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ABSTRACT Band 3-mediated C1- exchange in human  red blood cells and resealed ghosts was measured at 38°C 
by the continuous flow tube method.  When external C1- concentrat ion,  C (°), is varied with constant internal C1- 

o concentrat ion,  C (i), the flux fits a simple Michaelis-Menten saturation curve (MM fit), with KI/2 = 3.8 2 0.4 mM. 
When the CI- concentrat ion is varied simultaneously at both sides of  the membrane  in resealed ghosts (C (i) = 
C(o) = C(i = o)), the flux rises toward a flat maximum between 200 and 450 mM C1-, and then decreases at very high 
C li=°). A n  MM fit to the data with C {i = o/ < 500 mM gives KI~ 2 of 106 + 13 mM; fits including modifier site inhibi- 
tion (MS fit) give an over threefold higher K~) 2. Despite this uncertainty, the intrinsic asymmetry of  unloaded 
transport sites, A (defined as E{°)/E I~) with C ~) = C °~, where E (i) is the fraction of  unloaded inward-facing sites and 
E ~°) is the fraction of  unloaded outward-facing sites), calculated from KIll2 and KI/°2, ranges only from 0.046 to 
0.107. A new method,  which uses the initial slope of  a plot of  C1 flux versus C ~i - °), gives A values of  0.023 to 
0.038. Flufenamic acid (FA) inhibits C1- exchange by binding to an external site different from the transport site. 
At 38°C, FA binds 24-36 times more  tightly to E ~°) than to E (i). Estimates of  A from FA inhibitory potency range 
from 0.01 to 0.05. All methods,  including bicarbonate data from the preceding paper, indicate that at 38°C, like 
0°C, far more  band 3 molecules are in the E 0/ than in the E ~°) form. The agreement  of  various methods supports 
the ping-pong model  for anion exchange, and demonstrates that the intrinsic asymmetry is very slightly, if at all, 
affected by temperature.  
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I N T R O D U C T I O N  

As m e n t i o n e d  in the p r eced ing  pape r  (Gasbjerg et al., 
1996), mos t  data  indicate  tha t  the one-for -one  an ion  
exchange  (Brahm, 1977; Hun te r ,  1971; Hun te r ,  1977) 
med ia t ed  by the red  b lood  cell p ro te in  known as b a n d  
3, c a p n o p h o r i n ,  o r  AE1 (Wieth and  Bjerrum,  1983; Ko- 
pito, 1990; Caban tch ik  and  Rothstein,  1974; Passow et 
al., 1974; T a n n e r  et al., 1988; Lux  et al., 1989) is accom- 
pl ished by a p ing -pong  m e c h a n i s m  (Gunn  and  Fr6h- 
lich, 1979;Jennings,  1982; Knauf, 1989;Jennings,  1992a). 
In this model ,  c a p n o p h o r i n  can exist in a f o r m  (E0~), 
in which the t ranspor t  site faces the inside o f  the cell, 
or  in a d i f ferent  f o r m  (Eco)), in which the t ranspor t  site 
faces the external  m e d i um .  Transi t ion f r o m  E ~°) to E (i) 

or  vice-versa only occurs  when  a t ranspor table  an ion  
such as C1 is bound .  Thus,  anions  are t r anspor ted  al- 
ternately in opposi te  directions,  resul t ing in a one-for- 
one  exchange  process. 

C a p n o p h o r i n  is structurally asymmetric ,  with differ- 
en t  segments  facing the inside or  outs ide o f  the cell 
(Passow, 1986; Knauf, 1986;Jennings ,  1992b). It is also 

Portions of this work have previously appeared in abstract form 
(Knauf, P.A., and J. Brahm. 1985. Acta Physiol. Scand. 124[Suppl. 
542]:155; and Knauf, P.A., andJ .  Brahm. 1986. Biophys.J. 49:579a). 
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funct ional ly asymmetric.  G u n n  and  Fr rh l i ch  (1979) 
showed that  at 0°C, the asymmetry  factor  A, def ined  as 
E{°)/E {i) for  C~I I = ~(?{°~cl,l is abou t  1/15.  Thus,  u n d e r  con-  
dit ions where  C~I = c ~°) abou t  15 times m o r e  u n l o a d e d  

CI ~ 

t ranspor t  sites are in the E0) fo rm than are in the E ~°~ 
form.  The  funct ional  asymmetry  o f  c a p n o p h o r i n  has 
been  d e t e r m i n e d  at 0°C in several o the r  studies for  
chlor ide  (for a review, see Knauf  and  Brahm,  1989) 
and  m o r e  recently also for  b ica rbona te  (Gasbjerg and  
Brahm,  1991). 

Accord ing  to the p ing-pong  model ,  A = kKo /k 'K i ,  

where  k and  k' are the rate constants  for  the transit ion 
f rom inward-facing to outward-facing,  o r  vice versa, and  
/~, and  /q are the true dissociation constants  for  sub- 
strate (e.g., C1-) b ind ing  at the outside and  inside re- 

1Abbreviations used in this paper: C O) or -¢~/)~:~, intracellular chloride con- 
centration; C ~°~ or CI~, extracellular chloride concentration; C ~ = o) or 
Cli~ o), chloride concentration when internal bichloride equals ex- 
ternal bichloride; FA, flufenamic acid; f#.°, actual unidirectional ef- 
flux (asymmetric conditions where C ~°~ varies) ; J ~ ,  maximum unidi- 
rectional effiux (asymmetric conditions where C (°/varies); J ~ ,  max- 
imum unidirectional effiux (symmetric conditions); Jqf.', actual 
unidirectional effiux (symmetric conditions); K1, selfqnhibition disso- 
ciation constant (symmetric conditions); KI) 2 , inside half-saturation 
constant (asymmetric conditions where C ~i~ varies); Kf/2 ,  outside 
half-saturatlon constant (asymmetric conditions where C ~°~ varies); 
K t)2, overall half-saturation constant (symmetric conditions); NMR, 
nuclear magnetic resonance. 
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spectively. The asymmetry can be due either to differ- 
ences between k and k', or between K o and/~,  or both. 

Regardless of which is the case, the ping-pong model 
predicts that the value of A should be independent  of  
the transported substrate. Gasbjerg and Brahm (1991) 
found that the values of  A calculated from chloride or 
bicarbonate data at 0°C were very similar (0.05-0.12), 
as predicted by the ping-pong model. 

In the present study, to see whether or not the asym- 
metry observed at 0°C persists under  more physiologi- 
cal conditions, we have determined A from measure- 
ments of  chloride transport at 38°C, performed with the 
continuous flow tube technique, which is well-suited to 
measure rapid transport processes (Brahm, 1977; 1989). 
Together  with the results of  the preceding paper (Gas- 
bjerg et al., 1996), these data allow us to test the predic- 
tion of  the ping-pong model that A should be the same 
for C1- as for H C O >  To further examine the model 's  
predictions, we have used the noncompetitive inhibi- 
tor, flufenamic acid (FA), to test the values of  A ob- 
tained by flux measurements. 

Theory 

For a simple ping-pong model, the saturation of the trans- 
port system with external C1- fits a Michaelis-Menten 
equation as follows: 

j~fto = j ~ o  C~,] / (K[/z  + C(~]). (1) 

An analogous equation is obtained for saturation with 
internal C1-. 

When C(c] and ~C(°ct are both varied in parallel, a simi- 
lar Michaelis-Menten saturation equation is obtained: 

jeff, s = j~ff~.~. C ~ l = O ) [  ( K I ~  + C ( ~ l _ O ) ) .  (2) 

If internal C1- inhibits transport by binding to a second 
"modifier" site (Dalmark, 1976; Knaufand Mann, 1986), 
the flux equation for a symmetrical variation of  chlo- 
ride concentrations becomes (Gasbjerg and Brahm, 
1991): 

jeff.s = j~ ,~ .  C~l = o) /[(K~/2 + C~t= o)). 

