r ot ar y shaker ( 20 cycl es/ mi n) or t ube r ot at or ( 10- 15 cycl es/ mi n) . Bef or e use,

t he cel l s needed t o be washed of EG, and i n or der t o accompl i sh t hi s wi t hout ei t her

bur st i ng t he cel l s or al l owi ng subsequent ger mi nat i on, t he f ol l owi ng pr ocedur e was

adopt ed . The gr owi ng cel l s wer e har vest ed by f i l t r at i on, and t hen r i nsed and r esuspended

i n f l ux buf f er ( see bel ow) cont ai ni ng 18% EG, but l acki ng gl ucose or ot her pot ent i al

car bon sour ces . The EGwas t hen di l ut ed 10- f ol d by addi ng EG- f r ee f l ux buf f er gr adual l y,

over a per i od of 3 h . At t he end of t hat t i me, cel l s f or f l ux exper i ment s wer e har vest ed

agai n and r esuspended i n EG- and gl ucose- f r ee buf f er , whi l e cel l s f or el ect r i cal exper i ment s

wer e di l ut ed i nt o t he r ecor di ng chamber and mai nt ai ned i n a f l owi ng st r eam of t hat same

buf f er ( Bl at t and Sl ayman, 1983) .

The composi t i ons of t he maj or gr owt h medi a and buf f er sol ut i ons used i n t hese

exper i ment s ar e gi ven i n Tabl e I . The pr ef er r ed gr owt h medi um was AmVM, and t he

pr ef er r ed f l ux buf f er was CaMES, si nce bot h i nt r acel l ul ar and ext r acel l ul ar Na' was

f ound t o i nt er f er e wi t h K+ upt ake, as had pr evi ousl y been shown f or Sacchar omyces

( Ar mst r ong and Rot hst ei n, 1967) . Al l r eagent s used i n t hese exper i ment s wer e r eagent -

gr ade chemi cal s obt ai ned f r om ei t her J . T. Baker Chemi cal Co. ( Phi l l i psbur g, NJ) ,

Cal bi ochem- Behr i ng ( Amer i can Hoechst Cor p . , La Jol l a, CA) , or Si gma Chemi cal Co . ( St .

Loui s, MO) .

Fl ux Exper i ment s

Shaki ng- cul t ur e cel l s wer e har vest ed, r i nsed t hor oughl y ( usual l y t hr ee t i mes wi t h 10 ml

of di st i l l ed wat er ) , r esuspended i n f l ux buf f er wi t h 1 %gl ucose ( at a densi t y of 0 . 05- 0 . 5

mg dr y wei ght / ml ) , and pr ei ncubat ed f or 5- 10 mi n i n a wat er - bat h shaker ( 25° C) . Then

KCl or K2 SO4 was added t o gi ve t he desi r ed st ar t i ng [ K' ] o, and 2- 5- ml al i quot s of t he

suspensi on wer e r emoved at i nt er val s ( usual l y at - 15, 30, 60, and 90 s) and syr i nge-

f i l t er ed t hr ough a Mi l l i por e membr ane ( t ype RA, Mi l l i por e Cor p. , Bedf or d, MA) . The

f i l t r at e was col l ect ed and anal yzed f or chemi cal pot assi um by means of a f l ame absor pt i on

spect r ophot omet er ( model 560, Per ki n- El mer Cor p . , Nor wal k, CT) and, i n st udi es of

uni di r ect i onal i nf l ux, f or 42 K+ by means of a Nucl ear Chi cago aut o- gamma count er ( G.

B. Sear l e Co . , Chi cago, I L) . Shaki ng- cul t ur e cel l s handl ed i n t he manner descr i bed above

f or med ver y homogeneous suspensi ons ; t he act ual cel l mass cor r espondi ng t o each sol ut i on

vol ume anal yzed was obt ai ned f r om par al l el sampl es, whi ch had been col l ect ed on

Mi l l i por e f i l t er s, r i nsed wi t h di st i l l ed wat er , dr i ed over ni ght at 95 ° C, and wei ghed . Thus,

pr i mar y f l ux dat a wer e obt ai ned per uni t dr y wei ght , and cyt opl asmi c vol umes wer e

cal cul at ed f r om t he r at i o i nt r acel l ul ar wat er / dr y wei ght = 2 . 54, det er mi ned pr evi ousl y

( Sl ayman and Tat um, 1964 ; Sl ayman and Sl ayman, 1968) . Cor r espondi ng sur f ace ar eas

wer e cal cul at ed f r om t he aver age cyl i ndr i cal di amet er of 4 gym, gi vi ng a sur f ace/ vol ume

r at i o of 104 cm' / cm-" .

Spher i cal cel l s, washed f r ee of EG, wer e r esuspended at 5 x 10 5 cel l s/ ml i n f l ux buf f er

and pr ei ncubat ed f or 30- 90 mi n wi t h aer at i on ( vi a a f i ne- t i pped pl ast i c pi pet t e) , bef or e

st ar t i ng t he f l ux measur ement s . ( Tr i al exper i ment s had shown t hat at l east 30 mi n of

aer at i on was r equi r ed t o maxi mi ze t he t r anspor t r at es. ) Af t er pr ei ncubat i on, t he cel l s

wer e agai n har vest ed, r esuspended at 1- 5 x 10 6/ ml i n ai r - sat ur at ed buf f er , and assayed

f or pot assi um i nf l ux dur i ng mai nt ai ned aer at i on . Fl ux assays wer e car r i ed out exact l y as

descr i bed above f or shaki ng- cul t ur e cel l s, but i n f l ux buf f er wi t hout gl ucose . Det er mi na-

t i on of cel l vol ume, however , was not so si mpl e because t he cel l di amet er s var i ed gr eat l y,
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and t he i nt r acel l ul ar wat er / dr y wei ght r at i o di f f er ed consi der abl y f r om t hat f or shaki ng-

cul t ur e cel l s . ( Thr ee separ at e est i mat es of t hi s r at i o, usi ng [ " C] sor bi t ol as t he l abel f or

ext r acel l ul ar space, gave val ues near 4 kg wat er / kg dr y wei ght . ) Ther ef or e, t he cel l

vol umes and suspensi on densi t i es wer e cal cul at ed f r om di amet er measur ement s and cel l

count s made on a Neubauer chamber ( at magni f i cat i ons of 100 and 400) f or each

exper i ment . A ver y r ough aver age di amet er f or t he spher i cal cel l s was 15 t 3 / Am ( mean

± 1 SD) , whi ch i mpl i es a sur f ace/ vol ume r at i o of 4 X 10' cm' / cm' .

Net upt ake of pot assi um and net r el ease of pr ot ons wer e f ol l owed si mul t aneousl y ( see,

e . g . , Fi g . 5) by means of i on- sensi t i ve el ect r odes . Acommer ci al pH- combi nat i on el ect r ode

( model 4098- M30, A. H. Thomas Co . , Swedesbor o, NJ) was used, but was modi f i ed by

havi ng t he r ef er ence br i dge f i l l ed wi t h sat ur at ed NaCl , i n or der t o pr event pot assi um

l eakage i nt o t he l ow- K+ suspensi ons . K+- sensi t i ve el ect r odes wer e f abr i cat ed by seal i ng a

val i nomyci n- i mpr egnat ed pol yvi nyl chl or i de membr ane over t he ends of pul l ed capi l l ar y

t ubes ( 1 . 5 mmo. d . ) and i nser t i ng an Ag/ AgCl hal f - cel l i n 0 . 1 M KCl ( Bal l ar i n- Dent i et

al . , 1984) . The pH el ect r ode was connect ed t o a pH met er ( model 25, Radi omet er

Amer i ca, West l ake, OH) and t he K' el ect r ode was connect ed t o an el ect r omet er ampl i f i er

( model FD223, W- P I nst r ument s, I nc . , New Haven, CT) . Out put s f r om bot h ampl i f i er s

wer e l ed t o a t wo- pen st r i p- char t r ecor der ( Ser vor i t er I I , Texas I nst r ument s Cor p . , Dal l as,

TX) . For t hese exper i ment s, a speci al buf f er sol ut i on was used : 10 mM BES ( 2- [ bi s( 2-

hydr oxyet hyl ) ami no] et hi nesul f oni c aci d) t i t r at ed t o appr oxi mat el y pH 5 wi t h CaOH and

cont ai ni ng 2 mMadded CaCl 2 . Thi s l ow- pH condi t i on ser ved bot h t o mi ni mi ze possi bl e

er r or s f r omC02 absor pt i on and t o i ncr ease t he sensi t i vi t y of H' measur ement , by r educi ng

buf f er capaci t y .

