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Ani on Tr anspor t I nhi bi t or Bi ndi ng t o

Band 3 i n Red Bl ood Cel l Membr anes

A. S. VERKMAN, JAMES A. DI X, and A. K. SOLOMON

Fr om t he Bi ophysi cal Labor at or y, Depar t ment of Physi ol ogy and Bi ophysi cs, Har var d Medi cal

School , Bost on, Massachuset t s 02115

ABSTRACT

	

The i nhi bi t or of ani on exchange 4, 4' - di benzoami do- 2, 2' - di sul f oni c

st i l bene ( DBDS) bi nds t o band 3, t he ani on t r anspor t pr ot ei n i n human r ed cel l

ghost membr anes, and under goes a l ar ge i ncr ease i n f l uor escence i nt ensi t y when

bound t o band 3 . Equi l i br i um bi ndi ng st udi es per f or med i n t he absence of

t r anspor t abl e ani ons show t hat DBDS bi nds t o bot h a cl ass of hi gh- af f i ni t y ( 65

nM) and l ow- af f i ni t y ( 820 nM) si t es wi t h st oi chi omet r y equi val ent t o 1 . 6 nmol /

mg ghost pr ot ei n f or each si t e, whi ch i s consi st ent wi t h one DBDS si t e on each

band 3 monomer . The ki net i cs of DBDS bi ndi ng wer e st udi ed bot h by st opped-

f l ow and t emper at ur e j ump exper i ment s . The st opped- f l ow dat a i ndi cat e t hat

DBDS bi ndi ng t o t he appar ent hi gh- af f i ni t y si t e i nvol ves associ at i on wi t h a l ow-

af f i ni t y si t e ( 3 / AM) f ol l owed by a sl ow ( 4 s- ' ) conf or mat i onal change t hat l ocks

t he DBDS mol ecul e i n pl ace . A det ai l ed, quant i t at i ve f i t of t he t emper at ur e-

j ump dat a t o sever al bi ndi ng mechani sms suppor t s a sequent i al - bi ndi ng model ,

i n whi ch a f i r st DBDS mol ecul e bi nds t o one monomer and i nduces a conf or -

mat i onal change. A second DBDS mol ecul e t hen bi nds t o t he second monomer .

I f t he t wo monomer s ar e assumed t o be i ni t i al l y i dent i cal , t her modynami c

char act er i zat i on of t he bi ndi ng si t es shows t hat t he conf or mat i onal change

i nduces an i nt er act i on bet ween t he t wo monomer s t hat modi f i es t he char act er -

i st i cs of t he second DBDS bi ndi ng si t e .

I NTRODUCTI ON

The ani on exchange syst em of t he human r ed cel l i s medi at ed by a gl ycopr o-

t ei n, band 3, of ^- 95, 000 dal t ons . Band 3 makes up ^- 25%of t he t ot al r ed cel l

membr ane pr ot ei n and i s pr esent i n t he membr ane as ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 550, 000 noncoval ent

di mer s . Ani on exchange i s t hought t o occur vi a a conf or mat i onal change t hat

t r ansl ocat es ani on bi ndi ng si t es bet ween ext er nal and cyt opl asmi c membr ane

i nt er f aces . A number of di sul f oni c st i l benes have been used t o pr obe t he

st r uct ur e and f unct i on of band 3 ( f or r evi ews, see St eck, 1978 ; Cabant chi k et

al . , 1978 ; Knauf , 1979) . One of t hese compounds, 4, 4' - di i sot hi ocyano- 2, 2' -

di sul f oni c st i l bene ( DI DS) , compl et el y i nhi bi t s ani on exchange by r eact i ng at

one si t e per band 3 monomer ( Shi p et al . , 1977 ; Lepke et al . , 1976) . A

Addr ess r epr i nt r equest s t o Dr . A. S. Ver kman, Har var d Medi cal School , Bi ophysi cal Labor a-

t or y, 25 Shat t uck St . , Bost on, MA 02115 .
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f l uor escent DI DS anal ogue, 4, 4' - di benzoami do- 2, 2' - di sul f oni c st i l bene

( DBDS) , bi nds r ever si bl y and speci f i cal l y t o t he DI DS- r eact i ve si t e, wher e i t

al so i nhi bi t s ani on exchange ( Cabant chi k and Rot hst ei n, 1972 ; Rao et al . ,

1979) . As f i r st shown by Cabant chi k and Rot hst ei n ( 1972) , t he f l uor escence

i nt ensi t y of DBDS i ncr eases by t wo or der s of magni t ude when bound t o band

3 i n r ed cel l membr anes . Resonance ener gy t r ansf er measur ement s ( Rao et

al . , 1979) show t hi s si t e t o be 34- 42 A f r om t he cyt opl asmi c domai n of band

3 .

We have st udi ed t he bi ndi ng of DBDS t o r ed cel l ghost membr anes by

equi l i br i um bi ndi ng and t emper at ur ej ump t echni ques ( Di x et al . , 1979) . I n

t he absence of t r anspor t abl e ani ons, we f ound t hat DBDS bi nds t o bot h a

hi gh- af f i ni t y si t e and a l ow- af f i ni t y si t e on ghost membr anes wi t h appr oxi -

mat el y equal st oi chi omet r y and we put f or war d t he f ol l owi ng mi ni mal mech-

ani sm f or t he bi ndi ng i n t he absence of t r anspor t abl e ani ons :

band 3y . . band 3- DBDS
k2

band 3* - DBDS=- > band 3* - ( DBDS) 2
k_2

( 1)

DBDS

	

DBDS

i n whi ch band 3 r epr esent s a band 3 di mer and t he bi mol ecul ar st eps ar e

consi der ed t o be f ast compar ed wi t h t he conf or mat i onal change .

We have now made mor e det ai l ed st udi es of t he equi l i br i um bi ndi ng of

DBDS usi ng bot h f l uor escence enhancement and cent r i f ugat i on t echni ques

and have f ound t hat t he associ at i on const ant f or bi ndi ng t o bot h si t es depends

l ogar i t hmi cal l y on ( i oni c st r engt h) 112 . We have al so used t he st opped- f l ow

met hod t o suppl ement t he i nf or mat i on about t he ki net i cs pr evi ousl y obt ai ned

by t he t emper at ur ej ump t echni que. On t he basi s of al l t hi s i nf or mat i on, we

have made a cr i t i cal exami nat i on of a number of al t er nat i ve model s f or t he

DBDS bi ndi ng mechani sm and f ound t hat t he model gi ven i n Eq . 1 i s a

sat i sf act or y, si mpl e model , wi t h t he addi t i onal assumpt i on t hat t he f i r st

bi mol ecul ar associ at i on i s sl ower t han i ni t i al l y assumed . We t hen used t he

ki net i c and equi l i br i um dat a t hat descr i be t hi s model t o gener at e t he appr o-

pr i at e t her modynami c par amet er s f or t he syst em.

MATERI ALS AND METHODS

Reagent s

DBDS was synt hesi zed by t he met hod of Kot aki et al . ( 1971) and i t s pur i t y was

checked by t hi n- l ayer chr omat ogr aphy on Si l i ca Gel G( What man, I nc . , Cl i f t on, NJ)

i n pyr i di ne : acet i c aci d : wat er ( 10 : 1 : 40) . DI DS was pur chased f r om Pi er ce Chemi cal

Co . ( Rockf or d, I L) and was used wi t hout f ur t her pur i f i cat i on . DNDS ( 4, 4' - di ni t r o-

2, 2' - di sul f oni c st i l bene) was pur chased f r omK&KLabor at or i es of I CNPhar maceu-

t i cal s ( Pl ai nvi ew, NY) . DBDS was st or ed as l - mM aqueous sol ut i ons at 4° C i n t he

dar k . DI DS and DNDS sol ut i ons wer e pr epar ed i mmedi at el y bef or e use and DNDS

was kept i n t he dar k . Al l ot her chemi cal s wer e pur chased f r om Si gma Chemi cal Co .

( St . Loui s, MO) .
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Membr ane Pr epar at i ons

Hemogl obi n- f r ee unseal ed r ed cel l ghost s wer e pr epar ed by a met hod si mi l ar t o t hat

of Dodge et al . ( 1963) . Recent l y out dat ed bl ood was washed t hr ee t i mes i n 155 mM

NaCl , hemol yzed i n 5 mMsodi um phosphat e at pH 8 . 0, washed f our t i mes i n t he

phosphat e buf f er , and t hen washed t wi ce i n t he buf f er used f or subsequent exper i -

ment s . Ghost s wer e gener al l y used wi t hi n 24 h of pr epar at i on, al t hough l onger st or age

di d not af f ect t he r esul t s of ki net i c exper i ment s . Red cel l l i pi ds wer e ext r act ed f r om

ghost s by t he met hod of Roel of sen et al . ( 1974) and st or ed at - 20 ° C i n et hanol .

Ri ght - si de- out vesi cl es wer e pr epar ed by t he met hod of St eck and Kant ( 1974) .
Uni l amel l ar vesi cl es wer e pr epar ed by soni cat i on usi ng t he met hod of Huang and

Thompson ( 1974) . Red cel l l i pi ds wer e r ot ar y evapor at ed t o r emove et hanol and
suspended i n buf f er at a l i pi d concent r at i on of ^- 25 mM. The suspensi on was soni cat ed

at 4 ° C under N2 f or 1 h usi ng a Br anson model W185 soni cat or ( Heat Syst ems-

Ul t r asoni cs, I nc . , Pl ai nvi ew, NY) . The vesi cl es wer e t hen cent r i f uged at 40, 000 g f or

45 mi n t o r emove t i t ani um par t i cl es i n a Sor val l model RC2- B r ef r i ger at ed cent r i f uge
( DuPont I nst r ument s- Sor val l , Newt own, CT) . Vesi cl es wer e st or ed under N2 at 5° C
and used wi t hi n 1 wk of pr epar at i on .

Equi l i br i um Bi ndi ng St udi es

The equi l i br i um bi ndi ng of DBDS t o r ed cel l ghost s was measur ed as descr i bed

pr evi ousl y ( Di x et al . , 1979) . Ghost s wer e i ncubat ed wi t h known concent r at i ons of
DBDS f or 1 h i n 28 . 5 mMsodi um ci t r at e, pH 7 . 4, 25° C, and t hen cent r i f uged at
40, 000 g f or 30 mi n . The concent r at i on of DBDS i n t he super nat ant was det er mi ned
by absor pt i on at 336 nmor by f l uor escence enhancement ( exci t at i on 350 nm, emi ssi on
435 nm) on addi t i on of ei t her 0 . 08% bovi ne ser um al bumi n or 0 . 04 mg/ ml r ed cel l
ghost s . The quant i t y of bound DBDS was det er mi ned f r om t he di f f er ence bet ween
t ot al DBDS added and f r ee DBDS. The ghost concent r at i on var i ed bet ween 0 . 4 and
1 . 3 mg/ ml pr ot ei n as det er mi ned by t he Lowr y assay ( Lowr y et al . , 1951) .

A second met hod used t o measur e t he bi ndi ng of DBDS t o ghost membr anes was
f l uor escence enhancement t i t r at i on i n whi ch t he f l uor escence of bound DBDS was

used as a sensi t i ve i ndi cat or of bi ndi ng . Known concent r at i ons of DBDS wer e added
t o a di l ut e ghost sol ut i on ( 0 . 02 mg/ ml ) ; f l uor escence was exci t ed at 350 nm and
moni t or ed at 427 nm i n a f l uor escence spect r ophot omet er i nt er f aced t o a PDP 11/ 34
comput er ( Di gi t al Equi pment Cor p . , Maynar d, MA) ( Kl ei nf el d et al . , 1979) . The
f l uor escence dat a wer e anal yzed as descr i bed i n t he Appendi x . The f l uor escence
enhancement t i t r at i on met hod i s si gni f i cant l y f ast er t han t he cent r i f ugat i on met hod .
Consequent l y, i t i s possi bl e t o obt ai n many mor e poi nt s by f l uor escence enhancement
t i t r at i on so t hat t hi s met hod has become our met hod of choi ce i n t he bi ndi ng af f i ni t y
st udi es .