(1 + C~t=°) /K j ) ] ,  (3) 

where KI is the concentrat ion of  internal C1- required 
to half-saturate the modifier site. 

The asymmetry factor, A, is given by: 

a = K,~ 2 • (1 + K,/2/C~))/(KIS/2 - KI/2), (4) 

where C~I is the (constant) internal C1 concentration 
at which K112 is measured (Knaufand Brahm, 1989). 

In the case where Kt)  2 is difficult to determine, for 
example, because of  modifier site inhibition, an alter- 
nate approach can be used to obtain A as follows: From 
Eqs. A6a and A6b of  Gasbjerg and Brahm (1991): 
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K O/1efto = A ~  (E t • D) (5) 
l /2--  ~ max 

where Et is the total amount  of  band 3 present, and D is 
a combination of constants as defined in Gasbjerg and 
Brahm (1991). 

Similarly, under  symmetric conditions (C~I = C((°) = 
C((!~ o~), from Eq. A8a and A8b of Gasbjerg and Brahm 
(1991): 

K "  /le#:s (A + 1 ) / ( E  t O ) .  (6)  l / 2 ~  a ~mx = 

Combining Eq. 5 and 6, we can define R as: 

o ego  s efts R = ( K m / J ~ x ) / ( K m / J m o x )  = A ~  (A + 1). (7) 

Thus, we can solve for A in terms of  R: 

a = R / ( 1 - R )  (8) 

K[  / > ~  S2/.#,. . .  can be determined as follows: If  there is 
inhibition by C1- at an internal modifier site, Eq. 3 
gives f/f,* as a function of  C?:7 o/. As C(<{.t= o/ approaches 
zero, or more properly as long as C~{/= o/ ~ KIte and 
C~ F o) ~ K1, Eq. (3) becomes: 

j e f f ,  s = lef l ;s  t , - ~ ( i = O ) l l g  S 
. . . .  " ~ cl - "  I/2. (9) 

Thus, ~ ' / r4f, • W/2/dm~x can be determined from the recipro- 
cal of  the slope of  a plot o f fg ; '  as a function of  C~,~- o). 
The criterion for applicability of  Eq. (9) is that C(~:[ o)is 
low enough so t h a t f g  ;~ is linearly dependent  on C( U o). 

0 The values of  Kj/2 and ~,,,~,1~ ° can be obtained from 
saturation curves at any fixed value of  C(c"l. A problem 
arises, however, if high values of  C(cil are used, because 
self-inhibition by internal C1- reduces the observed 

o 14f, o 14f, o (meas), but does not affect the observed K~/2 d m a x  , a i i lax  

(based on the assumption that binding of  internal C1- 
to the modifier site is not  affected by the orientation of 
the transport site). Thus, 

. o  = l/j; oo 1 / J m L ( t r u e )  ( ( m e a s ) ) / ( 1  + C(~) /KI)  (10) 

so R in Eq. 8 should be divided by (1 + ~0 Cct /Ki )  in or- 
der to obtain the true value o fA  (Gasbjerg and Brahm, 
1991). In practice, this correction is somewhat difficult 
to apply, because of  the uncertainty in the value of KI. 

M A T E R I A L S  A N D  M E T H O D S  

Media 

The following media (mM) were prepared  from reagent  grade 
chemicals: A. 150 KCI, 0.5 KH2PO4; B. 165 KC1, 2 KHzPO4; C. 2-600 
KCI, 0.5-2 KH2PO 4 with ei ther sucrose, citrate-sucrose (Gunn and 
Fr6hlich, 1979), or gluconate to replace KCI below 150 raM. 

Preparation of  Red Blood Cells and  Ghosts 

Human red cells, which were drawn into heparin, were washed 
once in Medium A or B. 

Red blood cells. Red blood cells were titrated to pH 7.2 at 38°C 
with either CO 2 or 0.1 M KOH. The ceils were subsequently 
washed three additional times in the titrated stock solution, and 



resuspended to a hematocr i t  of --~50% for incubat ion with iso- 
tope (see below). 

Red cell ghosts. Red cell ghosts with various C~I were prepared  
as described previously (Gasbjerg and  Brahm, 1991; I~muf and  
Brahm, 1989). 

Inhibition 

Flufenamic acid (FA; Aldrich Chemical Co., Milwaukee, WI), dis- 
solved in ethanol,  was added to the effiux med ium at the desired 
concentrat ion.  When  FA was used in an experiment ,  all flux solu- 
tions conta ined a total of 1% ethanol.  FA was kept  in the dark 
and  the experiments  were per formed in dim light. 

Incubation with Isotope, and Determinations of  Radioactivity 
and  Cell Water Content 

The red cells or ghosts were incubated in medium C at the de- 
sired C~I ] with -%C1 (AEK, Riso, Denmark) ,  ~18  kBq (0.5 I~Ci) 
per  ml cell suspension at a cytocrit of  ~50%.  For FA fluxes, cells 
were incubated with 0.3 I*Ci/ml carboxylJ4C-FA (Research Prod- 
ucts Internat ional ,  Mount  Prospect, IL) in 150 mM CI- medium 
with 10 p.M FA and  1% ethanol.  The cells or ghosts were isolated 
by centrifugation at 20,000 rpm (Sorvall RC-5 centrifuge; DuPont  
Instruments-Sorvall Biomedical Div., Newtown, CT) in nylon 
tubes for de terminat ion  of tracer distribution and  cell water con- 
tent,  and in 6-ml tubes for effiux experiments  with the continu- 
ous flow tube method.  

The  radioactivity of the cells and  the supernatant  was deter- 
mined by liquid [3-scintillation spectrometry after precipitation 
with 7% (vol/vol) perchloric acid. The  radioactivity of  cell-free 
filtrates and  centrifuged "infinity" samples from the effiux exper- 
iments  (see Determination of the Efflux Rate section) was measured 
without  a preceding precipitation. 

Determinat ion of water con ten t  was carried out  in red cells by 
drying a cell sample to constant  weight (Dalmark and Wieth, 
1972), and  in ghosts by Coulter  count ing  (Coulter Counter  
model  DN; Coulter  Electronics, Inc., Hialeah, FL), correct ing for 
t rapped extracellular volume (2% in red blood cell samples and  
8% in red cell ghost  samples). 

Curve Fitting 

The fitting of mathematical  functions describing simple Michae- 
lis-Menten kinetics (MM, Eqs. 1 and  2) or with inclusion of a 
modifier  site (MS, Eq. 3) to the experimental  data was performed 
using nonl inear  least-squares regression analysis with Sigmaplot 
(Jandel Scientific, Corte Madesa, CA). IC~ 0 values were deter- 
mined from a nonl inear  fit of the equat ion for hyperbolic (single 
site) inhibi t ion to the flux versus inhibi tor  concentra t ion data, 
using ei ther  Enzfitter (Elsevier Biosoft) or Sigmaplot. Lines on 
reciprocal plots were drawn using the parameters  from these 
nonl inear  fits. Error values are SEM. 

R E S U L T S  

Strategy for  Determination of  the Asymmetry Factor, A 

A n  e x p e r i m e n t a l l y  s t r a i g h t f o r w a r d  way (The0ry, Eq.  4) 

to  m e a s u r e  A is to  k e e p  C~I I c o n s t a n t  a n d  va ry  C~;] to  de -  

t e r m i n e  K1°/2, a n d  t h e n  to  va ry  (7 (i) a n d  C, (°) ( C ( ~  0)) si- 
Cl  ~ CI  

m u l t a n e o u s l y  to  o b t a i n  t h e  s y m m e t r i c  h a l f - s a t u r a t i o n  

c o n s t a n t  g/ /2 .  As C((°] is v a r i e d ,  a p r o p e r  s u b s t i t u e n t  

m u s t  b e  u s e d  i n  o r d e r  to  m a i n t a i n  c o n s t a n t  o s m o l a l i t y  

a n d  ce l l  v o l u m e .  W h e n  C(~:y 0) va r i e s ,  i o n i c  s t r e n g t h  a l so  

var ies .  B o t h  f a c t o r s  s h o u l d  b e  c o n s i d e r e d  as p o t e n t i a l  

s o u r c e s  o f  e r r o r  in  d e t e r m i n i n g  A. 