Mi cr oel ect r odes

Mul t i bar r el ed mi cr oel ect r odes, f or si mul t aneous r ecor di ng of membr ane pot ent i al , vol t -

age- cl ampi ng, and i onophor esi s or sensi ng of cyt opl asmi c i on act i vi t i es, wer e f abr i cat ed as

descr i bed pr evi ousl y ( Bl at t and Sl ayman, 1983) . I n t he pr esent exper i ment s, ( pot assi um)

acet at e was chosen as t he f i l l i ng el ect r ol yt e, si nce most ot her ani ons wer e f ound t o damage

t he spher i cal cel l s of Neur ospor a ( Bl at t and Sl ayman, 1983) . Low concent r at i ons- 50 mM

( or occasi onal l y 100 mM) - wer e used, i n or der t o keep t he cyt opl asmi c cat i on composi t i on

of punct ur ed cel l s cl ose t o t hat of or di nar y K' ' - st ar ved cel l s ( see above) , and wer e pr epar ed

by t i t r at i ng acet i c aci d t o pH 7 wi t h pot assi um hydr oxi de . Cont r ol exper i ment s wer e t hen

car r i ed out t o det er mi ne whet her t he sal t concent r at i on i n t he pi pet t e sol ut i on woul d

al t er membr ane el ect r i cal pr oper t i es, under t he condi t i ons of t hese exper i ment s . A

summar y of t he r esul t s i s shown i n Fi g . 1, wher e t he membr ane cur r ent dur i ng pot assi um

upt ake i s pl ot t ed agai nst t he concent r at i on of pot assi um acet at e ( KOAc) i n t he mi cr oel ec-

t r ode . Over t he r ange 50- 200 mM, t he el ect r ode sal t concent r at i on had no ef f ect on t he

I - V dat a, al t hough at l ower l evel s ( <_20 mM) enhanced cur r ent s wer e seen, pr esumabl y as

an addi t i onal st ar vat i on ef f ect . ( However , t he f act t hat hi gher KCI el ect r odes di d not

depr ess K+ upt ake i ndi cat es t hat t he st ar vat i on pr ocedur e, r at her t han t he act ual cyt o-

pl asmi c concent r at i on, i s essent i al t o evoke t he hi gh- af f i ni t y t r anspor t syst em. )

Recor di ng Ar r angement s

El ect r oni c and mechani cal condi t i ons f or r ecor di ng f r om spher i cal cel l s wer e si mi l ar t o

t hose r epor t ed pr evi ousl y ( Bl at t and Sl ayman, 1983) . The i on- sensi ng bar r el of t he

mi cr oel ect r odes was connect ed t o an ul t r ahi gh- i mpedance ampl i f i er ( WPI model FD223) .

Vol t age and cur r ent el ect r odes wer e connect ed t o el ect r omet er s f i t t ed wi t h a cur r ent -
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i nj ect i on ci r cui t ( WPI model M701, wi t h 10' 2 I t i nput i mpedance) , whi ch l ed t o an

osci l l oscope ( model 5113, Tekt r oni x, I nc . , Beaver t on, OR) , a char t r ecor der , and a

mi cr opr ocessor - cont r ol l ed vol t age cl amp . I - V cur ves wer e pl ot t ed f r om pai r ed cur r ent s

and vol t ages, measur ed as t he vol t age cl amp was dr i ven t hr ough a ser i es of br i ef ( 100 ms)

pul se st eps scanni ng t he r ange - 150 t o about - 350 mV. Usi ng some caut i on ( Bl at t , M.

R. , A. Rodr i guez- Navar r o, and C. L . Sl ayman, manuscr i pt i n pr epar at i on) , t he membr ane

cur r ent associ at ed wi t h pot assi um t r anspor t coul d be cal cul at ed as t he di f f er ence bet ween

t wo 1- Vcur ves, obt ai ned i n t he pr esence and absence of ext r acel l ul ar K+ . Cur r ent densi t i es

wer e cal cul at ed on t he basi s of spher i cal geomet r y, wi t h di amet er s measur ed by a

cal i br at ed ocul ar mi cr omet er .
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FI GURE 1 . I nf l uence of el ect r ode- f i l l i ng sol ut i on upon hi gh- af f i ni t y pot assi um

t r anspor t i n spher i cal cel l s of Neur ospor a. Doubl e- bar r el ed mi cr oel ect r odes wer e

f i l l ed wi t h di f f er ent concent r at i ons of pot assi um acet at e. Cur r ent - vol t age exper i -

ment s wer e si mi l ar t o t hat i n Fi g . 6, wi t h t he di f f er ence cur r ent measur ed at t wo

vol t ages : - 300 mV and t he mi ni mal membr ane pot ent i al ( V. ) obt ai ned upon

addi t i on of 50 kMK2 SO4 t o t he medi um. Cel l s wer e gr own 3 d i n ( EG) AmVM, and

measur ed i n CaMES. The aver age cyt opl asmi c K+ concent r at i on i n such cel l s, bef or e

i mpal ement , was ^- 80 mM. The val ues pl ot t ed ar e aver ages f or t hr ee t o f our cel l s .

Cel l s t o be used i n el ect r i cal exper i ment s wer e spr ead on a pol yl ysi ne- coat ed cover sl i p .

Af t er 10 mi n had been al l owed f or cel l s t o set t l e and adher e, t he cover sl i p was i nver t ed

and seal ed ont o t he r ecor di ng chamber , on t he st age of a convent i onal phase- cont r ast

mi cr oscope ( model ZETOPAN, AO- Rei cher t , Vi enna, Aust r i a) . I ndi vi dual cel l s f or i m-

pal ement wer e r et r i eved by a suct i on pi pet t e, whi ch was l at er wi t hdr awn, l eavi ng t he

punct ur ed cel l suppor t ed onl y by t he r ecor di ng el ect r ode .

Dur i ng al l el ect r i cal measur ement s, t he r ecor di ng sol ut i on const ant l y per f used t he

chamber ( exchangi ng at ^ - 10 chamber vol / mi n) . Rapi d changes of sol ut i on ( addi t i on and

subt r act i on of K+) wer e accompl i shed by means of a l ar ge capi l l ar y t ube ( 300 / Am di am)

pl aced 100 , umupst r eam f r omt he i mpal ed cel l and l at er al t o i t ( anal ogous t o t he pr ocedur e

of Yel l en, 1982 ; see al so t he di agr am of Fi g. 5A, bel ow) . Fl ow out of t he capi l l ar y was
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mat ched t o t he chamber f l ow ( t o avoi d t ur bul ence) , and t he composi t i on of t he capi l l ar y
sol ut i on was pr eset f or each t est . The sol ut i on change was t hen accompl i shed by movi ng
t he capi l l ar y l at er al l y, t o pl ace i t di r ect l y upst r eamf r omt he i mpal ed cel l ( see Fi g . 5A) . By
t hi s means, sol ut i on shi f t s at t he i mpal ed cel l wer e easi l y compl et ed i n 10- 50 ms ( moni -
t or ed by changes of t i p j unct i on pot ent i al i n f r ee mi cr oel ect r odes) .

RESULTS

Backgr ound Descr i pt i on of Hi gh- Af f i ni t y K+ Tr anspor t

The ki net i c char act er i st i cs of pot assi um t r anspor t i n wi l d- t ype Neur ospor a my-

cel i umvar y gr eat l y, accor di ng t o t he condi t i ons under whi ch mycel i um has been

pr epar ed . For st eady st at e exchange of pot assi umi nt o cel l s of nor mal K+ cont ent

( - x180 mmol / kg cel l wat er = 180 mM) , Sl ayman and Tat um ( 1965) f ound a

maxi mal vel oci t y ( Jmax) of 20 mM/ mi n and a K. , , f or ext r acel l ul ar pot assi um of

1 mM, usi ng buf f er s t hat cont ai ned 25 mMsodi um but no added cal ci um ( f r ee

Ca ++ < 10 uM) . Sl ayman and Sl ayman ( 1968) f ound net upt ake of pot assi um, i n

cel l s gr own 16 h on l i mi t i ng pot assi um ( [ K+] ; = 60 mM) and mai nt ai ned i n l ow-

cal ci um sol ut i ons, t o have near l y t he same maxi mal vel oci t y ( 23 mM/ mi n) but

an ^- 10- f ol d- l ar ger Ky, ( 11 . 8 mM) . Subsequent l y, H. Pf r uner ( unpubl i shed ex-

per i ment s) showed t hat 1 mM Ca" added t o t he i ncubat i on buf f er gr eat l y

r educed K+/ K+ exchange f l ux ( sat ur at i ng f l uxes of 2- 4 mM/ mi n) , but had l i t t l e

ef f ect on net K+ upt ake . Fi nal l y, Ramos and Rodr i guez- Navar r o ( 1985) demon-

st r at ed t hat , i n t he pr esence of Ca" , t he K- 1, f or upt ake of r ubi di um by K+-

st ar ved cel l s coul d f al l t o t he r ange of 1- 10 Fi M, dependi ng on how l ow [ K+] i

had dr opped dur i ng st ar vat i on . Bot h st eady st at e K+/ K+ exchange and net K+

( or Rb +) upt ake wer e f ound t o be met abol i cal l y dependent , bei ng bl ocked by

mi l l i mol ar cyani de, i r r espect i ve of t he magni t ude or di r ect i on of t he exi st i ng

concent r at i on gr adi ent f or pot assi um.