Subst i t ut ed st i l benes ar e known t o under go ci s- t r ans phot oi somer i zat i on ( DeTar
and Car pi no, 1956 ; Schul t e- Fr ohl i nde et al . , 1962) . The ci s f or m of DI DS i s r epor t ed
t o be hal f as pot ent an ani on t r anspor t i nhi bi t or as t he t r ans f or m ( Shi p et al . , 1977) ;
t he ci s f or mof DNDS has a bi ndi ng af f i ni t y many or der s of magni t ude l ess t han t he
t r ans f or m ( Fr ohl i ch and Gunn, 1980) . I n vi ew of t hese f i ndi ngs, we st udi ed t he ci s-
t r ans i somer i zat i on of DBDS. 10 AMof DBDS, DI DS, and DNDS i n 28 . 5 mMci t r at e
buf f er was i r r adi at ed f or 5 mi n by pl aci ng a cuvet t e 20 cm f r om a 150- W Hg ar c
l amp i n t he absence of t he monochr omat or ; i somer i zat i on was det er mi ned by t he
decr ease i n absor bance at t he wavel engt h cor r espondi ng t o t he t r ans f or m ( DBDS : 336
nm; DI DS : 344 nm; DNDS: 350 nm) . The absor bance decr eased 20%f or DI DS and
45% f or DNDS, but onl y 2% f or DBDS. Pr ol onged i r r adi at i on ( >2 h) of t he DBDS
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sampl e pr oduced an absor bance at 280 nm, cor r espondi ng t o t he ci s f or mof DBDS.

The Hg l amp used i n t he ci s- t r ans exper i ment s was t he same as t hat used i n t he ki net i c
exper i ment s i n whi ch t he l i ght i nt ensi t y was ver y much at t enuat ed by t he monochr o-

mat or . Si nce t he maxi mum exposur e t o l i ght was <1 mi n i n any of our exper i ment s,
t he dat a r epor t ed i n t hi s paper per t ai n onl y t o t he t r ans f or mof DBDS.

Temper at ur e j ump St udi es

Temper at ur ej ump st udi es as descr i bed by Ei gen and DeMaeyer ( 1974) wer e per -

f or med on an appar at us t hat i s descr i bed i n det ai l el sewher e ( Ver kman et al . , 1980) .

A 4° C t emper at ur e i ncr ement was obt ai ned wi t hi n 4 ps by di schar gi ng a 0 . 1- g, F

capaci t or char ged t o 15, 000 V acr oss a 0 . 8- ml sol ut i on vol ume . The i nst r ument

r esol ut i on t i me was - 5 ps . The i ni t i al sampl e t emper at ur e was cont r ol l ed t o wi t hi n

0 . 1' C by ci r cul at i ng wat er t hr ough t he st ai nl ess st eel el ect r odes, whi ch wer e dr i l l ed

hol l ow t o wi t hi n 60, um of t he t i p . The bi ndi ng of DBDS t o er yt hr ocyt e ghost s was

f ol l owed by measur i ng t he f l uor escence at an exci t at i on wavel engt h of 356 nm and

emi ssi on wavel engt hs >410 nmas t r ansmi t t ed by t wo 3- 144 opt i cal f i l t er s ( Cor ni ng

Gl ass Wor ks, Cor ni ng, NY) . Dat a wer e r ecor ded on a Bi omat i on ( Cuper t i no, CA) 805

wavef or mr ecor der and t r ansf er r ed t o a PDP 11/ 34 comput er f or st or age on di sk and

numer i cal anal ysi s .

St opped- Fl ow St udi es

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 81 " 1983

St opped- f l ow exper i ment s wer e per f or med on an appar at us consi st i ng of t wo hand-

dr i ven syr i nges whi ch pr opel l ed sol ut i ons i nt o a dual j et - st r eam mi xi ng chamber and

obser vat i on cel l . The mi xi ng chamber and obser vat i on cel l wer e desi gned t o r epl ace

t he exi st i ng t emper at ur e j ump el ect r odes so t hat t he same opt i cs, f ast el ect r oni cs, and

dat a acqui si t i on equi pment coul d be used . The st opped- f l ow i nst r ument had a dead

t i me of 60 ms as det er mi ned by t he r eact i on of Fe( N03) 2 wi t h KSCN. The amount of

DBDS t hat was bound t o ghost s was measur ed by obser ved DBDS f l uor escence

i nt ensi t y as i n t he t emper at ur e j ump exper i ment s . A l uci t e box sur r ounded t he ent i r e

st opped- f l ow appar at us so t hat t he ambi ent t emper at ur e coul d be cont r ol l ed by

ci r cul at i ng ai r . Combi ned st opped- f l ow, t emper at ur e j ump exper i ment s wer e per -

f or med on an appar at us descr i bed el sewher e ( Ver kman et al . , 1981) .

Compar i son of Resul t s of Temper at ur eJump and St opped- Fl ow Exper i ment s

As di scussed i n t he f i nal sect i on of t hi s paper , a syst emat i c di f f er ence was f ound

bet ween r esul t s obt ai ned by t hese t wo met hods . Consequent l y, a number of cont r ol

exper i ment s wer e car r i ed out t o see i f t he di f f er ences bet ween t he t wo met hods coul d

be at t r i but ed t o ar t i f act s pecul i ar t o one of t he t echni ques .

We f i r st made a syst emat i c i nvest i gat i on of t he t emper at ur e j ump syst em. I t i s

possi bl e t hat t he 15- kV pul se di schar ged acr oss t he t emper at ur ej ump cel l coul d

damage t he r ed cel l ghost s, si nce Tessi e and Tsong ( 1980) have shown t hat much

smal l er vol t age j umps can punch hol es i n r ed cel l membr anes . Sever al t ypes of

exper i ment s wer e per f or med . When a sampl e was subj ect ed t o as many as 10

t emper at ur e j umps, t he r el axat i on t i me, obser ved af t er each t emper at ur e j ump ( see

Eqs . 2 and 3 and accompanyi ng di scussi on) , di d not change si gni f i cant l y ( dat a not

shown) . Thi s exper i ment showed bot h t hat t he t emper at ur e j ump met hod was r epr o-

duci bl e and t hat t he t emper at ur e j ump di d not cause a l ong- t er m degr adat i on i n t he

membr ane . When t he t emper at ur ej ump i ncr ement was var i ed, t he r el axat i on ampl i -

t ude was pr opor t i onal t o ( vol t age) 2, as expect ed f or a si mpl e t emper at ur e- i nduced ( i n

cont r ast t o vol t age- i nduced) per t ur bat i on . To sear ch f or possi bl e t emper at ur e- i nduced
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per t ur bat i ons i n band 3 st r uct ur e, a st opped- f l ow, t emper at ur ej ump exper i ment was
per f or med . The appl i cat i on of a t emper at ur e j ump i mmedi at el y bef or e t he DBDS-
band 3 conf or mat i onal change had no ef f ect on t he subsequent st opped- f l ow r at e f or
t he conf or mat i onal change ( Ver kman et al . , 1981) , whi ch i mpl i es t hat t her e ar e no
si gni f i cant t emper at ur e- i nduced r el axat i ons i n band 3 t hat ar e i mpor t ant i n t he
pr esent DBDS exper i ment s .

The t op sect i on of Fi g . 1 shows t hat as many as 16 t emper at ur e j umps had l i t t l e
ef f ect on t he st opped- f l ow t i me const ant . Thi s set of exper i ment s i ndi cat es t hat t he
per t ur bat i on of t he vol t age and t he sudden j ump i n t emper at ur e wer e not r esponsi bl e
f or t he di f f er ence bet ween t he t wo met hods .

The maj or syst emat i c er r or s i n t he st opped- f l ow measur ement s wer e expect ed t o
ar i se f r om sampl e het er ogenei t y and t he pr esence of unst i r r ed l ayer s . Sampl e het er o-
genei t y was i nvest i gat ed by measur i ng ghost si ze di st r i but i on i n a f l uor escence-
act i vat ed cel l sor t er ( FACS I I ; B- D FAGS Syst ems, Sunnyval e, CA) . The si ze
di st r i but i on of washed ghost s was measur ed and a si ngl e gaussi an di st r i but i on was
obser ved i n bot h ci t r at e and chl or i de buf f er . Fur t her mor e, st opped- f l ow exper i ment s
per f or med wi t h r i ght - si de- out ( ROV) r ed bl ood cel l vesi cl es gave essent i al l y t he same
ki net i c dat a as ghost s ( dat a not shown) . A si ngl e gaussi an di st r i but i on of ROVs was
obser ved ; t hei r vol ume i s ^- 10 - ' 3 cm3 ( Sze and Sol omon, 1979) , much smal l er t han
t he 10- ' ° cm3 vol ume of ghost s ( Levi n et al . , 1980) . These r esul t s i ndi cat e not onl y
t hat t he pr epar at i ons ar e homogeneous, but al so t hat t he si ze of t he par t i cl e does not
af f ect t he r esul t .

I t was possi bl e t o make a si mul at i on' t o det er mi ne how t hi ck an unst i r r ed l ayer
woul d be r equi r ed t o account f or t he di scr epancy bet ween t emper at ur e j ump and
st opped- f l ow r esul t s . The pr esence of a 75- / , m unst i r r ed l ayer woul d r esol ve t he
di scr epancy, as shown by t he X' s i n Fi g . 1 . Thi s i s an unr easonabl y l ar ge unst i r r ed
l ayer t hi ckness, si nce r ed cel l membr anes have been shown t o have an unst i r r ed l ayer
t hi ckness of 5 . 5 Am ( Sha' af i et al . , 1967) i n a st opped- f l ow appar at us si mi l ar t o our s .
Fur t her mor e, as Fi g . 1 ( bot t om) shows, a 75- Am unst i r r ed l ayer woul d cause a l ag i n
t he t i me cour se t hat woul d have been easi l y det ect abl e i n our appar at us . ' Exper i ment s
per f or med i n buf f er cont ai ni ng 30%sucr ose, whi ch has t hr ee t i mes t he vi scosi t y of
wat er , gave a r eact i on t i me cour se wi t hi n 20%of t hat obser ved wi t hout sucr ose . Si nce
t he ef f ect of t he unst i r r ed l ayer woul d be pr opor t i onal t o vi scosi t y, t hese exper i ment s
showed t hat unst i r r ed l ayer s wer e not r at e l i mi t i ng . The r esul t s of t hese sever al t ypes
of cont r ol exper i ment s l ed us t o concl ude t hat t he di f f er ences bet ween t emper at ur e-
j ump and st opped- f l ow exper i ment s wer e not caused by any ar t i f act s i n t he t echni que
t hat we wer e abl e t o i dent i f y .