Internal Chloride Is Constant, Exteqvml Chloride Varies 

Fig. 1 s h o w s  t h e  C1 e x c h a n g e  f l u x e s  c a l c u l a t e d  f r o m  

c o n t i n u o u s  f low t u b e  m e a s u r e m e n t s  o f  C1 e x c h a n g e  

r a t e  c o n s t a n t s  i n  i n t a c t  r e d  cel ls  w i t h  a n  a v e r a g e  C~I 

((C~II)) o f  105 .4  m M  s u s p e n d e d  i n  m e d i a  w i t h  d i f f e r e n t  

C ~  a t  p H  7.2, w i t h  s u c r o s e  r e p l a c i n g  C1-.  T h e  C1 f l ux  

s a t u r a t e s  a t  r e l a t ive ly  low C ~ ,  a n d  t h e r e  is n o  i n d i c a -  

t i o n  o f  a d e c r e a s e  i n  f l ux  a t  ve ry  h i g h  (7(") c~, as a t  0°C 

Determination of the Efflux Rate 

All experiments  were carried out  by means of the cont inuous  
flow tube me thod  (Brahm, 1977; 1989) by measuring the rate of 
the unidirect ional  effiux of 3'~C1 from preloaded cells into iso- 
tope-free medium C at a hematocr i t  of--<0.5%. Rate constants for 
exchange were calculated from a two compar tmen t  model,  as 
previously described (Brahm, 1977; Gasbjerg and  Brahm, 1991; 
IOlauf and Brahm, 1989). In experiments  with high internal  and  
very low external  chloride concentrat ions (C~  < 5 raM), the 
measured exchange rate constant  was adjusted according to the 
amoun t  of C1 in the internal  and  external  compar tments  as pre- 
viously described (Knauf et al., 1989). 

The unidirect ional  effiux of radioactively labeled chloride, Ji* 
(mol cm -2 s-l) ,  is defined by: 

* = * v / a  .c(i)* * ~i)* (11) Jcl kct " ci = Pcl " Cot " 

where k* (s - l )  is the rate coefficient for tracer effiux, V, (cm s) is 
the cell water volume, A, is the cell m e m b r a n e  area (1.42 • 10 -6 
cm 2 per  cell, see Brahm (1982)), t"(°* is the cell tracer concentra-  CI 

tion (mol cm 3), and ~ is the tracer permeabili ty (cm s l). Un- 
der  the assmnption that  the anion  t ransporter  does not  distin- 
guish between s~Cl- and  C1 u n d e r  a given set of conditions, we 
used ~ to calculate the unidirect ional  effiux of non-radioactive 
chloride, j~J7~ 
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FIGURE 1. Unidirectional chloride effiux from intact red cells at 
38°C as a function of external CI-. Flux was determined as de- 
scribed in MATERIALS and METHODS. The pH was 7.2, and sucrose 
was used to replace CI . The average C~ ) was 105.4 _+ 6.3 mM (n = 
22). The solid line represents a Michaelis-Menten (MM) fit (Eq. 1) 
to the data, with ~ o  = 47.7 nmol  cm 2 s-I and Kl~2 = 4.04 raM. 

579 KNAUF ET AL. 



60 

5O 
T 

09 

? 4-0 

E 
tO 

30 

E 
20 

10 

o 

o 8 8 
............................. 

,. I 8 " 

0 

i I i i i i i 

2 5  5 0  7 5  100 125 150 175 

C (°) (mM) 

FIGURE 2. Dependence of unidirectional CI- effiux on external 
C1 concentration in cells with constant external ionic strength or 
in ghosts. Conditions as in Fig. 1. Open circles represent data for 
intact cells ((?(z) = 104.6 + 6.5 raM, n = 13) with gluconate substi- ~--Cl  

tuted for external C1-; open squares are with citrate-sucrose replac- 
ing CI-, and solid circles are for ghosts (C~:] = 174.7 -+ 4.5 raM) 
with sucrose replacing external C1 . The solid line represents the 
MM best fit to the intact cell data with gluconate replacing exter- 
nal C1 , with ~:,~ = 49.0 nmol cm -z s 1 and KI~ 2 = 3.42 mM. The 
dashed line shows the best fit to the intact cell data with sucrose re- 
placing external CI-, from Fig. 1. 

(Gasbjerg and  Brahm,  1991). A n o n l i n e a r  least squares 
fit to the Michael i s -Menten  (MM) equa t i on  (solid line) 
gives .,m~l(f'° of  47.7 _ + 1.2 n m o l  cm -2 s -1 and  K1°/2 of 

4.04 + 0.55 mM. 
In  Fig. 1, there  is a cons iderab le  decrease in ionic 

s t rength  at the lowest values of  t~ (°~ which migh t  alter 
C l '  

Kl]2. To  avoid this, in  Fig. 2 g lucona te  was used to 
m a i n t a i n  cons t an t  ionic s t rength  when  C(c~ was varied. 
The  MM fit in  this case (solid line) gives j~f,o of  49.0 

(-+1.5) n m o l  cm -z s -1 and  Kl°/2 of  3.42 (+0.95)  mM, 
very similar  to the values o b t a i n e d  with sucrose replac- 
ing  C1- (dashed line, showing best  fit f rom Fig. 1). 

At 0°C g lucona te  inhibi ts  C1 exchange ,  p robab ly  by 
a compet i t ive  mechan i sm,  with a dissociat ion cons t an t  
for b i n d i n g  to the external-facing t ranspor t  site of  abou t  
50 mM (Knauf  a n d  Mann ,  1986). To see whe the r  or 
no t  g lucona te  significantly inhibi ts  C1 exchange  at 

38°C, C1- effiux was m e a s u r e d  at 1.5, 5, or  70 mM C(c], 
with sucrose or  g lucona te  rep lac ing  C1 . At 5 a nd  70 

mM c~(°) cl, n o  s ignif icant  i nh ib i t i on  was seen with g lucon-  
ate >100  mM; for 1.5 mM C ~°~ the a p p a r e n t  IC50 (con- 

- -  C1 ' 

cen t ra t ion  which gives half- inhibi t ion) was 450 (-+ 140) 
mM. As the c o n c e n t r a t i o n  of  g lucona te  in  the m e d i u m  
never  exceeded 149 mM, inh ib i t ion  by g luconate  should 
no t  significantly affect the fluxes at C(c) -> 5 mM. 