I n t he pr esent exper i ment s, net pot assi um upt ake by K+- st ar ved ( but cal ci um-

r epl et e) cel l s was al so f ound t o f ol l ow si mpl e sat ur at i on cur ves ( Fi g. 2) , wi t h j .

val ues of 10- 15 mM/ mi n ( sl i ght l y mor e t han hal f t he maxi mal f l uxes r epor t ed

pr evi ousl y i n t he absence of added cal ci um) and wi t h mi cr omol ar Ky, val ues .

Car bon st ar vat i on, a maneuver r equi r ed t o pr epar e t he spher i cal cel l s ( see bel ow) ,

af f ect s bot h ki net i c par amet er s, l ower i ng , Jmax f r om 14 . 4 ± 1 . 0 t o 10 . 1 ± 0. 4

mM/ mi n i n Fi g . 2, and r ai si ng K, , f r om 2 . 0 ± 0. 5 t o 6 . 7 ± 1 . 0 AM.

El ement ar y Tr anspor t Pr oper t i es of Spher i cal Cel l s

Spher i cal cel l s of Neur ospor a, gr own on l i mi t i ng pot assi um, cont ai ned 230- 290

nmol K+/ mg dr y wt , assayed phot omet r i cal l y, and cyt opl asmi c K+ act i vi t i es of

^ - 60 mM, assayed wi t h i on- sensi t i ve mi cr oel ect r odes . These val ues, t oget her wi t h

t he sur f ace/ vol ume dat a ( see Mat er i al s and Met hods) , ar e consi st ent wi t h an

act i vi t y coef f i ci ent of 0 . 8 f or K+ i n cyt opl asm, whi ch i s t ol er abl y cl ose t o t he

val ue i n f r ee sol ut i on . Absol ut e t r anspor t r at es, f or any gi ven t est condi t i on wi t h

spher i cal cel l s, wer e al most al ways smal l er t han t he cor r espondi ng r at es obser ved

wi t h shaki ng- cul t ur e cel l s, when f l uxes wer e expr essed i n uni t s of mi l l i mol es per

ki l ogr am dr y wei ght . Thi s di scr epancy mi ght be r el at ed ei t her t o t he cul t ur e

condi t i ons f or t he t wo cel l t ypes or t o t he di f f er ent sur f ace/ vol ume r at i os ( see

Mat er i al s and Met hods) . I t was essent i al l y abol i shed by expr essi ng f l uxes on t he
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basi s of uni t membr ane ar ea ( i . e . , pmoi - cm- 2 . s- ' ) , so t hat convent i on was adopt ed

f or al l f ur t her exper i ment s . As i n al l ot her publ i shed r esul t s on pot assi um

t r anspor t i n Neur ospor a, hi gh- af f i ni t y f l ux i nt o t he spher i cal cel l s was bl ocked by

r espi r at or y i nhi bi t or s such as cyani de and azi de .
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FI GURE 2 . Concent r at i on dependence of K' upt ake i n l ow- K' shaki ng- cul t ur e

cel l s . K+ f l ux was measur ed as t he i ni t i al sl ope of di sappear ance f r om t he medi um,

dur i ng t he f i r st mi nut e af t er addi t i on of K2SO4 ( sampl es at - 15, 30, 60, and 90 s) .

Each symbol r epr esent s t he aver age of dupl i cat e det er mi nat i ons . Ci r cl es i ndi cat e

net upt ake ; squar es and t r i angl es r epr esent " K+ upt ake . Cont r ol cel l s ( t r i angl es)

wer e pr ei ncubat ed i n buf f er wi t h 1 % gl ucose f or 15- 45 mi n bef or e 12K- l abel ed

pot assi um was i nj ect ed . Car bon- st ar ved cel l s ( ci r cl es and squar es) wer e pr epar ed by

' 3 h i ncubat i on i n buf f er wi t hout added sugar . Gr owt h medi um: AmVM; f l ux buf f er :
CaMES. The cur ves dr awn ar e Mi chael i s cur ves f i t t ed by l east squar es ( Mar quar dt ,
1963) : J_x = 14 . 4 ± 1 . 0 mM/ mi n and K, = 2. 0 ± 0 . 5 uM, f or t he cont r ol cel l s
( wi t h gl ucose) ; J,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� � , = 10 . 1 ± 0 . 4 mM/ mi n and K, = 6 . 7 ± 1 . 0 AM, f or t he car bon-
st ar ved cel l s . The si ngl e t r i angl e i n par ent heses was omi t t ed f r om f i t t i ng of t he
cont r ol dat a .

Net pot assi um upt ake by st ar ved mycel i um mai nt ai ned wi t hout added cal ci um

was pr evi ousl y f ound t o be bal anced ^- 65% by ext r usi on of Na i ons and 35%by

ext r usi on of H i ons ( Sl ayman and Sl ayman, 1968) , gi vi ng an appr oxi mat e i on

st oi chi omet r y ( K' ' : Na+ : H' ) of 3 : 2 : 1 at t he cont r ol pH of 5 . 8 . Sat ur at i ng pot assi um
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ef f l ux showed a weak dependence on ext r acel l ul ar pH, decl i ni ng by onl y 50%

f r om t he opt i mum( ^ " 20 mM/ mi n) , at pH 5, t o a pl at eau spanni ng t he r ange pH

7 t o pH 8. 5 . Sodi um f l ux, however , had a much st r onger pH dependence,

decl i ni ng by 90%f r om pH 5 t o pH 8, so t hat at hi gh pH t he i on st oi chi omet r y

was essent i al l y 1 K+: 1 H' ( Sl ayman and Sl ayman, 1970) .
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Demonst r at i on of net H' ef f l ux accompanyi ng hi gh- af f i ni t y K+ upt ake.

Spher i cal cel l s ( upper panel ) and shaki ng- cul t ur e cel l s ( l ower panel ) wer e suspended

i n 20 ml of CaBES buf f er , wi t hi n a t her most at t ed, wat er j acket ed vessel . Ext r acel -

l ul ar pH and K+ wer e measur ed wi t h i on- speci f i c el ect r odes. Sudden ver t i cal shi f t s

i ndi cat e addi t i ons of K2SOq ( 750 nmol K' i n t he upper panel , 500 nmol i n t he l ower

panel ) or NaOH ( 1, 500 nmol OH- i n t he upper panel , 1, 000 nmol i n t he l ower

panel ) and ser ve as cal i br at i ons . Ti me cour ses of K+ upt ake and H+ r el ease by t he

cel l s ar e gi ven by t he sl ow shi f t s i mmedi at el y af t er K+ addi t i on . K+/ H+ exchange

r at i o : 0. 95 r ef er r ed t o r at es and 0. 84 r ef er r ed t o t he t ot al exchange, f or t he upper

panel ; 0. 94 r ef er r ed t o r at es and 0. 90 r ef er r ed t o t ot al exchange, f or t he l ower

panel .