RESULTS AND DI SCUSSI ON

Equi l i br i um Bi ndi ng

Our pr evi ous st udi es of t he equi l i br i um bi ndi ng of DBDS t o ghost membr anes
suspended i n 28 . 5 mMsodi umci t r at e, pH 7 . 4 ( 160 mMi oni c st r engt h) , cl ear l y
showed hi gh- af f i ni t y ( equi l i br i um const ant , Ki ) and l ow- af f i ni t y ( K2) DBDS
bi ndi ng si t es ( Di x et al . , 1979) . Thi s r esul t i s i n cont r ast t o pr evi ous f i ndi ngs
i n ot her l abor at or i es t hat showed DBDS, DNDS, and a di hydr o anal ogue of
DI DS, H2DI DS ( 4, 4' - di i sot hi ocyano- 2, 2' - di sul f oni c di hydr ost i l bene) , t o have

' Ver kman, A. S . , and J. A. Di x . Ef f ect of unst i r r ed l ayer s on bi ndi ng and r eact i on ki net i cs at
a membr ane sur f ace. Manuscr i pt submi t t ed f or publ i cat i on .
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( Top) Ef f ect of mul t i pl e t emper at ur e j umps and unst i r r ed l ayer s on
DBDS- band 3 ki net i cs as measur ed by st opped- f l ow. A 0 . 8- ml sampl e of ghost s
( 1 mg/ ml ghost pr ot ei n) was t emper at ur e j umped by passi ng 15, 000 V acr oss a
1 . 0- cm sol ut i on wi t hi n 4 ps . The sampl e was t emper at ur e j umped 0 ( O) , 8 ( 0) ,
and 16 t i mes ( A) . The ghost sol ut i on was t hen di l ut ed t o a concent r at i on of 0 . 04
mg/ ml ghost pr ot ei n and mi xed wi t h DBDS i n a st opped- f l ow exper i ment . The
obser ved exponent i al t i me const ant i s pl ot t ed i n t he t op f i gur e . The dashed
t emper at ur e j ump l i ne i ndi cat es wher e dat a woul d f al l on t hi s pl ot i f par amet er s
obt ai ned by t emper at ur e j ump wer e cor r ect . The poi nt s mar ked X show wher e
t he st opped- f l ow t i me const ant s woul d f al l i f t he t emper at ur ej ump par amet er s
wer e cor r ect and i f t her e wer e a 75- i Am unst i r r ed l ayer . ( Bot t om) Ef f ect of 75-

Am unst i r r ed l ayer . The bot t om f i gur e cont r ast s t ypi cal exper i ment al st opped-
f l ow dat a ( 0 . 5 t LMDBDS, 0 . 02 mg/ ml ghost pr ot ei n) wi t h a si mul at ed st opped-
f l ow t i me cour se assumi ng a 75- 1m unst i r r ed l ayer and t emper at ur e j ump
ki net i c par amet er s . The exper i ment al t r ace has been di spl aced f r om t he or i gi n
by an amount equal t o t he dead t i me of t he st opped- f l ow appar at us .
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a si ngl e cl ass of bi ndi ng si t es on t he r ed cel l membr ane as det er mi ned by

equi l i br i um bi ndi ng and ki net i c measur ement s ( Fr 6hl i ch and Gunn, 1980 ;
Rao et al . , 1979 ; Bar zi l ay and Cabant chi k, 1979 ; Shami et al . , 1978) . Ther e
ar e consi der abl e di f f er ences i n t he i oni c st r engt h and t he i oni c composi t i on of
t he buf f er s used i n t hese measur ement s, and i t has nowbecome appar ent t hat

each of t hese f act or s has an ef f ect on DBDS bi ndi ng . To exami ne t hese f act or s

separ at el y, we f i r st st udi ed t he ef f ect of i oni c st r engt h at a const ant pH of 7. 4

usi ng ci t r at e as t he sol e component of t he buf f er . We have al so st udi ed t he
ef f ect of chl or i de i n a second set of exper i ment s, at const ant i oni c st r engt h and

pH, and t hese r esul t s wi l l be r epor t ed i n a subsequent paper .
Fi g . 2 gi ves a Scat char d pl ot of t he r esul t s at 28 . 5 mMci t r at e, obt ai ned by

cent r i f ugat i on, t o be compar ed wi t h t hose obt ai ned by f l uor escence enhance-

ment t i t r at i on ( i nser t ) . The st oi chi omet r y can be det er mi ned f r om t he cen-

t r i f ugat i on measur ement s, whi ch yi el d t he val ue of 3 . 2 ± 0. 3 nmol / mg ; t hi s

st oi chi omet r y was used t o nor mal i ze t he f l uor escence enhancement poi nt s i n

t he i nser t . I t agr ees wi t h t he val ue of 2 . 7 nmol / mg gi ven pr evi ousl y ( Di x et

al . , 1979) and t hat of 2 . 5 nmol / mg f or BI DS ( 4- benzami do- 4' - i sot hi ocyano-

2, 2' - di sul f oni c st i l bene) gi ven by Rao et al . ( 1979) . Our st oi chi omet r y i s

equi val ent t o 1 . 2 X 106 si t es/ cel l ( comput ed on t he basi s of 6 . 0 X 10 - 1° mI

pr ot ei n/ ghost ; Dodge et al . , 1963) , whi ch agr ees wi t h t he val ue of 1- 1 . 2 X 10

si t es/ cel l commonl y accept ed as t he number of band 3 monomer s ( Knauf ,

1979 ; Passow et al . , 1980) .

Ther e i s a di scr epancy 2 bet ween t he pr esent r esul t s and t hose pr evi ousl y

gi ven by Di x et al . ( 1979) ; no poi nt s f r om t he Di x paper have been i ncl uded

i n Fi g. 2 . We bel i eve t he pr esent dat a t o be r epr esent at i ve of t he pr epar at i ons

i n t he pr esent paper , i n par t because of t he ver y l ar ge number of dat a poi nt s

t aken i n t he cent r i f ugat i on exper i ment s ( 72 poi nt s) and i n par t because of t he

agr eement wi t h t he f l uor escence dat a ( si x exper i ment s) . Anonl i near f i t t o t he

72 cent r i f ugat i on poi nt s i n Fi g . 2 gi ves t wo appar ent di ssoci at i on const ant s :

Ki = 110 ± 51 nMas t he hi gh- af f i ni t y const ant and K2 = 980 ± 200 nMas

t he l ow- af f i ni t y const ant . The val ue of Ki gi ven by t he f l uor escence met hod

i s 65 ± 8 nM ( r ange 50- 80 nM, si x exper i ment s) and t hat of Ka = 820 ± 100

nM f or t he l ow- af f i ni t y si t e . Si nce t he f l uor escence met hod has much l ess

scat t er t han cent r i f ugat i on, t he appar ent di ssoci at i on const ant s f r om t he

f l uor escence met hod have been used i n al l t he subsequent cal cul at i ons i n t hi s

paper .

We have al so used t he f l uor escence enhancement dat a t o appl y t he var i ance

2 The dat a f r om t he pr evi ous exper i ment s of Di x et al . ( 1979) ar e di f f er ent f r om t he pr esent

dat a, possi bl y because of a syst emat i c di f f er ence i n pr ocedur e t hat we have not been abl e t o

i dent i f y . I n t hose exper i ment s, 17 dat a poi nt s wer e obt ai ned and t he dat a gi ve K; = 28 ± 4

nM, whi ch i s t he appr opr i at e val ue f or compar i son wi t h t he val ue of K; = 65 t 8 nMgi ven i n

t he pr esent paper . 28 nM i s one- hal f of t he 56 nM val ue publ i shed by Di x et al . and i s t he

cor r ect val ue of Ki , when di scussi ng appar ent bi ndi ng af f i ni t i es, whi ch ar e used i n t he pr esent

paper , r at her t han i nt r i nsi c bi ndi ng af f i ni t i es, whi ch wer e used i n t he Di x paper t o descr i be t he

sequent i al mechani sm. A si mi l ar cor r ect i on i s r equi r ed t o det er mi ne Kz whi ch i s 3 . 7 I LMwhen

expr essed as an appar ent bi ndi ng af f i ni t y . Thi s val ue i s ver y much gr eat er t han t he pr esent

val ue of 0 . 82 t 0 . 1 pM. As Fi g . 1 of Di x et al . ( 1979) shows, t he l ow- af f i ni t y bi ndi ng const ant

was not wel l r esol ved .
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Scat char d pl ot s of equi l i br i um bi ndi ng of DBDS t o ghost s . Equi l i b-

r i um bi ndi ng dat a t aken by t he cent r i f ugat i on met hod ar e shown at t he l ef t .

Each of t he 72 dat a poi nt s i s an aver age of exper i ment s per f or med i n dupl i cat e

or t r i pl i cat e . The absci ssa i s cal cul at ed f r omt he di f f er ence bet ween t ot al ghost s

added and t he quant i t y of bound DBDS det er mi ned as descr i bed i n Mat er i al s

and Met hods . The or di nat e i s t he r at i o of cal cul at ed bound DBDS t o measur ed

f r ee super nat ant DBDS. The cur ve dr awn t hr ough t he dat a r epr esent s a t hr ee-

par amet er f i t t o a t wo- si t e, sequent i al - bi ndi ng model ,

B_ _

	

( Ka/ 2 + F) v

F

	

K81K2 + K2F +
F2'

wher e v i s t he t ot al si t e st oi chi omet r y, 3 . 2 nmol / mg pr ot ei n, as gi ven i n t he t ext ,

B i s bound DBDS, F i s f r ee DBDS, and K' I and K2 ar e t he hi gh- and l ow- af f i ni t y

bi ndi ng const ant s, as det ai l ed i n Eqs. A1- A4 and A9 i n t he Appendi x . I n t he

f i t t i ng pr ocedur e, B i s expr essed as a f unct i on of F and al l F poi nt s ar e assi gned

equal st at i st i cal wei ght . Fl uor escence bi ndi ng dat a ar e shown i n t he i nser t . The

met hod t o cal cul at e t he Scat char d r epr esent at i on f r om f l uor escence dat a i s

gi ven i n t he Appendi x ( Eqs . Al - A4, A9, and A10) and i nvol ves usi ng t he val ue

of v f r omt he cent r i f ugat i on dat a and t he same wei ght i ng pr ocedur e . The f i t t ed

cur ve i s det er mi ned i n t he same manner as f or cent r i f ugat i on dat a . The dashed

l i ne i n t he f l uor escence pl ot was obt ai ned f r om a si ngl e bi ndi ng si t e f i t t o t he

dat a ; t he B/ F vs . F dat a wer e f i t t ed t o a st r ai ght l i ne wi t h i ndi vi dual poi nt s

wei ght ed i nver sel y t o t he B/ F val ue .
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r at i o t est ( F t est ) t o det er mi ne whet her a t wo- si t e, sequent i al model , i n whi ch

t her e ar e t hr ee adj ust abl e par amet er s, f i t s t he dat a bet t er t han a si ngl e- si t e

model wi t h t wo adj ust abl e par amet er s . The dashed st r ai ght l i ne i n t he i nset

i n Fi g . 2 shows t he l east - squar es f i t f or a si ngl e si t e, wei ght i ng i ndi vi dual

poi nt s i nver sel y t o t he bound/ f r ee val ue . The F t est was car r i ed out by

compar i ng XZ f or t hi s l i ne wi t h t hat f or a f i t t o t he sequent i al model , usi ng t he

same wei ght i ng pr ocedur e and maki ng t he nor mal compensat i on f or t he

di f f er ence i n degr ees of f r eedom. The P val ue f or t he model , whi ch i ncl udes

t he t hi r d par amet er , i s 0. 006 ( F = 3. 56) , whi ch means t hat t he sequent i al -

bi ndi ng model f i t s t he dat a si gni f i cant l y bet t er t han a si ngl e- si t e model .

Fur t her mor e, i f t he dat a poi nt s ar e wei ght ed equal l y, t he sequent i al bi ndi ng

model st i l l f i t s t he dat a bet t er t han a si ngl e- si t e model ( P = 0. 03 ; F = 2. 52) .
Thus, t he F t est j ust i f i es t he choi ce of a t wo- si t e model over t he si ngl e- si t e

model . The F t est does not addr ess t he quest i on of whet her t he t wo si t es

shoul d be descr i bed by a sequent i al - si t e or an i ndependent - si t e model , whi ch

i s di scussed bel ow i n t he sect i on on t he anal ysi s of t emper at ur ej ump dat a .