T h e  o p e n  squares show results in which 25 mM ci- 
trate, toge ther  with sucrose, was used to m a i n t a i n  ionic  
s t rength  ( G u n n  a n d  FrShlich,  1979). Again,  the fluxes 

are very similar  to those with sucrose or g luconate .  
Thus,  changes  in  ex te rna l  ionic  s t rength  seem to have 

o no  substant ia l  effect on  C1- exchange  or on  K1/2. Be- 
cause there  were no  a p p a r e n t  differences be tween  the 
data  with g lucona te  or citrate subs t i tu t ion  and  those 
with sucrose, the data  sets can  be c ombi ne d .  The  MM 
fit to all of  the cell data, with (C~I) of  105.9 __- 7.1 mM 
(n = 24), gives j ~ o  of  48.2 -+ 1.0 n m o l  cm -z s - l  and  

K112 of  3.83 _+ 0.44 mM. 
To ensu re  that  the externa l  C1- sa tura t ion  data  for 

in tact  cells can be c o m p a r e d  with the data  for t~ (i) = 
v C l  

C(~] = C(i~ °), which were o b t a i n e d  with resealed red 
cell ghosts, in  Fig. 2 we c o m p a r e d  the C (°) sa tura t ion  in  

Cl 

ghosts (with c (i) = 174.7 + 4.5 mM, solid circles) with 
C l  

the data  for cells (0pen circles a nd  best-fit lines). Al though  
there  are fewer data poin ts  for ghosts, a MM fit gives 
] ~  of 45.3 (_+1.8) n m o l  c m - 2 s  1 a nd  K1~2 of 3.01 

(_+1.03) mM, very similar  to the pa ramete r s  ob t a ined  
with in tact  cells. Thus ,  at 38°C, as at 0°C ( F u n d e r  and  
Wieth,  1976), the absence  of  in t race l lu la r  cons t i tuen ts  
such as ATP f rom resealed ghosts seems to have no  sig- 
n i f icant  effect on  a n i o n  exchange .  

To  be sure that  valid compar i sons  could  be made  
with the b i ca rbona te  data f rom the p r e c e d i n g  pape r  

(Gasbjerg et al., 1996), which were ob t a ined  at the 
slightly h ighe r  p H  of  7.8, we also m e a s u r e d  the depen-  
dence  of  C1- exchange  on  ex te rna l  C1 in resealed 
ghosts at this pH (Fig. 3). The  best  fit to the MM equa- 
t ion (solid line) gives j~ ;o  of  54.0 (+1.5)  n m o l  cm -2 s ! 
a nd  K1~2 of  4.10 (-+0.55) mM. The  similarity of  these 
values to those at pH 7.2 indicates  that  the t ranspor t  
system is h o m o g e n e o u s  with respect  to t i t ra t ion state 

within this pH range  at 38°C. 
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FIGURE 3. Effect of external C1- concentration on unidirectional 
C1- effinx from resealed ghosts at pH 7.8. Conditions are similar to 
those for ghosts in Fig. 2, except that the pH was 7.8. The solid line 
represents the best fit of the MM equation (Eq. 1) to the data. Pa- 
rameters for the fit are given in the text. 
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c h l o r i d e  c o n c e n t r a t i o n .  F r o m  t h e  resul t s  in  Fig.  4 A it  is 

a p p a r e n t  t h a t  t h e  c o n c e n t r a t i o n  o f  C1- r e q u i r e d  to  sat- 

u r a t e  t h e  t r a n s p o r t  sys tem is m u c h  l a r g e r  u n d e r  t h e s e  

c o n d i t i o n s  t h a n  w h e n  C([~ a l o n e  is va r i ed .  Also ,  pa r t i cu -  

lar ly  at  C~l = 0) > 500 raM,  t h e  f lux  d e c r e a s e s  wi th  in-  

c r e a s i n g  C1- c o n c e n t r a t i o n .  

I f  we a t t e m p t  to  f i t  a s i m p l e  M M  e q u a t i o n  to t h e  d a t a  

in  Fig. 4 A (solid line), t h e  f i t  is n o t  ve ry  g o o d  a n d  a 

v a l u e  o f  60 -+ 12 m M  is o b t a i n e d  f o r  KlS/2, with  J~:Z o f  
55 _+ 3 n m o l  • c m  -2 • s -1. U s e  o f  t h e  m o d i f i e r  si te (MS) 

e q u a t i o n  gives a s l ight ly  b e t t e r  f i t  (dashed line), with  

K1~/2 o f  272 m M ,  KI ( fo r  b i n d i n g  to t h e  m o d i f i e r  s i te)  o f  

273 m M ,  a n d  J~f'~ o f  192 n m o l  • c m  -2 • s -1, b u t  t h e  l i ne  

fits p o o r l y  to t h e  p o i n t s  > 5 0 0  m M  a n d  t h e  s t a n d a r d  er-  

ro r s  fo r  t h e  p a r a m e t e r s  a r e  e n o r m o u s .  A m o d e l  in  

w h i c h  C1- b i n d s  to  t h e  m o d i f i e r  s i te  o n l y  w h e n  C1- is 

b o u n d  to t h e  t r a n s p o r t  si te (CMS)  a lso  gives a p o o r  fit, 

wi th  very  l a rge  p a r a m e t e r  e r ro r s .  A n u m b e r  o f  o t h e r  

m o d e l s ,  t ha t  i n c l u d e d  pa r t i a l  i n h i b i t i o n  o r  m o n o m e r -  

m o n o m e r  i n t e r a c t i o n s ,  a lso f a i l ed  to f i t  t h e  h i g h  C1- 

data .  I t  s e e m s  t h a t  t h e  s h a r p  d r o p  in  f lux  at  C~.[ o) 

> 500 m M  ( w h i c h  is s tat is t ical ly s ign i f i can t ,  P < 0.01 

c o m p a r e d  to t h e  d a t a  f r o m  200 to  500 m M )  c a n  o n l y  be  

e x p l a i n e d  by a m o d e l  in  w h i c h  smal l  c h a n g e s  in C ~ f  0) 

in t h e  r e g i o n  > 5 0 0  m M  h a v e  a ve ry  l a rge  e f f e c t  o n  

T A B L E  I 

Determination of Asymmetry from K~ 2 and Kl~2 

Data  KL}~ (raM)* Jq.~,',,/K~) z A: 1 / A  NSSRIt 

MM fits: 
FIGURE 4. Dependence of C1- exchange flux on CI concentra- 

All 60 ± 12 tion under symmetric conditions (C'~ = C °) = C i = o)). Fluxes were 
<500 106 +_ 13 

measured at 38°C and pH 7.2 in resealed ghosts as described in <300 128 _+ 20 
MATERIALS AND METHODS. (A) The solid line represents a least <200 165 +_ 32 
squares best fit to all of the data with the MM equation (Eq. 2), <150 395 +_ 173 
with K//2 = 60 -+ 12 mM and J , ~  = 55.1 _+ 2.9 nmol cm -e s -l, MS Fits: 
while the dashed line shows the best fit to the MS equation (Eq. 3), All 2713 
with K~) 2 = 272 mM,/~  = 273 mM, and J,~/,'~ = 192 nmol cm -~ K~ = 273~ 
s -1. (B) Best fit lines are shown for the data with C i - o) < 500 mM <500 3753 
for the MM model (solid line: K1) 2 = 106 -+ 13 mM and J£~;! = /~ = 3703 
72.0 + 3.3 nmol cm -~ s-I), for the MS model (short dashed line: CMS Fits: 
Kj) 2 = 375 mM, K~ = 370 mM and J ~  = 216 nmol crn -2 s l, all All 1,9133 
with SEM > the parameter values), and for a model (CMS) in K I = 313 
which C1- binds to the modifier site only when CI- is bound to the <500 334 +_ 136 
transport site (long dashed line: KI) 2 = 334 _+ 136 mM, K~ = 297 _+ K~ = 297 ± 158 
158 mM, and J , ~  = 167 + 53 nmol cm 2 s-I). 