However , sodi um i s not r equi r ed f or t he gr owt h or mai nt enance of Neur ospor a

( Sl ayman and Tat um, 1964) , and si nce i t can i nt er f er e wi t h pot assi umupt ake, i t

was el i mi nat ed f r om most of t he pr esent exper i ment s by omi ssi on f r om t he

gr owt h medi um ( AmVM) and t est buf f er ( CaMES) . Not sur pr i si ngl y, t hen, net

pot assi um upt ake vi a t he hi gh- af f i ni t y mechani sm was ent i r el y bal anced by net
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ext r usi on of pr ot ons . I n Fi g . 3, si mul t aneous t r aces f r om ext r acel l ul ar pH and

K+ el ect r odes demonst r at e t he coi nci dent upt ake of pot assi um and r el ease of

pr ot ons t hat occur r ed when l ow- K
+

cel l s wer e suddenl y gi ven pot assi um. I n f i ve

exper i ment s wi t h shaki ng- cul t ur e cel l s and t hr ee wi t h spher i cal cel l s, si mi l ar t o

t he r uns shown i n Fi g. 3, K+ i nf l uxes and H+ ef f l uxes mat ched, wi t h an aver age

r at i o ( K+/ H+) of 0. 96 ± 0. 05 . The dependence of net K+ i nf l ux upon pH. showed

a cl ear opt i mumnear t he nor mal pHof 5. 8 ; t he sat ur at i ng f l ux decl i ned t o 30%

of t hat val ue at pH 8 ( Fi g . 4) .
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FI GURE 4.

	

pH opt i mumof hi gh- af f i ni t y pot assi umupt ake by Neur ospor a . Low- K+

spher i cal cel l s wer e mai nt ai ned i n CaMES buf f er . The set up and f l ux cal cul at i on

ar e t he same as i n Fi g. 2. Sol i d symbol s i ndi cat e
a4K+

f l ux ; open symbol s i ndi cat e

net f l ux . Each symbol r epr esent s t he aver age f or dupl i cat e measur ement s, and t he

di f f er ent symbol s desi gnat e separ at e exper i ment s .

Al t hough pr evi ous measur ement s ( Sl ayman, 1970) had i ndi cat ed t hat net K+

f l ux i nt o mat ur e Neur ospor a mycel i um had l i t t l e or no ef f ect on membr ane

pot ent i al s, cyt opl asmi c depl et i on of pot assi um was not wel l - cont r ol l ed i n t hose

st udi es. El ect r i cal exper i ment s on K+- st ar ved spher i cal cel l s have gi ven qui t e a

di f f er ent r esul t : mi cr omol ar K+ can cause l ar ge depol ar i zat i ons, whi ch occur

f r om sur pr i si ngl y hi gh r est i ng membr ane pot ent i al s . The aver age r est i ng pot en-

t i al ( VzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , ) of nor mal spher i cal cel l s, when bat hed i n st andar d di met hyl gl ut ar at e
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( St DMG; cont ai ni ng 25 mMK+ and 1 I nM Ca" ; see Tabl e 1) i s - 200 ± 8 mV

( cel l i nt er i or negat i ve) , and t he r est i ng membr ane r esi st i vi t y ( R. ) i s 64 ± 6 ku .

cm2 ( Bl at t and Sl ayman, 1983) . Sur vey measur ement s i n t he pr esent exper i ment s

gave cor r espondi ng f i gur es of - 218 ± 7 mV and 65 ± 8 Ut . cm2 f or nor mal - K
+

cel l s bat hed i n CaMES( 0 added K' } ; 0. 6 AM, act ual ) . However , l ow- K+ spher i cal

cel l s i n t he same medi umdi spl ayed Vn, val ues of - 299 ± 3 mV, wi t h an obser ved

maxi mal val ue of - 367 mV. These measur ement s wer e made over a per i od of 5

mo, on 35 i ndependent cel l s . Rmval ues f or t he same cel l s aver aged 57 ± 4 k0 .

cm
2,

not si gni f i cant l y di f f er ent f r om t he val ues f or nor mal - K
+

cel l s .

A

100

mV

50 pM

100 ym_ I Sol ut i on f l ow I

2 mi n

b

234na

- J L~- - 304
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Ef f ect of added ext r acel l ul ar pot assi umon membr ane pot ent i al i n l ow-

K+ spher i cal cel l s . ( A) Di agr amof t he ar r angement of t he cel l , t he i mpal i ng el ect r ode,

and a K+- f l oodi ng pi pet t e f or r api d addi t i on and r emoval of pot assi um( see Mat er i al s

and Met hods) . ( B) Depol ar i zat i on wi t h 50 uM K+ on an expanded t i me scal e, t o

show r api di t y of t he vol t age shi f t . ( C) Condensed r ecor d f r oma si ngl e cel l , showi ng

vol t age r esponses t o f our di f f er ent K+ concent r at i ons . The cel l was i mpal ed at 1,

and t he seal was f or med over a per i od of 45 s, t o gi ve a r est i ng membr ane pot ent i al

near - 300 mV ( cel l i nt er i or negat i ve) . The i nver t ed t r i angl es i ndi cat e t ypi cal t i mes

when I - V scans wer e r un ( see Fi g. 6) . The i mpal i ng el ect r ode was r emoved at 11 .

These ar e t ypi cal r ecor ds, f r oma cel l bat hed i n CaMES.

The addi t i on of mi cr omol ar K+ t o t he medi um bat hi ng pot assi um- st ar ved cel l s

r esul t ed i n l ar ge, r api d, sust ai ned depol ar i zi ng ( posi t i ve) shi f t s of membr ane

pot ent i al , as i s i l l ust r at ed i n Fi g . 5 . Washout of t he added pot assi um gave

compl et e r ecover y, even af t er 10- 20- mi n exposur es . ( Longer exposur es, 50- 60

mi n, caused par t i al l y i r r ever si bl e depol ar i zat i on . ) Vol t age r esponses t o addi t i on

or r emoval of K+ occur r ed wi t h t i me const ant s of a f ew t ens of mi l l i seconds ( see

expanded- scal e r ecor d of Fi g. 5B) , whi ch i s consi st ent wi t h bul k sol ut i on mi xi ng

and wi t h t he cel l membr ane t i me const ant . Obser ved depol ar i zat i ons wi t h sat u-
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r at i ng K+ ( i . e . , 50 AM) spr ead bet ween 25 and 150 mV and had a mean val ue of

78 ± 4 mV i n 35 obser vat i ons . The cor r espondi ng decr ease i n membr ane

r esi st i vi t y was 25 ± 3 W. cm2 . These vol t age and r esi st ance dat a ar e summar i zed

i n Tabl e I I .

Qual i t at i vel y, al l of t he dat a t hus f ar pr esent ed- i ncl udi ng pot assi um i nf l ux,

pr ot on ext r usi on, and membr ane depol ar i zat i on- coul d be account ed f or by a

hi gh- af f i ni t y pot assi um car r i er or channel ( pot assi um uni por t ) , t hr ough whi ch

i ons ar e dr i ven i nwar d by t he membr ane pot ent i al , whi ch i s i t sel f i n t ur n

est abl i shed by t he pr i mar y pr ot on pump of t he Neur ospor a pl asma membr ane .

Gi ven a st abl e Vm of - 300 mV, f or exampl e, cyt opl asmi c K+ at 100 mMcoul d

t heor et i cal l y be sust ai ned agai nst an ext r acel l ul ar [ K+] of 1 AM. However , t he

quest i on of whet her such a si mpl e mechani sm act ual l y oper at es cannot be

r esol ved wi t hout a car ef ul quant i t at i ve compar i son of t he vol t ages, cur r ent s, and

pot assi um concent r at i ons i nvol ved .

TABLE I I

Membr ane Pot ent i al s and Resi st ances i n Low- K+ Spher i cal Cel l s

K+ Act i vi t y, EK, and t he Need f or I on Coupl i ng

0 K'

	

50 gMK'

	

Di f f er ence

Membr ane pot ent i al ( mV)

	

- 299±3

	

- 221±4

	

78±4

Membr ane r esi st ance ( k4_cm2 )

	

57±4

	

32±2

	

25±3

Measur ement s wer e made wi t h doubl e- bar r el ed mi cr oel ect r odes, as descr i bed i n

Mat er i al s and Met hods . CaMES buf f er wi t h added K2SO4 was used . Val ues ar e means

± 1 SEMf or 35 cel l s .
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As a f i r st ( t her modynami c) check on possi bl e mechani sms f or K+ upt ake, mem-

br ane pot ent i al s and cyt opl asmi c i on act i vi t i es wer e det er mi ned i n spher i cal cel l s

under a var i et y of condi t i ons . Tabl e I I I summar i zes t he r esul t s f r om f i ve

exper i ment s : t hr ee wi t h cel l s gr own i n t he ammoni um phosphat e medi um

( AmVM, Tabl e I ) , and t wo wi t h cel l s gr own i n Na phosphat e medi um ( NaVM) .