The r esul t s at f i ve i oni c st r engt hs ar e shown i n t he doubl e- r eci pr ocal pl ot of

Fi g . 3 . The char act er i st i c cur vat ur e near t he or i gi n, obser ved when mor e t han

one si t e i s i nvol ved, i s onl y bar el y appar ent at t he l owest ci t r at e concent r at i ons
i n a doubl e- r eci pr ocal pl ot ( cf . Rao et al . , 1979) , i n cont r ast t o t he Scat char d

pl ot i n Fi g . 2 i n whi ch t he cont r i but i on of bot h si t es i s cl ear l y evi dent . A

nonl i near l east - squar es f i t t o t he dat a, as descr i bed i n t he Appendi x, char ac-

t er i zes t he t wo bi ndi ng si t es at 5 mMci t r at e, whi ch ar e descr i bed by Ki =

0. 48 ± 0. 05 f i Mand K2 = 8 ± 1 [ . M.

Fi g . 4 shows t hat bot h di ssoci at i on const ant s, Ki and K2, decr ease as i oni c

st r engt h i ncr eases . Si nce DBDS bi ndi ng t o bot h si t es i ncr eases wi t h i ncr eased

ci t r at e concent r at i on, t her e can be no si mpl e compet i t i on bet ween ci t r at e and

DBDS f or t hese si t es . I f t he i oni c st r engt h ef f ect wer e due t o el ect r ost at i c

i nt er act i ons char act er i st i c of homogeneous sol ut i ons, t he associ at i on const ant

woul d be expect ed t o depend l ogar i t hmi cal l y upon t he squar e r oot of i oni c

st r engt h . Si nce Fi g . 4 shows t hi s r el at i on t o be sat i sf i ed by bot h si t es, t he

at t r act i on bet ween t he st i l bene i nhi bi t or and t he band 3 si t es can be under -

st ood i n t er ms of t he decr ease i n t he Debye l engt h as i oni c st r engt h i ncr eases,

al t hough ot her expl anat i ons ar e not excl uded . I t i s al so si gni f i cant t hat ,

al t hough t he appar ent af f i ni t i es of t he t wo si t es di f f er by a f act or of ^- 10, t hei r

dependence upon i oni c st r engt h i s t he same, si nce t he sl opes of t he l i nes, gi ven
i n t he l egend t o Fi g . 4, do not di f f er si gni f i cant l y . Thus, t hough t he f i ne

st r uct ur e of t he bi ndi ng pr ocess depends upon t he speci f i c mol ecul ar conf i g-

ur at i on of each si t e, t he appr oach t o t he si t es depends upon el ect r ost at i c

i nt er act i ons i n t he vi ci ni t y t hat ar e common t o bot h .

Ci t r at e was used i n t hese st udi es t o pr ovi de a model syst em i n whi ch t he

obser vat i ons wer e not compl i cat ed by ani on t r anspor t ( see Rot hst ei n et al . ,

1976) . The under l yi ng assumpt i on i s t hat t he t hr ee negat i ve char ges of ci t r at e
pr event i t s t r anspor t by t he ani on exchange syst em. At pH 7. 40, as used i n al l

of our measur ement s, 1 . 1%of t he ci t r at e mol ecul es ar e doubl y char ged and

3 I n t he pr esence of chl or i de, t her e i s onl y one appar ent DBDS si t e ( Ver kman, 1981) i n

agr eement wi t h t he obser vat i ons of Fr öhl i ch and Gunn ( 1980) wi t h DNDS.
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onl y 0. 003% ar e si ngl y char ged . Si nce doubl y char ged mol ecul es l i ke sul f at e

ar e t r anspor t ed much mor e sl owl y t han si ngl y char ged ani ons, t r anspor t of

t he doubl y char ged ci t r at e i ons shoul d be negl i gi bl e .

I t i s al so possi bl e f or ci t r at e t o i nt er act wi t h t he bi ndi ng si t es, t hough t he

ef f ect i s not l ar ge . Schnel l et al . ( 1978) have concl uded t hat ci t r at e exer ci ses

l i t t l e ef f ect on t he concent r at i on dependence of chl or i de sel f - exchange . These

aut hor s al so ci t e exper i ment s i n whi ch ci t r at e added t o t he out si de of t he r ed

cel l i nhi bi t ed uni di r ect i onal chl or i de f l ux wi t h an i nhi bi t i on const ant of 125

12 . 0

6. 0

0

[ DBDS] f pM' )

FI GURE 3 .

	

Doubl e- r eci pr ocal pl ot of equi l i br i um bi ndi ng of DBDS t o ghost
membr anes . The or di nat e i s t he i nver se of t he cor r ect ed f l uor escence ( OF) of
DBDS bound t o ghost membr anes i n 5- 28 . 5 mMci t r at e, pH 7. 40, det er mi ned
as descr i bed i n t he Appendi x . The absci ssa i s t he i nver se of t he t ot al DBDS
concent r at i on i n t he ghost suspensi on so t hat t he r el at i ve er r or s ar e smal l est

near t he or i gi n . The l i nes have been dr awn by a nonl i near l east - squar es f i t t o

t he dat a usi ng t he sequent i al - bi ndi ng model . For cl ar i t y, t he dat a poi nt s f or t he

i nt er medi at e ci t r at e concent r at i ons have been omi t t ed .

mM, much hi gher t han our maxi mumconcent r at i on of 28 . 5 mM. However ,

t hese exper i ment s wer e not al l car r i ed out at const ant i oni c st r engt h, so t hat

t he concl usi ons may depend upon f act or s ot her t han ci t r at e concent r at i on .

Nonet hel ess, t he absence of any ef f ect at ci t r at e concent r at i ons i n t he r ange

t hat we have used suggest s t hat ci t r at e bi ndi ng t o t he t r anspor t si t e i s not an

i mpor t ant f act or .

These f i ndi ngs do not r ul e out an i nt er act i on bet ween ci t r at e and t he DBDS

si t e because t he t r anspor t si t e may not be t he DBDS bi ndi ng si t e ( Passow et



VERKMAN ET AL.

	

Tr anspor t I nhi bi t or Bi ndi ng t o Band 3 i n Red Cel l Membr anes

al . , 1980 ; see al so Ver kman et al . , 1982) . Consequent l y, we car r i ed out st udi es

wi t h sodi umgl uconat e, whi ch Fr ohl i ch and Gunn ( 1980) had used as a passi ve

ani on t o mai nt ai n i oni c st r engt h . The dat a shown i n Fi g . 5 f or one exper i ment ,

t ypi cal of t hr ee, i ndi cat e t hat DBDS bi ndi ng i n t he pr esence of gl uconat e i s

char act er i zed by t wo bi ndi ng si t es wi t h Ki , Bl oc = 52 f 10 nMand K2, gl uc =

43 1

FI GURE 4 .

	

Ef f ect of i oni c st r engt h, Ft , on t he di ssoci at i on const ant s, Ki and K2 .

The l i nes wer e dr awn by wei ght ed l i near l east - s uar es. The l i ne i n t he upper

gr aph f or K1 has a sl ope = - 0 . 64 t 0 . 06 mM- " , r = 0 . 99 ; t hat f or K2 i n t he

l ower gr aph has a sl ope of - 0 . 81 ± 0 . 14
MM

- ' / 2 , r = 0 . 96 . Er r or bar s r epr esent

1 SD f r om t he mean and r ange f r om 5 t o 18%.

400 : ± 100 nM. The appar ent di ssoci at i on const ant f or t he hi gh- af f i ni t y si t e i s

essent i al l y t he same wi t h gl uconat e as ci t r at e ( K1 = 65 t 8 nM) , wher eas t hat

f or t he l ow- af f i ni t y si t e may di f f er ( K2 = 820 ± 100 nM) . I t i s t echni cal l y

di f f i cul t t o measur e af f i ni t i es i n t he pr esence of gl uconat e because i t pr oduces

a gr eat deal of scat t er i ng and so we have not been abl e t o det er mi ne K2, gl uc
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accur at el y . To t he accur acy of our measur ement s, bi ndi ng of DBDS i n t he

pr esence of gl uconat e i s qual i t at i vel y si mi l ar t o t hat i n ci t r at e . Smal l di f f er -

ences bet ween gl uconat e and ci t r at e bi ndi ng woul d not be sur pr i si ng si nce f or

t he same i oni c st r engt h t her e ar e f i ve t i mes as many gl uconat e as ci t r at e

mol ecul es . Bot h t he char ge di st r i but i on and t he st er i c r est r i ct i ons appr opr i at e

t o t he di mensi ons of t he bi ndi ng si t e wi t hi n t he membr ane coul d wel l af f ect

bi ndi ng i n t he pr esence of t wo such di spar at e sol ut es .

The pur pose of est abl i shi ng a model syst em based on ci t r at e i s t o pr ovi de

30
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FI GURE 5 .

	

Scat char d pl ot of t he ef f ect of gl uconat e on equi l i br i um bi ndi ng of

DBDS. The bi ndi ng of DBDS t o band 3 i n ghost membr anes was measur ed at

155 mM gl uconat e ( pl us 25 mMgl ycyl gl yci ne, pH 7 . 40) ( +) and 28 . 5 mM
ci t r at e, pH 7 . 40 ( " ) , by t he f l uor escence t i t r at i on met hod . The ci t r at e dat a and

f i t t ed cur ve ar e i dent i cal t o t hose shown i n Fi g . 2 ; t he cur ve t hr ough t he

gl uconat e dat a was obt ai ned by a f i t t o t he sequent i al - bi ndi ng model i n a

manner i dent i cal t o t he f i t f or ci t r at e dat a .

a benchmar k agai nst whi ch t he per t ur bat i ons i nt r oduced when Cl i s added t o

t he syst em can be measur ed . The obser vat i ons of Schnel l et al . ( 1978) i ndi cat e

t hat bi ndi ng of ci t r at e t o t he t r anspor t si t e i s r el at i vel y uni mpor t ant . Our

f i ndi ng t hat DBDS bi ndi ng i n t he pr esence of gl uconat e i s not gr ossl y di f f er ent

f r om t hat wi t h ci t r at e suppor t s t he vi ew t hat speci f i c ci t r at e i nt er act i ons wi t h

band 3 do not i nt r oduce si gni f i cant di st or t i on i nt o our concl usi ons . Hence, i t

seems j ust i f i abl e t o consi der ci t r at e as an essent i al l y i ner t component i n our

model syst em.

Sever al exper i ment s suggest t hat t he hi gh- and l ow- af f i ni t y DBDS bi ndi ng
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si t es ar e l ocat ed on band 3 . Exper i ment s wer e car r i ed out wi t h ghost s pr epar ed

f r om r ed cel l s i n whi ch >95% of ani on t r anspor t was i nhi bi t ed by coval ent

r eact i on wi t h DI DS ( Knauf , 1979) . Fi g. 6 shows t hat ghost s coval ent l y l abel ed

wi t h DI DS have no det ect abl e DBDS bi ndi ng si t es as measur ed by f l uor es-

cence enhancement . The t emper at ur ej ump r esponse al so di sappear s, as shown

i n Fi g . 7 . No f l uor escence si gnal was obser ved i n t emper at ur ej ump exper i -

ment s i n whi ch DBDS was mi xed wi t h vesi cl es pr epar ed f r om l i pi ds ext r act ed

f r om r ed bl ood cel l s, as shown i n t he bot t om t r ace . As pr evi ousl y poi nt ed out ,
t he maxi muml abel i ng by t he coval ent DBDS anal ogue BI DS i s 2 . 5 nmol / mg

ghost pr ot ei n, whi ch i s appr oxi mat el y t wi ce as l ar ge as t he st oi chi omet r y f or
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FI GURE 6 .