Symmetric Variation of Internal and External Chloride 

T h e  o t h e r  p i e c e  o f  i n f o r m a t i o n  n e e d e d  to c a l c u l a t e  t h e  

a s y m m e t r y  f ac to r ,  A (see  Eq.  4) is KI)2, t h e  c o n c e n t r a -  

t i o n  o f  C1 w h i c h  ha l f - sa tu ra t e s  t h e  t r a n s p o r t  sys tem 

w h e n  C~I = C(c~ = C~. t- ok T h i s  was d e t e r m i n e d  by p re -  

p a r i n g  r e s e a l e d  r e d  ce l l  ghos t s  w i th  d i f f e r e n t  C~I, a n d  

t h e n  m e a s u r i n g  C I -  e x c h a n g e  in  m e d i a  wi th  t h e  s a m e  

0.915 0.107 9.4 83.5 
0.678 0.075 13.3 46.6 
0.618 0.068 14.7 46.4 
0.555 0.061 16.4 37.4 
0.473 0.046 21.6 23.9 

0.706 0.051 19.6 60.4 

0.576 0.047 21.3 40.7 

0.449 0.038 26.1 50.3 

0.500 0.048 20.8 39.6 

*De te rmined  f rom the  da ta  ranges  (in mM CI-) us ing  Eq. 2 for  MM fit 

a n d  Eq. 3 for  MS fit. For  the CMS fit, a s suming  tha t  CI- b inds  to the  mod-  

ifier site only when  CI- is b o u n d  to the  t r anspor t  site, the fol lowing equa-  

t ion was used  to fit the  data:  

r jeff.~max = Jeffs / ( l + KI/2/  C(' = °) + C(Z = °) / K I)" 

: D e t e r m i n e d  f rom Eq. 4 in Theory, us ing  Ki) 2 = 3.83 mM for  .(i~ Col = 105.9 
raM, o b t a i n e d  by f i t t ing all o f  the  in tact  cell da ta  to the  MM equa t ion  (Eq. 

1). 3Standard  e r rors  d e t e r m i n e d  with S igmaplo t  were  l a rger  t han  the pa- 

r a m e t e r  values. [[Normalized sum of  squares  of  residuals,  o b t a i n e d  by tak- 

ing  the  square  roo t  o f  the  sum of  the squares  o f  the  di f ferences  be tween  

the expe r imen t a l  a n d  ca lcu la ted  values for  each  point ;  m i n i m u m  value in- 

dicates  best  fit. 

5 8 1  KNAUF ET AL. 



60 

5o 
i 

eq 
i 4o 

E 
0 

30 
-6 
E 

20 

10 

0 
0 

0 ~- ' "  

2~ 5o 75 ~oo ~2s  

C (i=°)  ( m M )  

FIGURE 5. Effect of symmetric variation of C1 concentration on 
C1- exchange flux at low C1- concentrations. The same data for 
red cell ghosts shown in Fig. 4 are fitted to straight lines with a zero 
intercept in the range of low C1 concentrations. For the data with 
L x°) -< 105 raM, the best fit is shown by the solid line, whose slope is 
0.421 - 0.012 nmol cm -2 s 1 raM-l; for C x°/ ---< 70 raM, the best fit 
is shown by the dashed line, with slope of 0.402 +- 0.013 nmol cm -2 
s -1 mM -1. Fits without assuming a zero y-intercept gave similar 
slopes, 0.436 ___ 0.020 and 0.409 +_ 0.025 nmol cm -2 s -1 mM -1, re- 
spectively, with y-intercepts of -0.82 -+ 0.87 and -0.25 -+ 0.78 
nmol cm -2 s -1, neither of which was significantly different from 
zero. 

t ranspor t .  As such effects are difficult  to mode l  a n d  
have little re levance to the behavior  of  the system in the 

range  of  lower C1- concen t ra t ions ,  we chose to fit the 
mode l  to the data in  the range  f rom 0 to 500 mM, ex- 

c lud ing  the poin ts  at very h igh CI-. 
If  we l imit  the data  to Cu~ 0) < 500 mM (Fig. 4 B), a 

MM fit gives J ~ ,  of  72 + 3 n m o l  • cm -2 • s -1, KlS/2 of  

106 + 13 mM (solid line), with a no rma l i zed  sum of  
squares of  residuals  (NSSR) of  46.6. Ei ther  the MS 

(short dashes) or the CMS (long dashes) models  give 
slightly lower NSSR (40.7 or 39.6, respectively), bu t  the 
l ines are a lmost  ind i s t ingu ishab le  f rom the MM fit 
t h r o u g h o u t  mos t  of the data range  (Fig. 4 B) a nd  the 
p a r a m e t e r  value errors are > 3 0 %  of  the values (Table  
I). Thus ,  the evidence  that  s ignif icant  modi f ie r  site in- 
h ib i t ion  exists at C~F o) < 500 mM is weak. Gasbjerg 
a n d  Brahm (1991) avoided the p r o b l e m  of  h igh C~l = o) 
i n h i b i t i o n  by f i t t ing the s imple MM equa t ion  to a more  
restr icted data  range,  where  modi f ie r  site effects are 
less apparen t .  Table  I a n d  Figs. 4 A and  5, however, 
show that  as the range  of  C~i:t = o) decreases,  there  is little 
curvature  in the plot  of  flux versus C~!./= 0) so increas- 
ingly large K1}2 values are ob ta ined ,  soar ing  to absurdly 
h igh (>1  M) levels when  C~/= 0) is restr icted to 0-110  
mM. For this data  set, it seems impossible  to specify a 
data  range  for which a "true" value of K1~2 is ob ta ined .  
Perhaps  the only safe th ing  that  can  be said is that  K~}2 
mus t  be at least as large as the lowest value in Table  I. 

Determination of Asymmetry Factor, A 

It migh t  be t hough t  that  the difficulties in  m e a s u r i n g  

K1)2 precisely would  p rec lude  the possibility of  deter-  
m i n i n g  A, since A d e p e n d s  o n  K1~2 (see Theory sect ion) .  

However,  when  K1"/2 >> K1~2, the d e p e n d e n c e  of  A on  
K1~2 is weak. As shown in  Table  I, despi te  the large vari- 
at ions in  K152, the calculated values of  A range  only 
f rom 0.046 to 0.107. Thus,  at body t e mpe ra tu r e  the 
asymmetry  in  u n l o a d e d  site d i s t r ibu t ion  seems to be 
similar  to that  at 0°C, with at least 10 times as m a n y  sites 
facing inward  as facing outward  (Knauf  a n d  Brahm,  
1989; Gasbjerg a n d  Brahm,  1991). 

As descr ibed  in  the Theory section,  a d i f ferent  ap- 
proach  can be used to d e t e r m i n e  A, wi thout  r equ i r i ng  
a precise value of  KlS/2 . If  C~7 ol ~ 1(1,/2 a n d  KI, the plot  
o f J  ~,s versus C~7 0) is near ly  l inear  with a slope equal  to 
j ¢ f , / v ,  Fig, 5 shows l inear  fits to the data  for ghosts max / *Xl/2 " 

with symmetrical  C1- concen t ra t ions  for C~F 0) < 70 mM 

or -< 105 mM. In  both cases, l inear  fits with a zero y-inter- 
cept are very good  (dashed or  solid lines, respectively), 
with slopes of  0.402 or  0.421 n m o l  • cm -2 • s -1 • m M - L  
If  the y- intercept  is no t  cons t r a ined  to be zero, similar 
fits are ob t a ined  with y- intercept  values which are nega-  
tive, bu t  no t  significantly d i f fe rent  f rom zero. 