I n t he f our exper i ment s car r i ed out wi t h pot assi um acet at e- f i l l ed pi pet t es ( cel l s

1- 4) , aKi aver aged 54 ± 3 mMand showed no consi st ent change wi t h t i me bef or e

or af t er K+ was added t o t he medi um. Evi dent l y cyt opl asmi c [ K+] i s ef f ect i vel y

cl amped by t he pi pet t e- f i l l i ng sol ut i on . For cel l s mai nt ai ned at t he cont r ol pHo

( 5 . 8) , r est i ng membr ane pot ent i al s aver aged - 286 ± 7 mV i n t he absence of

added pot assi um ( col umn 9) , wi t h 50- 180 mV depol ar i zat i on upon addi t i on of

50 AM [ K+] o . Membr ane pot ent i al s f or each cel l af t er addi t i on of K+ ( 20- 200
AM) ar e l i st ed i n col umn 10 . To t est t he oper at i on of a K+ uni por t mechani sm,

t hese number s must be compar ed wi t h t he equi l i br i um di f f usi on pot ent i al s f or

t hat i on ( EK) , shown i n col umn 11 of Tabl e I I I . Cl ear l y, i n most cases, EK i n t he

pr esence of 50 AM K+ was wel l negat i ve t o t he cel l membr ane pot ent i al s, and i t
was possi bl e i n t he ot her cases ( cel l s 4 and 5) t o achi eve t hat condi t i on by l ower i ng
ext r acel l ul ar pH ( col umn 7) . Thus, si mpl e uni por t mechani sms, i n whi ch pot as-
si um woul d be dr i ven i nwar d by t he membr ane pot ent i al , cannot account f or

t he obser ved K+ accumul at i on .

On t he ot her hand, t he di f f usi on pot ent i al s f or pr ot ons ( EH; col umn 12) wer e

gener al l y f ar posi t i ve t o t he membr ane pot ent i al dur i ng K+ upt ake, and t hi s f act ,
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al ong wi t h knowl edge t hat many ot her subst r at e accumul at i on pr ocesses i n

Neur ospor a ar e coupl ed t o i nf l ux of pr ot ons ( Sl ayman, 1974 ; Eddy, 1982) , r ai sed

t he quest i on of whet her t he hi gh- af f i ni t y K+ syst em mi ght al so oper at e vi a a

pr ot on cot r anspor t mechani sm. Assumi ng, f or t he sake of ar gument , t hat no

phosphat e- bond or r edox ener gy i s i nvol ved, t he combi ned equi l i br i umpot ent i al

f or coupl ed movement of n K i ons wi t h mH i ons can be obt ai ned f r omt he mass

r eact i on equat i on, usi ng el ect r ochemi cal act i vi t i es ( a Ki , et c . ) , i nst ead of concen-

I on Gr adi ent s and Tr anspor t Pot ent i al s i n Lor e- K+ Spher i cal Cel l s

1 2 3

	

4 5 6 7 8 9 10 11 12 13 14

Membr ane

Si ngl e- i on di f f usi on pot ent i al s ( EK, EH) wer e cal cul at ed by t he Ner nst equat i on, usi ng t he measur ed val ues of av ( col umn 6) ,
measur ed pH, ( col umn 7) , [ K* ] , est i mat ed f r ompar al l el exper i ment s ( 22, 51, and 205 pM; assumed act i vi t y coef f i ci ent of
uni t y) , and pH, ( col umn 8) measur ed i n par al l el exper i ment s . Equi l i br i umpot ent i al s f or cot r anspor t ( EKH) wer e cal cul at ed
f r om t ext Eq . 4, usi ng t he same dat a and a st oi chi omet r y of I K* : 1 H̀ ( = n = m) . The t i me of measur ement af t er each
i mpal ement i s gi ven i n col umn 2; i mpal ement s gener al l y l ast ed about t wi ce t he maxi mal t i me shown . CaMES buf f er wi t h

pot assi um added as KCI was used; backgr ound K' bef or e addi t i on was 0 . 2- 0 . 7 JI M.

t r at i ons, f or each i on . The r eact i on i s si mpl y

f or whi ch t he mass r eact i on equat i on i s

El ect r ochemi cal act i vi t y i s def i ned by
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TABLE I I I

nKo+mHo- _nK, +mH, ,

aKi = aKi - exp( zFVi / RT) ,

aK__ aH
K

- 1 - \ aKi )

	

2

i n whi ch a i s t he chemi cal act i vi t y ; R, T, and F have t hei r usual meani ngs ; x

( val ence) = 1 ; and t he subscr i pt s i and o desi gnat e cyt opl asm and ext r acel l ul ar

sol ut i on, r espect i vel y . Combi ni ng Eq . 3 wi t h Eq . 2 and r ear r angi ng gi ves t he

Cel l Ti me

El ect r ode

sal t

Gr owt h

medi um

Added

Ko aK; pH, pH,

pot ent i al

- K* + K* EK EH EK� 1K

mi n mM AM mm mV mV mV mV mV Qeq-

cm- p - s ,
1 9 50 AmVM 50 55 5 . 8 7 . 02 - 285 - 143 - 178 +71 - 54 17 . 3

KOAc

2 28 50 AmVM 50 55 5 . 8 7 . 02 - 305 - 145 - 178 +71 - 54 16 . 5

KOAc 57 - 295 - 120 - 179 - 54 19 . 5

58 - 298 - 119 - 180 - 54 20 . 6

3 6 50 NaVM 200 45 5 . 8 7 . 02 - 290 - 169 - 137 +71 - 33 26 . 3
17 KOAc 20 46 - 290 - 195 - 194 - 62 15 . 6

4 18 50 NaVM 50 66 5. 8 7. 02 - 275 - 220 - 182 +71 - 55 16 . 7

24 KOAc 49 3 . 9 6. 87 - 115 - 89 - 175 +174 0 11 . 2

5 9 100 AmVM 50 10 5 . 8 7. 02 - 250 - 200 - 134 +71 - 32 14 . 6

28 NaOAc 5 7 . 2 7. 13 - 280 - 205 - 117 - 4 - 61 8. 4
45 3 3 . 9 6. 87 - 74 - 103 - 104 +174 +35 6. 3
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membr ane pot ent i al when t he put at i ve cot r anspor t syst em i s at equi l i br i um:

Vm= ( V; - V. ) =

	

I

	

- RT ~n - I n
C

a
K

° °~ + m- 1n~aH° °~~

	

( 4)
n + m F

	

aK;

	

aH;

The t r anspor t r ever sal pot ent i al t hus cal cul at ed, whi ch i s desi gnat ed EKH i n

Tabl e I I I ( col umn 13) , depends upon t he assumed val ues of n and m, and upon

t he assumed act i vi t y coef f i ci ent ( ' YK. ) f or ext r acel l ul ar pot assi um. Let t i ng n = m

= 1 and 1' K. = uni t y i n sol ut i ons of 6 mMi oni c st r engt h ( CaMES; see Robi nson

and St okes, 1959) gi ves t he val ues i n Tabl e I I I . ( I n f act , when n = m= 1, EKH

must l i e hal f way bet ween EK and EH. ) A compar i son wi t h col umn 8 shows t hat

i n al l cases EKH i s posi t i ve t o t he act ual membr ane pot ent i al s measur ed dur i ng

pot assi um upt ake, so t hat el ect r ophor et i c K+- H+ cot r anspor t i s at l east t her mo-

dynami cal l y f easi bl e .

Char ge St oi chi omet r y of Pot assi um Upt ake

Taken at f ace val ue, t he K+/ H+ exchange behavi or obser ved ( Fi g. 3) dur i ng

hi gh- af f i ni t y pot assi um upt ake woul d seemt o ar gue agai nst a K' - H+ cot r anspor t

mechani sm. However , si nce i n Neur ospor a t he r et ur n pat hway f or most nonca-

paci t at i ve cur r ent car r i ed i nwar d wi t h pot assi um i s t he pr i mar y pr ot on ext r usi on

pump ( Sl ayman and Gr admann, 1975) , t he appar ent K' ' / H+ exchange coul d wel l

be gener at ed physi cal l y by separ at e movement s of K+- H' and 2 H' . The cr uci al

quest i on, t hen, i s whet her pr ot ons do i n f act ent er st oi chi omet r i cal l y wi t h

pot assi um, vi a t he hi gh- af f i ni t y syst em.