	

Ef f ect of coval ent DI DS on DBDS bi ndi ng t o ghost s . Fl uor escence
bi ndi ng dat a wer e obt ai ned f r om DBDS bi ndi ng t o band 3 i n ghost s ( O) and
f or DBDS bi ndi ng t o ghost s made f r om cel l s l abel ed coval ent l y wi t h DI DS
( 0) , i n whi ch ani on exchange was >95%i nhi bi t ed as measur ed by S04 exchange
at pH 6. 3 . The l i ne i s dr awn f or zer o r el at i ve f l uor escence .

t he l ow- af f i ni t y si t e of 1 . 6 nmol / mg pr ot ei n and ent i r el y consi st ent wi t h t he
accommodat i on of bot h si t es on band 3 . Taken t oget her , t hese r esul t s st r ongl y

suppor t t he vi ew t hat al l of t he hi gh- af f i ni t y si t es and l ow- af f i ni t y si t es ar e

l ocat ed on band 3.

An advant age of a st opped- f l ow exper i ment over a t emper at ur ej ump exper -
i ment i s t hat f or war d and r ever se r at es can be uncoupl ed . We used t hi s f eat ur e
i n desi gni ng a set of exper i ment s t o see i f t he l i mi t i ng behavi or of t he syst em

conf or med t o t he gener al pr edi ct i ons of Eq . l . A qual i t at i ve t est of t he
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mechani sm i s t he dependence of t he st opped- f l ow t i me const ant s on band 3

and DBDS concent r at i ons . The obser ved t i me const ant of such a syst em i s

gi ven by ( Czer l i nski , 1966) :

w
U
Z
W
U

W

O

J
W

_I
-

k

	

k2 [ DBDS] t ot

	

( 2)
z

	

-

	

_2 +
Kt

+
[ DBDS] t ot '

0. 6mg/ ml RED CELL LI PI DS
0. 6N. M DBDS

0. 2mg/ ml GHOSTS

0. 6uM DBDS

FI GURE 7 .

	

Ef f ect of coval ent DI DS on t he t i me cour se of DBDS bi ndi ng t o

ghost s . The upper t r ace shows a t emper at ur e j ump of 0. 2 mg/ ml ghost s + 0. 6

AM DBDS i n 28 . 5 mM sodi um ci t r at e, pH 7. 4, i ni t i al t emper at ur e 23 ° C.

Decr eased f l uor escence cor r esponds t o unbi ndi ng of DBDS f r omghost s i nduced

by t he t emper at ur e j ump . The upper t r ace was f i t t ed t o a si ngl e exponent i al t o

gi ve a t i me const ant of 0. 25 ± 0. 03 s . The mi ddl e t r ace shows t hat a t emper at ur e

j ump of 0. 6 AM DBDS i n 0. 2 mg/ ml ghost s t r eat ed coval ent l y wi t h DI DS as

descr i bed i n t he l egend t o Fi g . 6 gave no f l uor escence enhancement . A si mi l ar

r esul t was f ound when 0. 6 mg/ ml l i pi ds wer e t r eat ed wi t h 0. 6 AM DBDS as

shown i n t he bot t omt r ace .

when t he t ot al DBDS concent r at i on, [ DBDS] t ot , i s ver y much l ar ger t han t he

t ot al band 3 concent r at i on, [ band 3] t ot . Thi s condi t i on i s f ul f i l l ed f or t he dat a

i n gr oups A- C i n Tabl e I . Eq . 2 i s der i ved on t he basi s of a symmet r i cal

bi mol ecul ar associ at i on so t hat when [ band 3] t ot i s ver y much l ar ger t han

[ DBDS] t ot , as i n gr oup D, an equat i on anal ogous t o Eq . 2 can be used i n
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whi ch [ band 3] t ot r epl aces [ DBDS] t ot . When t he concent r at i ons ar e compa-

r abl e, as i n gr oup E, a f ul l numer i cal sol ut i on i s r equi r ed . The val ues of T_'

wer e det er mi ned by a nonl i near l east - squar es f i t of a si ngl e exponent i al t o t he

st opped- f l ow t i me cour se ; t he f i t t o Eq . 2 i s good f or gr oups A- D, i n whi ch t he

r educed X2 val ues r anged bet ween 1 . 0 and 1 . 3 .

When [ DBDS] t ot i s l ar ge, as i n gr oup A, T1 becomes i ndependent of

[ DBDS] t ot and appr oaches t he l i mi t i ng t emper at ur ej ump r el axat i on r at e, 5. 5
s- 1 . For smal l val ues of [ DBDS] t ot ( al t hough l ar ger t han [ band 3] t ot ) , as i n

gr oup B, T1 i s l i near l y r el at ed t o [ DBDS] t ot . I n gr oup C t her e i s l i t t l e

dependence of T
l

upon [ band 3] t ot because [ DBDS] t t i s const ant and Eq . 2

TABLE I

RESULTS OF STOPPED- FLOWSTUDI ES*

* [ DBDS] t t and [ band 3] wt r ef er t o t he t ot al concent r at i on of each component pr esent

af t er equal vol umes of sol ut i on have been mi xed . Each T _' i s t he aver age of f our

exper i ment s ; er r or s r epr esent I SEM. [ Band 3] t ot was cal cul at ed f r om t he st oi chi om-

et r y of t he sequent i al bi ndi ng model .

appl i es because [ band 3] t ot i s smal l compar ed wi t h [ DBDS] t ot . When
[ band 3] t ot >> [ DBDS] t ot , as i n gr oup D, Tl becomes i ndependent of
[ DBDS] t ot , as expect ed f r om t he modi f i ed Eq . 2, i n whi ch [ band 3] t ot r epl aces

[ DBDS] t ot . When t he concent r at i ons of t he t wo component s ar e compar abl e,

as i n gr oup E, t he condi t i ons f or t he der i vat i on of Eq . 2 ar e not f ul f i l l ed and
t he numer i cal sol ut i on descr i bed i n t he Appendi x i s r equi r ed .

Ausef ul way t o anal yze st opped- f l ow t i me const ant s i s t o t r ansf or m Eq . 2 :

_ Kl

	

1

	

1
T

k2 [ 130S] t ot +
k2 .

Thi s t r ansf or mat i on i s val i d pr ovi di ng k 2 >> k- 2 and [ DBDS] t ot >> [ band 3] t ot

Condi t i ons Cr oup [ DBDS] t t [ Band 3] t ot T - '

JI M AM s- '

40 0 . 25 3 . 7010 . 41

Lar ge [ DBDS] wt A 20 0 . 25 4 . 0010 . 32

10 0. 25 2 . 7810. 23

1 . 27 0 . 071 0. 6710 . 22

Smal l [ DBDS] t t B 0. 86 0. 071 0. 46±0. 06

0. 43 0 . 071 0 . 29±0 . 04

3. 27 0 . 78 1 . 27±0 . 02

Const ant [ DBDS] cot C 3. 27 0 . 078 1 . 2510 . 05

3. 27 0 . 015 1 . 3210 . 09

0. 062 0 . 71 0 . 82±0 . 13

Lar ge [ Band 3] t ot D 0. 072 0. 78 0. 74±0. 03

0. 12 0 . 71 0 . 8810 . 07

0. 12 0 . 36 0 . 60±0 . 11

0. 36 0 . 78 0 . 71±0 . 04

[ DBDS] wt = [ Band 3] t ot E 0. 36 0 . 078 0 . 45±0 . 04

0. 43 0 . 36 0. 75±0 . 11

1 . 27 0 . 14 0 . 56±0 . 05
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( see bel ow) . Thus, a l i near f i t of T t o [ DBDS] t t gi ves k2 = 1/ i nt er cept , K1 =

sl ope/ i nt er cept and k- 2 = k2/ [ ( K1/ K1' ) - 1] . However , t he accur acy can be
i mpr oved by f i t t i ng t he st opped- f l ow dat a i n Tabl e I usi ng t he nonl i near l east -
squar es f i t t i ng pr ocedur e out l i ned i n t he Appendi x, whi ch gi ves k 2 = 4. 0 ± 1 . 5
s- 1 and k_2 = 0 . 09 ± 0 . 02 s - l . Usi ng t he best - f i t val ues of k2 and k_2, t he val ues
f or t he t wo equi l i br i um const ant s K1 and K3 of t he sequent i al mechani sm of
Eq . 1 can be obt ai ned si nce t hey ar e r el at ed t o t he t wo equi l i br i um bi ndi ng
const ant s KT and K2 by

Anal ysi s of Temper at ur eJump Dat a

DBDS

DBDS

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 81 " 1983

Ki = K1/ ( 1 + K2) ;

K2 = K3 ( 1 + 1/ K2) ,

wher e K2 = k2/ k- 2 . The dat a obt ai ned i n t hi s way ar e shown i n Tabl e I I ,
whi ch summar i zes t he ki net i c and equi l i br i um par amet er s of t he syst em.

TABLE 11

KI NETI C, EQUI LI BRI UM, AND THERMODYNAMI C

PARAMETERS* FORDBDS BI NDI NGTO BAND 3

* The val ues f or k2 and k_2 ar e t hose det er mi ned by t he st opped- f l ow met hod and
t hose f or K, and K3 ar e der i ved f r om t hese val ues and t he equi l i br i um bi ndi ng dat a

by Eqs. 4 and 5 .

9 The t her modynami c par amet er s r ef er t o t he act i vat ed st at e, t hat i s, AG i s AG$, AH

i s AH$, and AS i s Abp.

When Di x et al . ( 1979) put f or war d t he r eact i on scheme gi ven i n Eq .
di scussed t he i ndependent - si t e model gi ven bel ow as an al t er nat i ve
sequent i al - bi ndi ng model :

band 3 " - ~. band 3- DBDS

	

k
' - band 3* - DBDS

k` 2

band 3~band 3- DBDS

( 4)

( 5)

1, t hey
t o t he

i n whi ch t he super scr i pt i denot es t he i ndependent - si t e model . At t hat t i me,
t hey wer e unabl e t o compar e t hese t wo al t er nat i ve model s quant i t at i vel y .

Val ue Uni t s AG( 25° C)

kcal / mot

AH

kcal / mol

AS

eu

K, 3 . 0±1 . 4 I LM - 7 . 6±0 . 5 - 6±2 5±1

k2 4 . 0±1 . 5 s- 1 17§t 6 5 . 311 . 6 - 38±9

k- 2 0 . 09±0 . 02 s- ' 19§±6 12 . 2±2 . 4 - 24±3

K2 44±19 - - 2 . 2±0 . 3 - 712 - 16±4

K3 0 . 85±0 . 1 pM - 8 . 311 . 1 - 2 . 5±2 . 6 20±5

K, " 0. 065±0 . 008 AM - 9 . 8±0 . 1 - 13. 1±3 - 11±5
K2"

0 . 82±0 . 1 uM - 8 . 3±0 . 1 - 2 . 5±2 . 6 20±5
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However , a compl et e anal ysi s of t he dat a f r om38 dat a poi nt s obt ai ned by t he

t emper at ur ej ump met hod makes i t ~ossi bl e t o di scr i mi nat e bet ween t hem

i n t er ms of t he goodness of f i t of T over a br oad concent r at i on r ange of

r eact ant s, assumi ng t he f i r st bi mol ecul ar associ at i on t o be f ast compar ed wi t h

t he conf or mat i onal change . For each mechani sm, an expr essi on f or t he sl ow

st ep can be der i ved by st andar d t echni ques ( Gzer l i nski , 1966) . I n gener al ,

, r - ' = Akt + Bk_2,

	

( 7)

wher e k2 and k_ 2 ar e t he f or war d and r ever se r at e const ant s f or t he sl ow st ep,

and A and B ( whi ch ar e t he coef f i ci ent s of k2 and k_ 2 i n t he Appendi x, Eqs .