The  reciprocal  of  the slope, c o m b i n e d  with the val- 
ues of  KI~ 2 a nd  am~xFff'" o b t a i n e d  f rom the expe r imen t s  in 
which C (°l was varied, was used to calculate the A values CI 

shown in  Table  II (see Theory). The  A values for all com- 
b ina t ions  of  the m e a s u r e d  paramete rs  fall in a very nar-  
row range,  f rom 0.029 to 0.038, i nd ica t ing  that  there  
are 26 to 35 times as m a n y  inward-facing as outward-fac- 
ing  empty  t ranspor t  sites. If  the effects on  j ~ o  of  self- 

T A B L E  I I  

Determination of Asymmeto; from Kt~2 / jfffo and K,}2 / J,~I/,~ 

K /'/J,l~'/x Source  J~;'./K,'/2 * Source  A: 1 / A  

0.079 All cell 0 .436 C ~il <- 105 0.0358 28.9 
da ta  (0.0278)~ (36.0) 

0.402 C~') --< 70 0.0330 30.3 
y-int = 0 (0.0256) (39.1) 

0.070 Glucona te  0.436 C~') ~< 105 0.0314 31.9 
data only (0.0244) (41.0) 

0.402 C ~il --< 70 0.0289 34.6 
y-int = 0 (0.0225) (44.5) 

0.085 Sucrose 0.436 0 i) <- 105 0.0383 26.1 
data only (0.0296) (33.7) 

0.402 C u~ --< 70 0.0352 28.4 
y-int = 0 (0.0273) (36.6) 

*From slope o f  p lot  o f f / f '  versus cUo ' ° ,  as in Fig. 5, d e t e r m i n e d  by l inear  

regress ion for  the  da ta  r ange  shown.  Fits with the  y- intercept  f ixed at  0 are  

ind ica ted  by y-int = 0. T h e  values chosen  r ep re sen t  the ex t remes  of  the 

slopes d e t e r m i n e d  with d i f ferent  f i t t ing condi t ions .  **Calculated f rom Eq. 

8 as descr ibed  in Theory. ~Corrected for  modi f i e r  site inhibi t ion  as de- 

scr ibed in Theo U (Eq. 10), us ing  the  observed m e a n  C~i]and K / = 376 raM. 
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Inhibition by Flufenamic Acid at 38°C 

Fig. 6 A shows a semi logar i thmic  p lot  o f  36C1 efflux at 
38°C f r o m  cells with 101.8 mM C~I a nd  150 mM C(~. 
The  slope o f  the best-fit s t raight  line is equal  to the 
ra te-constant  for  36C1 exchange .  T h e  o p e n  circles repre-  
sent  con t ro l  cells and  the o p e n  triangles are for  cells 
su spended  in m e d i u m  with 10 ~M FA. C1- exchange  is 
s trongly inhib i ted  in the p resence  o f  FA, bu t  the ICs0 is 
7.6 ~M, over 10-fold h ighe r  (less po ten t )  than  at 0°C. 

Sidedness of FA Inhibition 

Because FA has only a single c ha rge d  group ,  which is a 
carboxylic acid, it, like o the r  weak acids (Deuticke,  
1982; Roths te in  et al., 1974), may  cross the red  b lood  
cell m e m b r a n e  in the u n c h a r g e d  acid form.  Thus,  the 
inhibitory FA binding site might  face either the cytoplasm 
or  the external  med ium.  Some evidence  at 0°C favors 
an  external-facing site on  b a n d  3, because  SITS (4-ace- 
tamido-4'-isothiocyano-stilbene-2,2'-disulfonate) and  FA 
c o m p e t e  for  b ind ing  (Cousin a nd  Motais, 1982) and  it 
is known  that  SITS binds to an external  site. 

To  investigate the location o f  the FA site, we used 
14C4abeled FA to measure the rate at which FA crosses the 
membrane .  The  results, shown in Fig. 6 B, demonstra te  
that FA equilibrates rapidly across the membrane ,  regard- 
less o f  whether  or  no t  nonradioactive FA is present  at the 
opposite side, with a half-time of  19.2-21.5 ms. 

Despite  this rapid  equi l ibra t ion rate, FA does no t  
equil ibrate  comple te ly  by ~ 5 0  msec,  the t ime o f  the 
second  C1- flux sample  (Fig. 6 A) and  there fore  the 
first t ime at which C1- flux can be measured .  I f F A  were 
act ing at an intracel lular  site, the 36C1 efflux (propor-  
t ional to slope) m e a s u r e d  f r o m  the first two o p e n  trian- 
gles in Fig. 6 A, where  cells are first exposed  to FA at 
t ime zero o f  the effiux measu remen t ,  should  be larger  
than  the C1- effiux seen when  cells are p re t rea ted  with 
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inhibi t ion by in ternal  CI-  are taken into a c c o u n t  (Eq. 
10), the values o f  A are somewha t  lower, r ang ing  f r o m  
0.023 to 0.030. Thus ,  the asymmetry  o f  u n l o a d e d  sites 
m e a s u r e d  in this way is at least as p r o n o u n c e d  as at 0°C. 

Use of Flufenamic Acid (FA ) to Test the Value of A 

At 0°C with 150 mM C(~F 0), 0.5-0.6 txM FA half-inhibits 
C1- exchange  (Cousin and  Motais, 1982; Knauf  et al., 
1989). FA does no t  compe te  with C1- for  b ind ing  to the 
t ranspor t  site, bu t  its b ind ing  affinity is affected by the 
confo rma t ion  of  the t ranspor t  site (inward o r  outward- 
facing, u n l o a d e d  or  loaded  with substrate) (Knauf  et al., 
1989), making  it a "mixed" inhibitor.  T he  E (°) fo rm has a 
3.7-fold h igher  affinity for  FA than does the E (i) fo rm 
(Knauf  et al., 1989). If  FA affinity is also sensitive to 
t ranspor t  site confo rma t ion  at 38°C, FA can be used to 
test the value o f  A, as well as the p ing-pong  mode l  itself. 

FIGURE 6. (A) ~CI efflux with or without FA. Cells had 101.8 _+ 
5.4 mM C'3 and were suspended in media with 150 mM C ~°) at 
38°C, pH 7.2. (Circles) no FA in medium; (triangles) 10 ~M FA in 
medium. Solid symbols indicate that the cells were loaded with 36C1 
for -->5 min in medium containing 10 tzM FA. All flux media con- 
tained a total of 1% ethanol, the solvent used to dissolve FA. The 
cpm of 36C1 in the medium (at) is plotted in a logarithmic fashion 
against time (see MATERIALS AND METHODS) SO that the slope is 
equal to the rate constant for C1 efflux; ~ = cpm at time zero; 
a~ = cpm after isotope equilibration. (B) ]4C-FA efflux with or 
without FA in the medium. (Solid circles) no FA in medium; (solid 
triangles) 10 txM FA in medium. Conditions identical to those in A, 
except that cells were loaded with 14C-FA instead of 36C1, as de- 
scribed i n  MATERIALS AND METHODS.  

FA, as in the solid triangles o f  Fig. 6 A. The  fact tha t  the 
36C1 efflux is nearly l inear  in bo th  cases and  is n o t  m o r e  
inhibi ted  with FA p re t r ea tmen t  argues that  the site o f  
FA inhibi t ion faces the external  med ium.  

Mechanism of Inhibition by FA at 38°C 

A l t h o u g h  FA is a mixed  inhib i tor  at 0°C, we wished to 
verify this at 38°C, part icularly because  in some  ways FA 
resembles  a compet i t ive  inhibi tor  at this t empera ture .  
For  a compet i t ive  inhibitor ,  the x- intercept  o f  a p lo t  o f  
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FIGURE 7. D e p e n d e n c e  o f  IC50 for FA inhib i t ion  o f  C1- e x c h a n g e  
on  C (°) with cons t an t  C ~). Cells with Cu) o f  110 m M  (solid circles) or  
ghosts  with 6x ~) o f  177 m M  (open circles) were s u s p e n d e d  in m e d i a  
with various FA concen t ra t ions ,  a n d  the  concen t r a t i on  o f  FA that  
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FIGURE 9. Dixon  plot  o f  effects o f  FA on  unid i rec t ional  Cl -  ef- 
flux with cons t an t  C 0~ a n d  d i f fe rent  C (°). Intact  cells with 111.8 + 
9.2 m M  6x,3 were s u s p e n d e d  in m e d i a  with d i f ferent  concen t ra -  
t ions o f  FA and  with e i the r  6.6 m M  (solid circles) or  150 m M  (open 
circles) C ~°~, with sucrose  rep lac ing  C1-. T e m p e r a t u r e  was 38°C a n d  
p H  was 7.2. T h e  x-value o f  the  in tersect ion po in t  o f  the  l ines for 
d i f fe rent  C ~°) (each d e t e r m i n e d  by n o n l i n e a r  fits to the  flux versus 
[FA] data  as descr ibed in MATERIALS AND METHODS) is equal  to the  
negat ive o f / ~ ,  the  dissociat ion cons t an t  for FA b ind in g  to E ~"), 
which  is 0.37 I*M. 