The most el egant way t o answer t hi s quest i on woul d be t o use i on- sensi t i ve

mi cr oel ect r odes t o measur e changes i n bot h cyt opl asmi c pH and cyt opl asmi c

[ K+] , i mmedi at el y af t er pot assi um i s gi ven t o depl et ed cel l s . However , t he

concent r at i on- cl ampi ng ef f ect of sol ut i ons i n t he i mpal i ng r ef er ence el ect r odes

vi t i at es such an appr oach f or K+ ( cf . col umns 3 and 6 of Tabl e I I I ) i n t hese smal l

spher i cal cel l s . I t was t her ef or e necessar y t o compar e t he el ect r i c cur r ent ,

measur ed on si ngl e cel l s, wi t h net K+ accumul at i on measur ed on popul at i ons of

( uni mpal ed) cel l s . St eady st at e cur r ent - vol t age ( I - V) cur ves f or t he Neur ospor a

membr ane wer e det er mi ned by means of a comput er - dr i ven vol t age- cl amp

ar r angement ( see Mat er i al s and Met hods) si mi l ar t o t hat descr i bed pr evi ousl y

( Gr admann et al . , 1978) , but usi ng onl y a si ngl e el ect r ode bar r el t o measur e

vol t age ( as al l owed by t he spher i cal geomet r y of t hese cel l s) . Fi g . 6 i l l ust r at es t he

I - Vpl ot s obt ai ned i mmedi at el y bef or e t he pot assi um( 50 uM) st r eam was added,

i n t he pr esence of K+, and i mmedi at el y af t er t he st r eam was r emoved . I f i t i s

assumed t hat t he onl y ef f ect of pot assi umon t he cel l s was t o suppl y subst r at e f or

t he K+ upt ake syst em, t hen cur r ent t hr ough t hat syst em under non- vol t age-

cl amped condi t i ons must be equal t o t he ver t i cal separ at i on bet ween t he cont r ol

cur ves and t he t est cur ve, at t he st abl e VzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� achi eved dur i ng K+ upt ake . Asummar y

of such cur r ent s, obt ai ned at f our di f f er ent K+ concent r at i ons, i s gi ven i n Tabl e

I V ( col umn 2) . The cor r espondi ng summar y of net pot assi um i nf l uxes i s gi ven

i n col umn 3 of t he t abl e . Those f l uxes appear ed t o be pr opor t i onal t o t he

cur r ent s, wi t h t he r at i os ( I K/ JK) shown i n col umn 5.

Fi g . 7 pr ovi des a gr aphi c di spl ay of compl et e dat a f r omt hr ee f l ux exper i ment s

and t wo cur r ent exper i ment s . The cur ves dr awn t hr ough t hese dat a ar e r ect an-



66) 4

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 " 1986

TABLE I V

3

2

Cur r ent St oi chi omet r y f or Hi gh- Af f i ni t y K+ Upt ake i n Neur ospor a

_2

- 3

d
C
d

E

FI GURE 6 .

	

Ef f ect of added pot assi um on t he membr ane cur r ent - vol t age cur ves f or

l ow- K spher i cal cel l s . Thi s exper i ment was si mi l ar t o t hat i n Fi g . 5, wi t h 1- V scans

t aken at t he t i mes desi gnat ed, r el at i ve t o addi t i on of 50 uM KC1 . Bef or e addi t i on

( A) , i n t he pr esence of KCl (" ) , and af t er r emoval of ( A) . Cur r ent t hr ough t he K+

t r anspor t syst em i s cal cul at ed as t he di f f er ence cur r ent bet ween t he cont r ol I - V

cur ve ( upper cur ve, aver age of t he t wo pl ot s) , and t hat obt ai ned i n t he pr esence of

K+ ( l ower cur ve) , at t he membr ane pot ent i al pr evai l i ng i n t he pr esence of pot assi um.

Smoot h cur ves wer e f i t t ed by l east squar es ( Mar quar dt , 1963) t o second- degr ee

pol ynomi al s : y = a o + a t z + a2x 2 ; coef f i ci ent s ar e 14 . 8, 0 . 077, and 0 . 000092,

r espect i vel y, f or t he cont r ol cur ve, and 14 . 7, 0 . 085, and 0 . 000094, f or t he t est

cur ve .

gul ar hyper bol as ( Mi chael i s cur ves) f i t t ed by l east squar es, wi t h a common val ue

f or K, 1, and separ at e val ues of maxi mal vel oci t y : K. , = 14 . 9 ± 2. 6 AM, I max = 30 . 1

± 1 . 6 pMOI . cm- 2 . s ' f or cur r ent , and Jmax = 15 . 3 ± 1 . 0 pmol . cm- 2 . s ' f or net

K+ f l ux . I t i s evi dent , f r om bot h Tabl e I V and Fi g . 8, t hat t wo el ect r i c char ges

Low- K' spher i cal cel l s wer e used ; net i nf l ux of K' was measur ed . Associ at ed t r anspor t

cur r ent s wer e measur ed as descr i bed i n Fi g . 7 . Except at [ K' l o = 50 ' UM, t he val ues

l i st ed ar e t he means of t wo or t hr ee separ at e measur ement s ( havi ng maxi mal spr eads

of <_ 10%) . At 50 pM K' , t her e wer e 28 cur r ent exper i ment s and 1 I f l ux exper i ment s .

( K. )

AM

I K

peq- cm- 2s - '

K' upt ake

pmol . cm- 2s - 1

1K/ K' upt ake

eq- mol - '

6. 7 12 . 3 5. 8 2 . 1

21 . 9 16 . 3 8. 9 1 . 9

50 . 5 20 . 6±0 . 6 9. 2±0 . 4 2. 2±0. 3

205 29 . 1 16 . 3 1 . 8
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ent er ed t he cel l f or ever y Ki on . Si nce onl y one pr ot on coul d be seen exi t i ng t he

cel l s, vi a t he pr ot on pump ( Fi g . 3) , t he ext r a char ge ent er i ng wi t h K+ must have

been H+.

An exami nat i on of t he pl ot s i n Fi gs . 2 and 7, al ong wi t h t he r ecor ds i n Fi g . 5,

seems t o r eveal a syst emat i c di f f er ence bet ween spher i cal cel l s of Neur ospor a and

shaki ng- cul t ur e cel l s . For spher i cal cel l s, t he vol t age st eps ( Fi g . 5) , as wel l as t he

t r anspor t cur r ent s and f l uxes ( Fi g . 7) , ar e unexpect edl y l ar ge at t he ver y l ow

Ko

N

~E
U

0
E
0

C

c
m

v

o

x

wc

a
Y

d
2

35

30

25

20

15

10

5

Ext er nal K+ conc . / , uM

0 40 80 120 160 200

12

10

2

FI GURE 7 .

	

St oi chi omet r y of t he K+- H+ sympor t , f r om par al l el measur ement s of

t r anspor t cur r ent and net K+ f l ux . Upper pl ot : cur r ent s, det er mi ned as i n Fi g . 6, i n

r esponse t o di f f er ent added K+ concent r at i ons . Two exper i ment s . Lower pl ot : net

f l uxes, det er mi ned as descr i bed f or Fi g . 2, i n t hr ee separ at e exper i ment s on spher i cal

cel l s . The smoot h cur ves ar e Mi chael i s f unct i ons f i t t ed j oi nt l y t o t he t wo set s of

dat a, usi ng a common val ue f or K, of 14 . 9 AM. The separ at e val ues of j - ar e 15 . 3

± 1 . 0 pmol - cm' . s ' f or t he f l ux, and 30 . 1 ± 1 . 6 pmol . cm- 2 . s ' f or t he cur r ent .

The st oi chi omet r i c r at i o cur r ent / net K+ f l ux, whet her cal cul at ed f r om t he obser ved

f l uxes and cur r ent s at cor r espondi ng concent r at i ons ( i . e . , Tabl e I V) or f r om t he

f i t t ed cur ves, i s ver y cl ose t o 2 .

concent r at i ons ( i . e . , 10 AM and l ower ) ; t hey al so appear somewhat smal l ,

compar ed wi t h t he Mi chael i s f i t s, i n t he mi dr ange of concent r at i ons ( ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 50 AM) .