A12 and A13) ar e mechani sm- speci f i c f unct i ons of [ DBDS] , [ band 3] , and

equi l i br i um bi ndi ng const ant s . For each mechani sm, a wei ght ed, nonl i near

l east - squar es f i t t o t he T1 dat a was per f or med . The equi l i br i um const ant s

[ DBDS] and [ band 3] wer e f i xed by t he r esul t s of t he equi l i br i um bi ndi ng

exper i ment s and k2 and k_ 2 wer e al l owed t o var y unt i l t he opt i mal f i t was

obt ai ned . Fi g . 8 shows a pl ot of ( TB) - 1 as a f unct i on of A/ B f or t he t wo

mechani sms . The x and y posi t i ons f or t he 38 dat a poi nt s shown i n each pl ot

wer e cal cul at ed f r om t he [ DBDS] t ot and [ band 3] t ot , t he measur ed
T- 1

val ues,

and t he cal cul at ed val ues f or A and B usi ng par amet er s obt ai ned f r om t he

nonl i near l east - squar es f i t ; t he f i t t ed val ues of 0 ( sl ope ; t he super scr i pt t j

denot es t emper at ur ej ump dat a) and k t?2 ( i nt er cept ) gi ve t he l i nes dr awn

t hr ough t he dat a . The poi nt s f or t he sequent i al - bi ndi ng model ( t op f i gur e) f i t

much bet t er ( X2 = 1 . 9) t han f or t he i ndependent - si t e model ( bot t om f i gur e,

X2 = 6. 2) . The best - f i t val ues f or k2' ( 5 . 5 ± 0 . 2 s - 1) and k
t
i 2 ( 1 . 00 ± 0 . 05 S- 1 )

agr ee wi t h our pr evi ous val ues ( Di x et al . , 1979) of 4. 4 and 1 . 0 s - 1 .

The ar gument s t hat suppor t t he sequent i al - bi ndi ng mode14 have al l been

based on t he assumpt i on t hat t he f i r st bi mol ecul ar associ at i on i s f ast compar ed

wi t h t he conf or mat i onal change . However , t hi s assumpt i on i s onl y val i d at

hi gh concent r at i ons of DBDS compar ed wi t h band 3, as wi l l be shown i n a

subsequent sect i on whi ch makes a det ai l ed compar i son of t he st opped- f l ow

and t emper at ur ej ump r esul t s . When t he DBDS concent r at i on i s compar abl e

t o t he band 3 concent r at i on, as i n t emper at ur ej ump exper i ment s, t her e i s a

di scr epancy bet ween r esul t s obt ai ned wi t h t hese t wo met hods ; t hi s di scr epancy

di sappear s when t he concent r at i on of DBDS i s much gr eat er t han t hat of

band 3 . To exami ne t he ef f ect of r eact ant concent r at i on on t he dat a i n Fi g. 8,
f i l l ed ci r cl es have been used t o denot e t hose ni ne dat a poi nt s i n whi ch t he

vel oci t y of t he bi mol ecul ar associ at i on i s f ast est . As Fi g . 8 shows, t hese f i l l ed

ci r cl es f i t t he l east - squar es l i ne f or t he sequent i al - bi ndi ng model , whi ch

suggest s t hat t he ar gument s t hat f avor t he sequent i al - bi ndi ng model ar e, t o a

f i r st appr oxi mat i on, i ndependent of t he vel oci t y of t he bi mol ecul ar associ at i on .

4 Ther e ar e sever al ot her model s t hat i ncor por at e t wo bi ndi ng si t es and a conf or mat i onal
change . Mechani sms i n whi ch a sl ow conf or mat i onal change pr ecedes a f ast bi mol ecul ar
associ at i on of DBDS wi t h band 3 ar e not consi st ent wi t h t he concent r at i on dependence of t he

st opped- f l ow t i me const ant ( Tabl e I ) . Aconf or mat i on change f ol l owi ng bot h DBDS associ at i ons

i s r ul ed out on t he gr ounds t hat a si gnal i s obser ved i n st opped- f l ow exper i ment s at l ow DBDS,
when onl y t he hi gh- af f i ni t y si t e i s occupi ed.
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FI GURE 8.

	

Concent r at i on dependence of t he t emper at ur ej ump r el axat i on

t i mes f or sequent i al - bi ndi ng and i ndependent - si t e model s . The t op f i gur e i s

comput ed f or t he sequent i al - bi ndi ng model ; t he bot t om one i s f or t he i nde-

pendent - si t e model . The det ai l ed expr essi ons f or A and B ar e gi ven i n t he

Appendi x . The l i nes i n t he t op f i gur e wer e dr awn wi t h t he ki net i c const ant s

obt ai ned f r om a nonl i near l east - squar es f i t of t he r el axat i on expr essi on, T - ' =

Aka + Bk_z, t o t he t emper at ur ej ump dat a as descr i bed i n t he t ext and Appendi x .

Fi l l ed symbol s r epr esent dat a t aken at t he ni ne hi ghest band 3 and DBDS

concent r at i ons, when [ DBDS] >> [ band 3] . The st i ppl ed segment i n t he

sequent i al - bi ndi ng model r epr esent s a zone wi t hi n t l SD of t he l east - squar es

l i ne .
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I nsi de- out r ed bl ood cel l vesi cl es ( I OVs) , as pr epar ed by t he met hod of

St eck and Kant ( 1974) , wer e used t o st udy si dedness of DBDS bi ndi ng t o

ghost membr anes . When DBDS was added t o an I OV pr epar at i on cont ai ni ng
70%I OVs and 30%r i ght - si de- out ( ROV) vesi cl es, t he equi l i br i umf l uor escence

i nt ensi t y was 30 ± 4%of t he i nt ensi t y of a 100%ROV pr epar at i on havi ng t he

same t ot al pr ot ei n concent r at i on . I f t he 70%I OV pr epar at i on i s i ncubat ed

wi t h DBDS at 23 ° C, t he f l uor escence sl owl y i ncr eases ( over - 1 h at 1 , uM

DBDS) t o t he val ue obt ai ned wi t h 100% ROVs, cor r espondi ng t o t he sl ow

per meat i on of DBDS t hr ough t he I OV. These exper i ment s suggest t hat t he

DBDS bi ndi ng si t e i nvol ved i n f l uor escence enhancement i s pr esent onl y on

t he ext er nal r ed cel l membr ane sur f ace .

Temper at ur e Dependence

The ent hal pi es and ent r opi es of t he r eact i ons i n Eq . 1 t hat ar e gi ven i n Tabl e

11 have been det er mi ned f r omt he t emper at ur e dependence of t he equi l i br i um

const ant s ( Fi g . 9, t op) and t he st opped- f l ow r at e const ant s ( Fi g. 9, bot t om) f or

t he conf or mat i onal change . Jenni ngs and Passow ( 1979) and Ramj eesi ngh et

al . ( 1980) have shown t hat t her e i s a si ngl e st i l bene si t e per monomer . On t he

basi s of t hi s concl usi on and t he sequent i al r eact i on scheme, t he t her mody-

nami c par amet er s may be used t o f or m a concept ual model of t he mechani sm

by whi ch t he st i l bene i nhi bi t or s i nt er act wi t h band 3 .

The t her modynami c dat a ar e summar i zed i n Fi g. 10 . Bi ndi ng of t he f i r st

DBDS mol ecul e i s a t wo- st ep pr ocess dr i ven by t wo ent hal py changes of

appr oxi mat el y equal magni t ude. I n our model t he t r ansi t i on bet ween t he f i r st

st ep and t he second st ep i s ef f ect ed by a conf or mat i onal change i n band 3

t hat i nt er nal i zes t he DBDS mol ecul e wi t hi n a cavi t y i n band 3. We have

f ound t he t r ansi t i on t o be ver y sl ow ( k2 = 4 s- 1 ) , whi ch i s consi st ent wi t h a

si gni f i cant conf or mat i onal change . I t i s accompani ed by a l ar ge negat i ve

ent r opy of act i vat i on, equi val ent t o - 11 eu, whi ch we have at t r i but ed t o t he

ent r opy change r equi r ed t o pr ovi de a hol e l ar ge enough f or t he DBDS t o

penet r at e t o get cl oser t o t he char ge on t he si t e . Once t he DBDS mol ecul e has

been i nt er nal i zed, band 3 r el axes t o a l ess or der ed st at e. The over al l net

ent hal py change f or t he f i r st t wo st eps i s - 13. 1 kcal / mol , whi ch pr ovi des t he

dr i vi ng f or ce f or l ocki ng t he f i r st DBDS mol ecul e i nt o i t s posi t i on and mor e

t han compensat es f or t he net ent r opy decr ease equi val ent t o 3 . 4 kcal / mol . I t

i s i nt er est i ng t hat t he f i nal ar r ay af t er bi ndi ng and i nt er nal i zat i on of t he f i r st

DBDS i s mor e or der ed t han when DBDS and ghost membr anes ar e f r ee i n

sol ut i on .

Af t er t he change i n conf or mat i on has t aken pl ace, a second DBDS mol ecul e

can bi nd t o i t s si t e on t he second monomer . The maj or ener get i c component

i n t hi s pr ocess i s an i ncr ease i n ent r opy, i n cont r ast t o bi ndi ng of t he f i r st

DBDS mol ecul e, whi ch i s al most ent i r el y ent hal py dr i ven . Bi ndi ng of t he

second DBDS mol ecul e r esul t s i n a decr ease i n t he or der of t he syst em, as i f
t he second DBDS di d not f i t i n qui t e as neat l y as t he f i r st . The di f f er ence i n
t he dr i vi ng f or ces bet ween t he t wo DBDS bi ndi ng st eps i s consi st ent wi t h t he

sequent i al - bi ndi ng mechani sm and not wi t h t wo i dent i cal bi ndi ng st eps on

t wo i ndependent i dent i cal monomer s . I f t he t wo si t es wer e ent i r el y i n-
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dependent and t her e was no i nt er act i on bet ween t he t wo monomer s, t he

t her modynami c par amet er s f or t he KI and t he Ks pr ocess woul d be i dent i cal .

Si nce t hey di f f er i n dr i vi ng f or ce, t her e must be an i nt er act i on bet ween t he

t wo monomer s i n or der t o modi f y t he second si t e t o have t he char act er i st i cs

r eveal ed by t he t her modynami c par amet er s .

These consi der at i ons l ead us t o vi ew t he band 3 di mer as an assembl y of
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FI GURE 9 . Temper at ur e dependence of DBDS bi ndi ng t o band 3 i n ghost

membr anes . Al l exper i ment s wer e per f or med i n 28 . 5 mMsodi um ci t r at e, pH

7 . 4 . The t wo equi l i br i um bi ndi ng const ant s, K1 and K2, wer e obt ai ned f r om f i t s

t o f l uor escence enhancement dat a usi ng t he sequent i al - bi ndi ng mechani sm of

Eq . 1 ( one t i t r at i on at each t emper at ur e) . The r at e const ant s, k2 and k_ 2 , wer e

obt ai ned f r om st opped- f l ow exper i ment s done ( i n quadr upl i cat e) at var i ous

t emper at ur es . Er r or bar s r epr esent 1 SE and t he f i t t ed l i ne i s a wei ght ed l i near

l east - squar es f i t t o t he dat a .

t wo i dent i cal monomer s, each i ni t i al l y cont ai ni ng one si t e . The f i r st DBDS

chooses i t s si t e on ei t her monomer . Once t he conf or mat i onal change i n t he

f i r st monomer i s compl et e, t he second monomer has al so been t r ansf or med t o

pr ovi de a second si t e wi t h t he char act er i st i cs enumer at ed above . Nonet hel ess,

t he t wo si t es have many char act er i st i cs t hat ar e basi cal l y si mi l ar , as shown by

t he si mi l ar i t y of t he i oni c st r engt h dependence. Thi s i s consi st ent wi t h a
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common appr oach pat hway t o t he si t e ar ea, t he f i nal di scr i mi nat i on bet ween

t he si t es bei ng pr ovi ded by l ocal changes i n conf i gur at i on . Our concl usi ons

about cooper at i ve i nt er act i ons bet ween t he monomer s suppor t t hose put

f or war d by Di x et al . ( 1979) , Macar a and Cant l ey ( 1981) , and Sal hany et al .