ICs0 versus C(c] (Fig. 7) should be equal to - K~2 (Re- 
strepo et al., 1991). The  data for the two lowest C(c~ for 
cells or  ghosts fit this predict ion well: for cells the 
x-intercept is - 3 . 5  mM, and for the ghost and cell data, 
the x-intercept is - 1 . 9  mM, both  close to the negative 

of  the K1] 2 obtained unde r  similar circumstances, 3.01 
mM for ghosts or 3.83 mM for cells. Thus, at low c (°) 
the ICs0 for FA behaves very much  as expected for a 
competit ive inhibitor. 2 If, however, one fits a straight 
line to all of  the data in Fig. 7, the x-intercept is - 6 6  
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FIGURE 8. Plot o f  Dixon  plot  s lope versus 1 / 6  ~°). Cells (solid cir- 
des) or  ghosts  (open circles) with cons t an t  C ti) were exposed  to FA 
a n d  Dixon  plots were cons t ruc t ed  as in Fig. 9. T h e  s lopes o f  these  
plots are p lo t ted  agains t  1/Ct°L For  the  cells, t he  y-intercept  is 
4.8 ± 2.2 cm 2 • s - p m o l  1 . ~M l, while for  the  ghosts ,  the  inter- 
cept  is 2.4 ± 0.6. T h e  non-zero  in tercepts  indicate  tha t  FA is n o t  a 
compet i t ive  inhibi tor .  
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2The dependence  of  IC~0 on C~/is nearly linear for low values of  C~'~] 
but  the values of  ICs0 at C~] >- 150 mM do not  fit the line, indicating 
that ICs0 tends to plateau at h igher  C~'J values. Very similar results are 
seen when C~] is varied at 0°C (Knauf  et al., 1989). This is the  ex- 
pected behavior for a mixed inhibitor  which has a h igher  affinity for 
E (°) than  for the o ther  forms of  band  3. The  reciprocal of  the ICs0 is 
given by (Knauf  et al., 1992): 

1/IC50 = ( l l K e )  (E(°)/Et) + (llKg) (E(i)/Et) + (3) 

(l /Kf) (ECI(i)IEt) + ( I lK h) (ECI(°)/Et), 

where K~,/~, Kg, and/q ,  are the dissociation constants for FA binding to 
the E ~°), ECII"), E01, and EC1 li) forms of  band 3, and  E t is the total 
amoun t  of  band 3, so E(°)/Et etc. represent  the fractions of  band 3 in 

( )  each form. At very low C~;, almost all of  band 3 is in the EI,,) form, so the 
first term dominates Eq. 13 and  the IC~0 approaches /~. As C ~  in- 
creases, E{") decreases (Fr6hlich et al., 1983) and, since E C°) has the high- 
est affinity for FA, the IC~ for FA must  increase as the fraction of band 3 
in the Eli), ECld), and ECE °) forms increases, making the rightmost three 
terms in Eq. 13 more important  in determining the overall IC50. 

The  results in Fig. 7 show that a mixed  inhibitor  with a high affin- 
ity for E ~°) can mimic the behavior of  a competitive inhibitor  in terms 
of  the dependence  of  its ICs0 on C~°., ) in the region of  low C~'~/, so such 
data do not  provide convincing evidence concern ing  the na ture  of  
the inhibition. Data at h igher  C~] or Dixon slope data are required to 
make this distinction. Note that i f / ~  ~ /q, Kg, and  /q~, the ICs0 may 
vary linearly with C~:o] up to quite h igh  values of  C~'~/. 



T A B L E  I I I  

Dissociation Constants for FA Binding to Band 3 at O°C and 38°C 

0°C 38°C 38°C/0°C AHapp 

K~ (Eo) 0.083 p~M* 0.29-0.43 I~M~ 3.5-5.2 23.3-30.6 ,~ 
_+0.005 

Kg (E~) 0.03 tiM* 10.4 txMII 34.7 65.9 
+0.05 

KJK.. 3.7 24-36 6.7-10 

*From (Knauf et al., 1989). ZFrom combined data for cells and ghosts or 
from cell data of Fig. 7, respectively. The valne from the intersection point  
of Fig. 9, 0.37 IxM, lies between these valnes..~AH in kJ/mol.  IIFrom Fig. 10. 

mM, far different f rom that expected  for competit ive 
inhibition. 

Further  evidence that FA is not  a competit ive inhibi- 
tor comes f rom an analysis of  the dependence  of the 
Dixon plot  slope on 1/C(c] (Fig. 8). For a competit ive 
inhibitor, the points should fall on a straight line which 
has a zero y-intercept (Restrepo et al., 1991). The  
y-intercepts for the data with ghosts (2.4 + 0.6 c m  2 • s • 

pmol  1 . ~M l) or cells (4.8 _+ 2.2 cm 2 " S" pmol  -l  • 
p~M -1) are both  different f rom zero, indicating that FA 
is a mixed or noncompet i t ive  inhibitor. 

Determination of FA Affinity for the E ~°) Form of Band 3 

Fig. 9 shows Dixon plots for cells with 111.8 mM C~I} 
suspended in m ed i um  with 150 mM C(c] or  6.6 mM 
C~c~]. As described previously (Fr6hlich and Gunn,  
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FIGURE 10. D e t e r m i n a t i o n  o f  / ~  fo r  FA. Resea led  g h o s t s  wi th  
constant C ~°1 of 16 mM and with C ~) either 16 mM (solid circles) or 
171 mM (open circles) were exposed to FA and the reciprocal of the 
unidirectional CI- effiux was plotted against the FA concentration. 
The intersection point of the lines for different C'~ (determined as 
described for Fig. 9) is equal to the negative of Kg, the dissociation 
constant for FA binding to Eu3, which is 10.4 ~M. 

1986; Knauf  et al., 1987), the negative of  the x-value of  
the intersection point  of  the two lines with different 
C(c~ gives/~,  the dissociation constant  for FA binding to 
E (°). Because K~. is so low (0.37 tzM), it is not  deter- 
mined  very precisely, but  it is clearly less than the ICs0 
for 6.6 mM C~°], given by the negative of  the x-inter- 
cept, which is 1.23 +- 0.38 ~M. 

Another  way of  de termining  K~ is to extrapolate the 
IC50 values for FA with different low C(c~ to zero C(cl 
(Fr6hlich and Gunn,  1986). Fig. 7 shows data for cells 
with an average r: (i~ of  110 mM (solid circles) and for ~CI 
ghosts with an average t~ (i~ of  177 mM (open circles). Ex- (7 
t rapolat ion of the two low C(c~ points for cells to zero 
C(~) gives a / ~  value of  0.43 ~M. If  the data for cells and 
ghosts at low C(~ are combined,  the K~ is 0.29 ~M. Both 
of  these values are close to that obta ined f rom the in- 
tersection point  of  the Dixon plot lines in Fig. 9 (0.37 
~M). Although these data do not  define a statistical 
lower limit for K~ at 38°C, the K~ value appears  to be 
over three times higher  than at 0°C (Table III),  even if 
the lowest exper imenta l  value is chosen, indicating that 
the affinity of  E ~°/ for FA probably decreases with in- 
creasing temperature .  