These t wo di spl acement s have t he ef f ect of r ai si ng t he cal cul at ed K� , f or K+

t r anspor t by t he spher i cal cel l s ( cf . 14 . 9 AMi n Fi g . 7 wi t h 6. 7 AMi n Fi g . 2) and

gi vi ng t he appear ance of t wo f l ux component s . However , t he avai l abl e dat a do

not suppor t t hi s i nt er pr et at i on on st at i st i cal gr ounds, so i t s exi st ence and possi bl e

cause must be l ef t open f or t he t i me bei ng. For t unat el y, t hese quest i ons do not

af f ect t he basi c ar gument about char ge st oi chi omet r y .
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Consi der at i ons of Uni di r ect i onal Fl ux

One caveat i n t he det er mi nat i on of st oi chi omet r y i s t hat i f a si gni f i cant K+ ef f l ux

wer e t o occur dur i ng t he obser ved net i nf l ux, t hen t he act ual uni di r ect i onal K'

f l ux t hr ough t he hi gh- af f i ni t y t r anspor t syst em woul d be l ar ger t han i ndi cat ed

i n Tabl e I V or Fi g . 7, r el at i ve t o t he char ge t r anspor t . I n t hat case, t he r equi r ed

f r act i on of coupl ed pr ot on i nf l ux woul d be r educed, concei vabl y t o zer o . Thi s i s

an unat t r act i ve possi bi l i t y, f or t el eol ogi cal r easons : i t woul d be economi cal l y
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Compar i son of uni di r ect i onal and net f l uxes dur i ng hi gh- af f i ni t y upt ake

of K+ . Si mul t aneous r emoval of 42 K+ and chemi cal K' f r om t he suspendi ng medi um,

as a f unct i on of t i me . Shaki ng- cul t ur e cel l s wer e gr own i n AmVMand i ncubat ed i n

a pH 7 buf f er ( 1 mM HEPES t i t r at ed wi t h NaOH, 1% gl ucose, and f r ee cal ci um

and magnesi um l evel s as i n AmVM) , bef or e addi t i on of K2SO4 . I ni t i al [ K' ] = 5 . 7

( A) , 14 . 3 ( B) , and 27 . 5 ( C) uM. Sol i d ci r cl es i ndi cat e net f l ux ; open ci r cl es i ndi cat e
42 K+ f l ux . The t hr ee l ef t - hand or di nat es ar e scal ed, r el at i ve t o t he r i ght - hand

or di nat e, accor di ng t o t he speci f i c act i vi t y of i sot ope i n t he t hr ee suspensi ons .

f ool i sh of K+ - st ar ved cel l s t o r el ease one K i on f or ever y t wo t aken up, and i t

woul d make i nef f i ci ent use of t he dr i vi ng f or ce r epr esent ed by t he membr ane

pot ent i al . Obvi ousl y, however , car ef ul uni di r ect i onal f l ux measur ement s ar e

r equi r ed t o answer t he quest i on .

For t hat pur pose, sever al exper i ment s wer e car r i ed out t o det er mi ne i sot opi c
42 K+

upt ake and net K' upt ake si mul t aneousl y on t he same cel l s . Si mi l ar r esul t s

wer e obt ai ned i n t hr ee exper i ment s on spher i cal cel l s and t wo exper i ment s on

shaki ng- cul t ur e cel l s, and one of t he l at t er exper i ment s i s shown i n Fi g . 8 . I n al l

cases, t he di sappear ance of 42K+ i nt o t he cel l s was f ast er t han t he di sappear ance
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of chemi cal pot assi um, t he r at i o of sl opes bei ng 1 . 21, 1 . 12, and 1 . 04 i n t he
exampl es of Fi g . 8, and aver agi ng 1 . 20 ± 0. 03 f or al l exper i ment s. The sl ope
r at i os var i ed r andoml y, i ndependent of K+ concent r at i on, of ext r acel l ul ar pH
( 7 . 0 and 5. 8 t est ed) , and of car bon st ar vat i on . I t i s possi bl e, t her ef or e, t hat 20%
of t he excess cur r ent shown i n Tabl e I V coul d be car r i ed by ent er i ng K i ons .
That i s not suf f i ci ent t o negat e t he basi c not i on of el ect r ophor et i c K' - H'
cot r anspor t .

DI SCUSSI ON

The oper at i on of a pot assi um- pr ot on sympor t as t he pr i mar y mechani sm f or
hi gh- af f i ni t y upt ake of K+ r epr esent s a new depar t ur e i n t he under st andi ng of
cat i on sequest er i ng i n f ungi and pl ant s . Thr ee maj or f act s suppor t t he i dea f or

Neur ospor a . ( a) Cur r ent measur ement s show t hat t wo char ges ent er t he cel l s f or

each pot assi um i on ( Fi gs . 6 and 7) . ( 6) Net pr ot on ef f l ux occur s dur i ng pot assi um

upt ake, wi t h an over al l st oi chi omet r y of 1 : 1 . Because t he maj or el ect r i c sour ce

t o dr i ve pot assi um t r anspor t i s t he pr ot on ext r usi on pump i n t he Neur ospor a

pl asma membr ane, i t ems a and b above r equi r e H+ t o be t he second char ge

ent er i ng wi t h K+ . ( c) Fi nal l y, a sympor t mechani sm i s t her modynami cal l y com-

pet ent t o suppor t t he maxi mal pot assi umgr adi ent s obser ved i n Neur ospor a dur i ng

t r anspor t depol ar i zat i on ( Tabl e I I I ) , wher eas uni por t mechani sms ( car r i er s or
channel s) and el ect r oneut r al i on exchanger s ar e not t her modynami cal l y compe-
t ent . The l at t er obser vat i on has been used pr evi ousl y t o ar gue f or K' - H'
sympor t s i n yeast ( Boxman et al . , 1984) and i n bact er i a ( Bakker and Har ol d,
1980) . Al t hough t he par t i ci pat i on of an ATP- f uel ed, i nwar dl y di r ect ed K+ pump
cannot be r i gor ousl y excl uded by our dat a, t he oper at i on of such a devi ce under
t he above const r ai nt s woul d be unr easonabl y i nef f i ci ent : i t woul d r equi r e net
hydr ol ysi s of t hr ee ATP mol ecul es t o accompl i sh t he ent r y of a si ngl e K i on,

wi t h t wo of t he ATP mol ecul es consumed sol el y t o cycl e pr ot ons . By cont r ast , a
K' - H' sympor t dr i ven by t he membr ane pot ent i al consumes t wo ATP mol ecul es

f or each K i on t aken up, one f or each char ge ext r uded by t he pr ot on pump .

Al t hough one of t hese ATP mol ecul es i s al so used t o cycl e pr ot ons, i t has t he

expl i ci t pur pose of bol st er i ng t he pot assi umt r anspor t syst em agai nst ot her ener gy

l osses i n t he membr ane . Fi nal l y, i t shoul d be added t hat pur i f i cat i on of mem-

br ane- bound ATPases i n Neur ospor a, car r i ed out by sever al di f f er ent l abor at or i es

on sever al di f f er ent membr ane f r act i ons, has r eveal ed no pot assi um- speci f i c

ATPase .

Any K' - H' sympor t mechani sm, whi ch by def i ni t i on r equi r es t hat ext r acel l ul ar

pr ot ons be bound t o t he " car r i er " and t r anspor t ed, coul d be expect ed t o be
st r ongl y sensi t i ve t o ext r acel l ul ar pH, at l east f r om an i nt ui t i ve poi nt of vi ew.
Exper i ment s on t hi s poi nt wi l l be det ai l ed i n anot her paper ( Bl at t , M. R. , C. L.
Sl ayman, and A. Rodr i guez- Navar r o, manuscr i pt i n pr epar at i on) , but can be
summar i zed as f ol l ows : var i at i on of ext r acel l ul ar pH f r om 8 . 2 down t o 5. 2
enhances t he K' ' - associ at ed i nwar d cur r ent about f i vef ol d ( at sat ur at i ng vol t ages ;
- 320 mV) , al ong a quasi - t i t r at i on cur ve wi t h an appar ent pK near pH 7. I n t hi s
case, agai n, t he cur r ent dat a cl osel y r esembl e t he K+ f l ux dat a ( Fi g . 4) .

Pur el y f r omt he poi nt of vi ew of compar at i ve physi ol ogy, t he possi bl e oper at i on
of pot assi um- pr ot on sympor t mechani sms shoul d be st udi ed among t he ot her
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f ami l i ar ascomycet es ( e . g. , Sacchar omyces and Neocosmospor a) and deut er omycet es

( e . g. , Asper gi l l us, Candi da, Tor ul opsi s, and Rhodot or ul a) . Amuch l ar ger pot ent i al

si gni f i cance, however , l i es i n t he ext ensi ve si mi l ar i t i es bet ween cat i on t r anspor t

phenomena obser ved i n f ungi and t hose obser ved i n al gae and hi gher pl ant s

( r evi ewed i n t he I nt r oduct i on) , or mor e gener al l y among al l or gani sms whose

over al l t r anspor t economy i s based on pr i mar y pr ot on pumpi ng. The f ol l owi ng

di scussi on out l i nes how t he exi st ence of pr edomi nant K' - H' cot r anspor t coul d

be r econci l ed wi t h a var i et y of est abl i shed obser vat i ons on K+ t r anspor t i n pl ant s

and f ungi .