( 1981) .

AH
( kcal / mol )

- 8

- TAS 8
( kcal t mol )

0

AG

( kcal / mol

- 8

8

0

- 8

- 16

y

b3 - DBDB~- - - >bSI OB~b3( D8) 2

FI GURE 10 .

	

Ther modynami c ener gy pr of i l es f or DBDS bi ndi ng t o band 3 i n
ghost membr anes . The ener gy pr of i l es f or t he ent hal pi es and ent r opi es of each
st age of DBDS bi ndi ng t o band 3 ( b3) ar e const r uct ed f r om t he t emper at ur e
dependence of Ki , K$, k2, and k_2 shown i n Fi g. 9 and Tabl e 11 . The equi l i br i um
ent hal pi es and ent r opi es wer e cal cul at ed f r om t he sl ope and i nt er cept of t he
l ogar i t hmi c pl ot of t he di ssoci at i on const ant s ; t he act i vat i on ent hal pi es and
ent r opi es wer e cal cul at ed as descr i bed by Gl asst one et al . ( 1941) .

Compar i son of St opped- Fl ow and Temper at ur e Jump Ki net i cs

A det ai l ed compar i son of t he par amet er s comput ed on t he basi s of t he r eact i on

scheme i n Eq. 1 shows t hat t he ki net i cs gi ven by t he t emper at ur ej ump

met hod ar e di f f er ent f r om t hose gi ven by st opped- f l ow. Thi s i s i l l ust r at ed i n

I
I I

DBDS

I

I

1

I

I

I

I

I

I
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Fi g. 11 i n whi ch t he dat a f r om a st opped- f l ow exper i ment ar e pl ot t ed

accor di ng t o Eq . 3 . The par amet er s obt ai ned f r om t he sl ope and i nt er cept of

t he l i near f i t agr ee qui t e wel l wi t h t hose gi ven by t he mor e accur at e nonl i near

l east - squar es f i t . However , i f t hese par amet er s wer e t o be r epl aced by t hose

gi ven by t he t emper at ur e j ump exper i ment s, t he agr eement woul d di sappear ,

as shown i n t he dashed l i ne at t he bot t om of t he f i gur e. Ther e i s a l ar ge

di scr epancy t hat i ncr eases as t he DBDS concent r at i on i s decr eased . Thi s

means ei t her t hat Eq . 1 ( wi t h t wo f ast bi mol ecul ar st eps) does not adequat el y

2

7-
W'

0
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FI GURE 11 .

	

Compar i son of st opped- f l ow and t emper at ur e j ump exper i ment s .

The poi nt s ( O) ar e st opped- f l owt i me const ant s obt ai ned i n a t ypi cal exper i ment

( ghost pr ot ei n concent r at i on 0 . 03 mg/ ml ) ; t he er r or bar s r epr esent t he st andar d

er r or of t he mean . The sol i d l i ne shows t he best f i t t o t he sequent i al - bi ndi ng

mechani sm i n whi ch bot h bi mol ecul ar associ at i ons ar e f ast . The l ower dashed

l i ne r epr esent s t he st opped- f l ow t i me const ant s expect ed, usi ng t he par amet er s

obt ai ned by t he t emper at ur e j ump met hod, assumi ng t wo f ast bi mol ecul ar

associ at i ons . The upper dashed l i ne shows t he st opped- f l ow t i me const ant s t hat

woul d be expect ed i f t he f i r st bi mol ecul ar r at e const ant i s sl ow, 5 X 10 6 M- 1 s - 1 ,

as di scussed i n t he t ext . Si nce t he t wo upper l i nes do not di f f er si gni f i cant l y, t he

pr esence of a sl ow bi mol ecul ar st ep woul d not si gni f i cant l y al t er t he st opped-

f l ow f i t .

descr i be t he ki net i cs of t he syst em or t hat t her e i s a syst emat i c er r or i n one or

bot h of t he met hods .

Any syst emat i c er r or s t hat caused a di scr epancy bet ween t he t wo met hods

woul d be expect ed t o ar i se f r om an ar t i f act pecul i ar t o one or t he ot her of t he

met hods . One such er r or coul d come f r om t he unst i r r ed l ayer , whi ch i s

pecul i ar t o t he st opped- f l ow met hod, and anot her coul d be caused by per t ur -

bat i ons i nt r oduced by t he 15- kV di schar ge acr oss t he syst em t hat i s pecul i ar

t o t he t emper at ur ej ump met hod . These and ot her possi bl e syst emat i c er r or s
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wer e exami ned i n det ai l as descr i bed i n Mat er i al s and Met hods . Si nce we
have been unabl e t o f i nd a syst emat i c er r or , we have concl uded t hat t he
pr obabl e basi s f or t he di f f er ence i s i n t he ki net i c model gi ven i n Eq . 1 .

I n t he ear l i er sect i ons of t he paper , t he ki net i cs of t he mechani smgi ven i n

Eq . 1 wer e der i ved on t he assumpt i on t hat t he bi mol ecul ar associ at i on st ep i s

f ast compar ed wi t h t he conf or mat i onal change . I f t hi s i s not t he case, and t he

vel oci t y of t he bi mol ecul ar associ at i on i s compar abl e t o t hat of t he conf or -

mat i onal change, t her e wi l l be a much l ar ger ef f ect on t emper at ur ej ump t han
on st opped- f l ow measur ement s, The nor mal concent r at i ons of DBDS used i n
t he st opped- f l ow met hod ar e so hi gh compar ed wi t h band 3 concent r at i ons

t hat t hey dr i ve t he bi mol ecul ar associ at i on ver y f ast compar ed wi t h t he

vel oci t y of t he conf or mat i onal change. I n t he t emper at ur ej ump exper i ment s,

usef ul dat a can be obt ai ned onl y when t he concent r at i ons of band 3 and

DBDS ar e compar abl e . Hence, i n t emper at ur ej ump exper i ment s, t her e i s a
si gni f i cant cont r i but i on of t he bi mol ecul ar associ at i on st ep t o t he obser ved
r el axat i on t i me, so t hat t he t emper at ur ej ump r el axat i on t i me const ant r ef l ect s
a combi nat i on of t he bi mol ecul ar associ at i on and t he conf or mat i onal change .

A si mul at i on pr ocedur e was used t o det er mi ne t he val ues of t he r at e
const ant , ki , r equi r ed t o br i ng t he t emper at ur ej ump dat a i nt o agr eement

wi t h st opped- f l ow. k t was obt ai ned by f i t t i ng t he t emper at ur ej ump dat a t o
t he mechani smi n Eq . 1, under condi t i ons i n whi ch t he bi mol ecul ar associ at i on
i s sl ow, keepi ng Ki , k2 , k- 2, and Ks f i xed t o t he val ues det er mi ned i n st opped-
f l ow exper i ment s as gi ven i n Tabl e I I . Al t hough t he val ue of k i i s not
det er mi ned uni quel y by t hi s met hod ( Di x and Ver kman, 1982) , t ypi cal val ues
f al l i n t he r ange 1- 5 X 106 M- i s - i . The f i t of t he t emper at ur ej ump
par amet er s t o t he st opped- f l ow dat a wi t h k i = 5 X 10 6 M- i s " t gi ven by t he
upper dashed l i ne i n Fi g . 11 shows t hat t he i ncl usi on of a sl ow f i r st st ep does
not si gni f i cant l y af f ect t he anal ysi s of t he st opped- f l ow dat a . Al t hough many

ot her ki net i c mechani sms have been exami ned unsuccessf ul l y, 5 t he f i t of t he

5 Many modi f i cat i ons of t he r eact i on scheme i n Eq . 1 wer e consi der ed i n an at t empt t o

det er mi ne t he si mpl est r eact i on scheme t hat woul d r esol ve t he st opped- f l ow t emper at ue j ump

di scr epancy . A f our t h uni mol ecul ar r eact i on st ep was added t o t he sequent i al bi ndi ng mecha-

ni smi n Eq . 1 i n f our l ocat i ons : a r el axat i on i n band 3 occur r i ng bef or e t he f i r st DBDSaddi t i on,

an addi t i onal conf or mat i onal change occur r i ng bef or e and af t er t he band 3- DBDS - + band 3* -

DBDS conf or mat i onal change, and a conf or mat i onal change i n band 3* - DBDS maki ng i t

unavai l abl e t o bi nd a second DBDS mol ecul e . Sever al of t hese mechani sms have an i mpor t ant

physi cal basi s . For exampl e, t he band 3 conf or mat i onal change occur r i ng bef or e DBDS i s

bound coul d cor r espond t o t he ci s- t r ans mot i on of band 3 whi ch exposes t he ani on bi ndi ng si t e

t o t he ext er nal and cyt opl asmi c sur f aces, or , al t er nat i vel y, t o t he out war d- and i nwar d- f aci ng

f or ms of band 3. St opped- f l ow and t emper at ur e j ump dat a wer e si mul at ed f or each mechani sm
usi ng t he met hods descr i bed by Di x and Ver kman ( 1982) . Ki and K2 wer e f i xed f r om
equi l i br i um bi ndi ng exper i ment s ; k2 and k_ 2 and a r at e and equi l i br i um const ant f or t he

addi t i onal st ep wer e al l owed t o var y . Sur pr i si ngl y, t he addi t i onal degr ee of f r eedom al l owed by
a f our t h r eact i on st ep di d not r esol ve t he di scr epancy . A f our t h st ep t hat was f ast compar ed

wi t h t he conf or mat i onal change di d not al t er t he anal ysi s ; t her ef or e, t he pr esent met hods

cannot det er mi ne whet her an addi t i onal f ast conf or mat i onal change exi st s . When t he r at es of
t he f our t h st ep wer e compar abl e t o or sl ower t han t he conf or mat i onal change, t he di scr epancy

bet ween st opped- f l ow and t emper at ur ej ump dat a act ual l y i ncr eased. I n t he pr esence of
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sl ow bi mol ecul ar associ at i on ver si on of Eq . 1 i s not necessar i l y uni que . I t does

r epr esent , however , t he si mpl est ki net i c syst em t hat we have been abl e t o use

t o r esol ve t he di scr epancy .

The r at e const ant of ^- 106 M- 1 s - 1 f or t he bi mol ecul ar associ at i on i s some

t wo or der s of magni t ude sl ower t han t he val ue of 108
M- 1

s - 1 whi ch i s

char act er i st i c of such r eact i ons i n f r ee sol ut i on . One possi bl e r eason f or t he

sl ow associ at i on woul d be st er i c hi ndr ance i n t he access of DBDS t o i t s bi ndi ng

si t e on band 3 . Passow et al . ( 1980) have suggest ed t hat DBDS bi nds t o a si t e

some di st ance f r om t he ext er nal f ace of t he membr ane, whi ch i s consi st ent
0

wi t h t he f i ndi ng of Rao et al . ( 1979) t hat t he st i l bene bi ndi ng si t e i s 30- 45 A

f r omt he i nt er nal membr ane f ace . I t has been suggest ed ( Sol omon et al . , 1982)

t hat t he DBDS si t es ar e l ocat ed i n an aqueous por e of ^- 4 . 5 A r adi us si t uat ed

bet ween t he t wo monomer s of band 3 . The t i ght f i t of t he bul ky DBDS

mol ecul e i nt o such an aqueous channel woul d be consi st ent wi t h t he sl ow

bi mol ecul ar associ at i on t hat t hese cal cul at i ons show.

APPENDI X

Equi l i br i um Bi ndi ng Cal cul at i ons

The equi l i br i um bi ndi ng of DBDS t o ghost membr anes i s descr i bed by f our equat i ons .

For t he sequent i al bi ndi ng model , t he equat i ons ar e

K,
_ [ DBDS] [ b3]

	

( Al )
[ b3- DBDS]

K82 __ [ b3- DBDS] [ DBDS]

	

( A)
[ b3- DBDS2] '

b3T = [ b3] + [ b3- DBDS] + [ b3- DBDS2] ,

	

( A3)

DBDST = [ DBDS] + [ b3- DBDS] + 2[ b3- DBDS2] ,

	

( A4)

wher e [ b3- DBDS] and [ b3- DBDS2] r epr esent al l conf or mat i ons of band 3 wi t h one

and t wo DBDS mol ecul es bound, r espect i vel y .

For t he i ndependent - si t e model , Eqs . A2- A4 ar e r epl aced wi t h

chl or i de ( 20- 150 mM) , t he di scr epancy bet ween st opped- f l ow and t emper at ur ej ump r esul t s

di sappear s ( J . A. Di x, A. S. Ver kman, and A. K. Sol omon, manuscr i pt i n pr epar at i on) . I n
t er ms of t he model pr esent ed above, t hi s coul d cor r espond t o an i ncr ease i n t he r at e of t he
bi mol ecul ar associ at i on, or equi val ent l y, a decr ease i n t he act i vat i on ener gy bar r i er caused by
t he pr esence of chl or i de. Thi s coul d occur i f chl or i de bi nds t o band 3 si mul t aneousl y wi t h
DBDS ( see Ver kman et al . , 1982) ; bound chl or i de may al t er t he band 3 conf or mat i onal st at e
t o r educe t he bi ndi ng act i vat i on ener gy .

K2e
[ b3] [ DBDS]__

'
( A5)

[ b3' - DBDS]

b3T = [ b3] + [ b3- DBDS] , ( A6)

WT = [ b3' ] + [ b3' - DBDS] , ( A7)

DBDST = [ DBDS] + [ b3- DBDS] + [ b3' - DBDS] , ( A8)
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wher e b3' i s t he second i ndependent si t e and K2' i s t he di ssoci at i on const ant f or

DBDS bi ndi ng t o b3 ' . K1' ' i s equal t o Ki gi ven i n Eq . Al . The t ot al band 3

concent r at i ons ar e measur ed i n uni t s of mi l l i gr ams per mi l l i l i t er ghost pr ot ei n ; t o
conver t t o mol ar uni t s, as needed t o det er mi ne b3T and b3T, an addi t i onal equat i on
i s used :

Temper at ur ej ump Cal cul at i ons

b3T = yb3T,

	

( A9)

wher e y i s a pr opor t i onal l y const ant and b3T i s t he measur ed concent r at i on of b3T i n
mi l l i gr ams of pr ot ei n per mi l l i l i t er . For t he cent r i f ugat i on exper i ment s, b3T, DBDST,
and [ DBDS] ar e measur ed . The syst em of Eqs . Al - A4 ( or A5- A8) and A9 can t hen

be sol ved t o obt ai n an expr essi on cont ai ni ng t hr ee unknown par amet er s, Ki , K2 ( or

Ki l ' e , K" e ) , and y. The cent r i f ugat i on dat a wer e f i t t ed usi ng a nonl i near l east - squar es

pr ocedur e t o obt ai n Ki , K2 ( or K s, K2 g ) , and y .

I n t he f l uor escence equi l i br i um bi ndi ng exper i ment s, t he measur ed par amet er i s

t he f l uor escence i nt ensi t y, F, whi ch cont ai ns cont r i but i ons f r om bound DBDS

( [ bound] ) , f r ee DBDS ( [ DBDS] ) , and scat t er i ng ( S) mul t i pl i ed by a cor r ect i on f act or ,

Q, whi ch cor r ect s f or DBDS sel f - quenchi ng and i nner f i l t er ef f ect s :

F = Q( a [ bound] + , l 3 [ DBDS] + S) + C,

	

( A 10)

wher e C i s i nst r ument al of f set and a i s t he f l uor escence i nt ensi t y of bound DBDS; P

and Q wer e det er mi ned by f i t t i ng t he f l uor escence i nt ensi t y of f r ee DBDS i n t he

absence of ghost s t o t he quadr at i c A [ DBDS] 2 + ~8 [ DBDS] + D. 8 i s t her ef or e t he
l i mi t i ng f l uor escence i nt ensi t y per [ DBDS] at l ow DBDS concent r at i ons and Qi s t he
cor r ect i on r at i o, f / ( # + A[ DBDS] ) . Qi s bet ween 0 . 99 and 1 . 00 f or [ DBDS] < 400
nMand i s - 0 . 85 at 4 I t MDBDS. S was det er mi ned f r oma di r ect measur ement of t he
f l uor escence i nt ensi t y of a ghost sol ut i on i n t he absence of DBDS and was l i near l y

cor r ect ed f or ghost di l ut i on as DBDS al i quot s wer e added . S i s mul t i pl i ed by Qi n Eq .
A10 because scat t er ed l i ght i nt ensi t y i s r educed by DBDS absor pt i on ; al l DBDS

ef f ect s on sel f - quenchi ng ar e assumed due t o absor pt i on of exci t at i on or emi ssi on l i ght .
The t ot al di l ut i on f or any gi ven t i t r at i on i s <3%.

The si x equat i ons Al - A4 ( or A5- A8) , A9, or A10 t hat descr i be t he f l uor escence
dat a can be sol ved ; t he measur ed val ues ar e b3T, DBDST, a, Q, S, and C, and t he
f our unknowns ar e Ki , K2 ( or Ki a, K2' ) , y, and a . At t empt s t o f i t t he f l uor escence
dat a by a nonl i near l east - squar es pr ocedur e wer e not successf ul because t he par amet er s
y and a wer e t i ght l y coupl ed . We t her ef or e f i xed y t o t he val ue obt ai ned i n t he
cent r i f ugat i on t echni que and f i t t he dat a wi t h t hr ee par amet er s t o obt ai n Ki , K2 ( or

K11 " , K2" ) , and a.
A second met hod can be used t o f i t t he f l uor escence dat a t hat does not r el y on t he

val ue of y . Thi s met hod i s appl i cabl e i n t he l i mi t of l ow ghost concent r at i on and was
used t o anal yze t he dat a i n Fi g . 3 . Eq . A4 or A8 can be r epl aced wi t h

[ DBDS] = DBDST.

	

( Al l )

The si x equat i ons descr i bi ng t he f l uor escence dat a can t hen be sol ved t o yi el d an
expr essi on cont ai ni ng t hr ee unknown par amet er s, Ki , K2 ( or Ki a, K2' ) , and a .

The r el axat i on expr essi ons f or t he sequent i al - bi ndi ng and i ndependent - si t e model s
ar e expl ai ned bel ow. Each der i vat i on assumes r api d equi l i br at i on f or al l bi ndi ng st eps
( unl ess ot her wi se i ndi cat ed) and a sl ow equi l i br at i on f or t he conf or mat i onal st ep
( Czer l i nski , 1966) . Each equat i on i s wr i t t en i n t he f or m - r - 1 = Ak2 + Bk- 2 wher e A
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and B ar e f unct i ons of t he equi l i br i um const ant s, [ DBDS] , and hi gh- and l ow- af f i ni t y

bi ndi ng si t e concent r at i ons . For t he i ndependent si t e model , t he hi gh- and l ow- af f i ni t y

si t es ar e b3 and b3' , r espect i vel y ; f or t he sequent i al model , t he hi gh- and l ow- af f i ni t y

si t es ar e b3 and b3* - DBDS. The r at e const ant s f or t he sl ow conf or mat i onal st ep, k2

and k_2 , wer e det er mi ned f r oma l east - squar es f i t of each equat i on t o t he t emper at ur e-

j ump dat a i n Fi g . 8 . [ DBDS] , [ b3] , and [ b3' ] wer e cal cul at ed as descr i bed i n t he

pr evi ous sect i on . The di ssoci at i on const ant s i n each model wer e hel d const ant at t he

val ues det er mi ned i n t he equi l i br i um bi ndi ng exper i ment . The l i nes t hr ough t he dat a

i n Fi g . 8 r epr esent best f i t s t o t he dat a, al l owi ng onl y k2 and k_2 t o var y f or each

model .

Sequent i al - Bi ndi ng Model

b3 F- y- - ~ b3- DBDS
_k2

b3 * - DBD

	

b3 * - ( DBDS) a
k- z

k2 1 +
[ DBDS] [ b3] - K1 a

	

+ k
l

	

_ 2 1 +
K2[ b3] [ DBDS] - b[ DBDS]

T- ' =
c

	

c

wi t h a = [ DBDS] + K3 + K2[ b3 ] [ DBDS] / Kl ; b = [ b3] + [ DBDS] + Ki ;

c = ( ab - K2[ b3] ) 2[ DBDS] / Ki

and K2 = k2/ k_2 ; Ki = K' , ( I + K2) ; K3 = K2/ ( 1 + 1/ K2) .

wi t h

I ndependent - Si t e Model

b3~- - >b3- DBDS
k2

b3 * - DBDS

	

b3' ' - b3' - DBDS
k' - 2

DBDS

	

DBDS

_I
=

	

; t [ DBDS] + [ b3 ] ( [ DBDS] + Ki ) / ( [ b3' ] + [ DBDS] + K2'
T

	

k2

	

[ DBDS] + [ b3] + KI , J + k` 2

( A12)

( A 13)

wi t h Kz = kz/ k' - 2 ; Ki ' 8
= Ki ( 1 + Kz) .

Ki g and K2" ' ar e t he obser ved hi gh- af f i ni t y

and l ow- af f i ni t y di ssoci at i on const ant s when equi l i br i um bi ndi ng dat a ar e f i t t ed t o

an i ndependent - si t e model .

St opped- Fl ow Cal cul at i ons

The di f f er ent i al equat i on f or t he sequent i al - bi ndi ng mechani sm was sol ved numer i -

cal l y ( Di x and Ver kman, 1982) ,

d[ b3* - DBDS]

dt

	

=
k2[ b3- DBDS] - k_2 [ b3* - DBDS] ,

	

( A14)

Ki = [ b3] [ DBDS] / [ b3- DBDS]

K3 = [ b3 * - DBDS] [ DBDS] / [ b3 * - ( DBDS) 2]

b3T = [ b3] + [ b3- DBDS] + [ b3 * - DBDS] + [ b3 * - ( DBDS) 2]

	

( A15)

DBDST = [ DBDS] + [ b3- DBDS] + [ b3 * - DBDS] + 2[ b3 * - ( DBDS) 2 ] ,

subj ect t o appr opr i at e i ni t i al condi t i ons . The obser ved f l uor escence, F( t ) , i s t he sum
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of t he f l uor escent component s wei ght ed by enhancement f act or s, ai ,

F( t ) = al [ b3- DBDS] + a2[ b3* - DBDS] + a3[ b3* - ( DBDS) 2] .

	

( A16)

al and a2 wer e t aken as uni t y and a3 = 2 . The exponent i al t i me cour se of a st opped-

f l ow exper i ment i s i ndependent of t he a val ues, si nce al l r eact ant s i n a coupl ed syst em

wi t h a si ngl e r at e- l i mi t i ng r eact i on have t he same r eact i on t i me cour se.

To f i t t he i exper i ment al t i me const ant s, Ti t OTi , t o t he best val ues f or k2 and k- 2,

i t was necessar y t o numer i cal l y gener at e a r eact i on t i me cour se f or each val ue of k2

and k- 2 . The r eact i on t i me cour se was t hen f i t t ed t o a si ngl e exponent i al of t i me

const ant T ; . The wei ght ed sumof squar ed di f f er ences bet ween Ti and T ; ,

2 =
(Ti

_ ' r i 2)

i ( OTi )
2

Recei vedf or publ i cat i on 18 May 1981 and i n r evi sedf or m 19 Oct ober 1982.
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