Measur ed St oi chi omet r i c K+/ H' Exchange

The way i n whi ch t he oper at i on of a K' - H' sympor t coul d be masked by

coor di nat ed f unct i oni ng of t he pr i mar y pr ot on pump has al r eady been di scussed

i n t he Resul t s ( Char ge St oi chi omet r y) . However , as has been f ound f or t he gl yci ne-

pr ot on sympor t i n Sacchar omyces ( Bal l ar i n- Dent i et al . , 1984) and f or t he gl ucose-

pr ot on sympor t i n Neur ospor a ( Sander s and Sl ayman, 1984) , compensat or y

pumped ef f l ux of pr ot ons can occur wi t hout a r el i abl y det ect abl e f al l of i nt r acel -

l ul ar pH. Ther ef or e, r epor t ed f ai l ur es t o f i nd a change of i nt r acel l ul ar pH dur i ng

pot assi um upt ake ( Rober t s et al . , 1982) cannot t hemsel ves be t aken as evi dence

agai nst K' - H' cot r anspor t . Det ai l ed ar gument s about i oni c compensat i on var y,

dependi ng on t he pr oper t i es of t he pr ot on pump, but t he essent i al poi nt i s t hat

under st eady st at e condi t i ons, char ge i nf l ux t hr ough t he sympor t must be

neut r al i zed by char ge ef f l ux el sewher e, ei t her t hr ough t he pump or t hr ough

l eakage pat hways . When t he f r act i on of char ge compensat i on caused by pr ot ons

near s 100%, t hen net pr ot on ef f l ux must appr oxi mat e t he net K+ i nf l ux .

I nhi bi t i on of K+ Tr anspor t

I t i s a common obser vat i on t hat pot assi um t r anspor t i n pl ant s and f ungi i s

bl ocked by met abol i c i nhi bi t or s t hat ei t her depl et e t he cel l s' ener gy suppl y or

speci f i cal l y at t ack t he pr i mar y pr ot on pump . Al t hough a st r i ct l y H' - coupl ed

t r anspor t syst em- l i ke t he hi gh- af f i ni t y pot assi um, gl ucose, or ami no aci d upt ake

syst ems i n Neur ospor a- mi ght be i magi ned, on a pr i or i gr ounds, t o be i ndepend-

ent of ener gy met abol i sm or i mmedi at e pr ot on pumpi ng, t her e ar e sever al

mechani sms t hat coul d account f or t he obser ved i nhi bi t or ef f ect s . A t r i vi al

mechani smwoul d be nonspeci f i c t ar get i ng of t he i nhi bi t or . Thus, bl ockade of

K+ t r anspor t i n cor n r oot s ( Cheeseman et al . , 1980) by t he ATPase i nhi bi t or

di cycl ohexyl car bodi i mi de ( DCCD) coul d come about by di r ect act i on on t he K' -

H' cot r anspor t syst em, i f DCCD bi nds t o pr ot on " channel " el ement s, as i t i s

bel i eved t o do i n bact er i or hodopsi n ( Rent hal et al . , 1981) , i n t he Fo moi et y of

t he mi t ochondr i al and bact er i al H+- ATPases ( Fi l l i ngame, 1980) , and i n t he

f ungal pr ot on ATPase ( Sussman and Sl ayman, 1983) .

An i ndi r ect but mor e i nt er est i ng mechani sm f or i nhi bi t or act i on on K' - H'

cot r anspor t syst ems i s a ki net i c l i mi t at i on pr oduced r api dl y by an al t er at i on of

pr ot on pumpi ng . Cyani de bl ockade of Neur ospor a, f or exampl e, causes mem-

br ane depol ar i zat i on wi t hi n 10- 30 s ( Sl ayman et al . , 1973) and cyt opl asmi c

aci di f i cat i on ( f r om pH 7 . 2 t o ^- 6 . 6) wi t hi n a f ew mi nut es ( Sander s and Sl ayman,

1982) . Tr anspor t syst ems t hat ar e ei t her st r ongl y vol t age dependent ( l i ke t he
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K' - H' sympor t i n Neur ospor a ; Bl at t , M. R. , A. Rodr i guez- Navar r o, and C. L.

Sl ayman, manuscr i pt i n pr epar at i on) or st r ongl y pH; dependent ( l i ke t he gl ucose-

H+ mechani smi n Neur ospor a) woul d be vul ner abl e t o such i nhi bi t i on, but shoul d

si mul t aneousl y di spl ay cl ear ki net i c changes, as has been obser ved, f or exampl e,

f or pot assi um t r anspor t i n cor n r oot s ( Cheeseman et al . , 1980) .

Fi nal l y, i t i s cl ear t hat some cot r anspor t syst ems, whi ch mi ght i ncl ude K' - H'

syst ems, can be i nhi bi t ed by r api d- act i ng but mor e r emot e mechani sms . The

gl ucose- pr ot on sympor t of Neur ospor a, f or exampl e, i s st opped wi t hi n 15 s by

mi l l i mol ar cyani de ( Sl ayman, 1977, 1980) , whose di r ect act i on i s t o bl ock

r espi r at i on at cyt ochr ome a- a3 and t her eby cause ATPt o f al l , but over a per i od

of 30 s . Unl i ke t he K' - H' sympor t , however , t he gl ucose- H+ sympor t behaves

l i ke a cur r ent sour ce ( Hansen and Sl ayman, 1977) , bei ng i nsensi t i ve t o t he

membr ane vol t age per se . Si nce t he cyani de- i nduced dr op of cyt opl asmi c pH

t akes pl ace over sever al mi nut es, t he onl y devi ce f or pr ompt l y st oppi ng t he

gl ucose car r i er woul d have t o be a messenger - medi at ed cont r ol l er wi t h an acut e

sensor .

Dual - Range Sat ur at i on Ki net i cs

Fi nal l y, K' - H' cot r anspor t i s capabl e of account i ng f or one of t he l ong- st andi ng

obser vat i onal di sput es i n t he l i t er at ur e of pl ant physi ol ogy : dual - r ange sat ur at i on

ki net i cs f or cat i on t r anspor t ( Epst ei n, 1966 ; Ni ssen, 1973) . I n t he oper at i on of

cot r anspor t syst ems, i t i s of t en i magi ned ( f or si mpl i ci t y) t hat onl y t he doubl y

compl exed f or m of t he car r i er can cr oss t he membr ane wi t h t he t r anspor t ed

subst r at e . I n many exper i ment al cases, t hat seems t o be a good appr oxi mat i on .

However , i f t he si ngl y compl exed f or m of t he car r i er ( i . e . , K+ bound wi t hout

H+) can al so occasi onal l y cr oss, t hen dual - r ange sat ur at i on ki net i cs wi l l appear

when t he K+ concent r at i on becomes hi gh enough t o t i e up an appr eci abl e f r act i on

of t he car r i er i n H+- f r ee st at es ( Sander s and Sl ayman, 1983 ; Sander s, 1986) .

Such an ef f ect shoul d be accent uat ed at hi gh pH, and ext r eme ext r acel l ul ar pH' s

ought t o be t est ed on t he dual - r ange mechani sms al r eady descr i bed . I n addi t i on,

of ` cour se, t he vol t age dependence of t he K' - H' sympor t i n Neur ospor a l eaves

open t he possi bi l i t y t hat dual - r ange ki net i cs may ar i se because hi gh [ K+] o causes

depol ar i zat i on, as suggest ed mor e t han 10 year s ago by Ger son and Pool e ( 1971) .

The aut hor s ar e i ndebt ed t o Dr . Car ol yn Sl ayman, Depar t ment of Human Genet i cs, Yal e

Uni ver si t y, f or t he use of l abor at or y f aci l i t i es and f or many hel pf ul di scussi ons .

Thi s wor k was suppor t ed by r esear ch gr ant GM- 15858 f r om t he Nat i onal I nst i t ut e of Gener al

Medi cal Sci ences, by Nat i onal Resear ch Ser vi ce Awar d AM07259 ( t o M. R. B. ) , and by a gr ant

f r om t he Fundaci on Juan Mar ch, Spai n ( t o A. R. - N. ) .

Or i gi nal ver si on r ecei ved 27 November 1985 and accept ed ver si on r ecei ved 31 Januar y 1986 .
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