Determination of FA Affinity for the l~Xi) Form of Band 3 

The  dissociation constant  for FA binding to the E (i) 
form of band  3 (with the t ransport  site facing inward 
and unloaded) ,  Kg, can be obtained in a fashion similar 
to that used in Fig. 9 to de te rmine  K~. In this case, 
Dixon plots for FA inhibition are constructed for con- 
ditions with C~] constant and with C~I varied (Fig. 10). 
The  negative of  the x-value of the intersection point  of  
the lines with different C~I is equal to Kg. From the data 
in Fig. 10, Kg is 10.4 tzM, far greater  than K~. 

Kg at 38°C is nearly 35 times higher  than the value at 
0°C (Table III),  indicating an even larger t empera ture  
dependence  than for K~. More importantly, the ratio of  

T A B L E  I V  

Determination of Asymmetry from FA Inhibition Data 

IC% ~ Sonrce I~ I~. A* 1/A 

7.69 p.M: CUc~ ") 16 mM 
_+1.15 
7.69 tiM* cug~ 0) 165 mM 10.4~ 0.29 II 0.010 97.9 
_+0.75 

1.231 0.050 20.2 
7.73 ~M** Dixon plot 10.4 ,~ 0.29 II 0.010 99.9 

intersection 1.231 0.049 20.6 

*Calculated from Eq. 12. *IC~0 measured at the indicated C~[7 "). Because 
the ICs0 values are equal for the two C~11 = o/, they are identical to the ex- 
trapolated IC~0°cl..~From Fig. 10. IJFrom combined ghost and cell data in Fig. 
7. I F r o m  x-intercept for 6.6 mM cull in Fig. 9. **From Fig. 11. 
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FIGURE 11. Determination of ICocl for FA. The concentration 
of FA required to half-inhibit C1 exchange under symmetric con- 
ditions as O i =") approaches zero, IC ocl , is given by the negative of 
the x-value of the intersection point of the Dixon plot (1/flux, J, 
versus FA concentration) lines for ghosts with C ~ ") of 16 mM and 
165 raM, and is 7.73 IxM. 

Kg to K~ at 38°C is 24-36,  far larger  than the ratio o f  3.7 
at 0°C (Knauf  et al., 1989). The  fact that  the affinity o f  
b a n d  3 for  FA is so strongly d e p e n d e n t  on  the confor-  
ma t ion  o f  the t ranspor t  site (E (°) or  E (i)) means  that  the 
IC50 for  FA can provide very useful in format ion  on  the 
f ract ion o f  b a n d  3 in the E (°) and  E (i) forms and  hence  
on  the asymmetry  factor, A. 

f rom which the x-coordinate  o f  the intersect ion po in t  is 
- 7 . 7 3  ~M. This is very close to the value d e t e r m i n e d  by 
ext rapola t ion  o f  IC50 to zero C({,t = 0), so the cor respond-  
ing A values (Table IV) again are consis tent  with the re- 
sults f rom C1- half-saturation exper iments .  

D I S C U S S I O N  

Effects of Ionic Strength and Membrane Potential 
on Measurements 

W h e n  C((~ is varied at cons tant  ~r: (~)ct, the m e m b r a n e  po- 
tential changes,  because for  red  cells Vm is very close to 
the Nerns t  potent ia l  for  chloride.  J e n n i n g s  et al. (1990) 
and  others  (Gunn  and  Fr th l i ch ,  1979; Fr th l ich ,  1984; 
Wieth et al., 1980) have f o u n d  that  there  is little or  no  
effect o f  Vm on h u m a n  red  cell an ion  t ranspor t  o r  on  
b ind ing  o f  monova l en t  anions  at 0°C, so it seems un- 
likely that  V,n has any large effects at 38°C. A n o t h e r  pos- 
sibility is that  changes  in the external  ionic s t rength 
migh t  affect C1 flux in the exper iments  where  c (°) is 
rep laced  by sucrose, but  the similar results when  ionic 
s t rength  was main ta ined  with g lucona te  or  citrate (Fig. 
2) argue strongly that  external  ionic s t rength has no  
significant effect. 

W h e n  C~!t = 0) is varied, Vm remains  cons tant  at zero, 
bu t  there  are considerable  changes  in ionic strength.  
M t h o u g h  previous work (Gunn  and  Fr6hlich,  1979) at 
0°C provides some evidence against  p r o n o u n c e d  ionic 
s t rength effects, the parameters  ob ta ined  should  be re- 
ga rded  as "apparent"  values, whose validity is l imited to 
the condi t ions  used here.  

Determination of A from 1Cso for FA 

For an inhibi tor  (like FA) that  is no t  competi t ive,  
F r th l i ch  and  G u n n  (1986) have shown that  the IC50 ex- 
t rapolated to zero C((i,/~ "), I C ~ ,  can be expressed in 
terms o f  A, Ke, and  Kg, and  that  this equa t ion  can be 
solved for  A to give: 

A ( 1 - Ic°Cl/Kg 0Cl = ) / ( I C s o / K  ~ -  1 ). (12) 

The  average IC50 values in ghosts with e i ther  16 mM 
C(~.F o) or  165 mM C(~:[ - o> are identical  (Table IV), mak- 
ing it easy to extrapolate  to zero C~t = 0). (A similarly 
cons tan t  ICs0 as a func t ion  o f  C~: F o) is seen at 0°C for  
the close ana logue  o f  FA, nif lumic acid (Cousin and  
Motais, 1979), bu t  no t  for  FA itself (Knauf  et al., 
1989).) Using different  estimates for  K~, the calculated 
A values (Table IV) range f rom 0.01 to 0.05, indicat ing 
asymmetry  strongly in favor o f  inward-facing sites, in 
a g r e e m e n t  with the C1- half-saturation exper iments  
(Tables I and  II).  

For  a mixed  inhibi tor  such as FA, F r th l i ch  and  G u n n  
(1986) have also shown that  the negative o f  the x-value 
o f  the intersect ion po in t  for  Dixon plots with different  
C(~i.l - 0) is identical  to the IC 0a50. Fig. 11 shows such a plot, 

Comparison of K1~ 2 Values with Other Determinations 

K112 is wel l -determined f rom the MM fits to the data 
(Figs. 1-3).  In contrast ,  the de te rmina t ion  o f  KI)2 is 
m u c h  m o r e  difficult, due  to the flat m a x i m u m  and  the 
scatter in the data  (Fig. 4). The  MM mode l  provides an 
adequa te  fit to the data  for  C((') = 0) ___ 500 raM, with 
K1}2 = 106 mM, bu t  the slightly bet ter  fit o f  the MS or  
CMS models  suggests that  Kl}2 migh t  be as large as 375 
raM. For  b icarbonate ,  Kl}2 is 173 mM (Gasbjerg et al., 
1996). Thus,  ne i ther  C1 no r  b icarbona te  seems to 
have a very high affinity for  the an ion  exchange r  u n d e r  
symmetr ic  condi t ions  at 38°C. 

0 i ,~ Since Kl/2 is very low, and  K~/2 ....... + 1<;/2 ...... = KI/2 
(Fr th l ich  and  Gunn ,  1986), KI/e must  be -1<'1/2 ....... 
Thus,  u n d e r  physiological condit ions,  the an ion  ex- 
change r  is largely saturated at the outside, bu t  is no t  
complete ly  saturated at the inside. At e i ther  side o f  the 
m e m b r a n e ,  however,  a step increase in the ratio o f  
HCO3-  to C1 will cause a nearly l inear change  in the 
relative fluxes o f  the two ions, as requi red  for  the physi- 
ologically necessary an ion  exchange .  

B rahm (1977) previously r epor t ed  a K1}2 value o f  
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a b o u t  65 m M  at 38°C. 3 This  value,  however ,  was ob-  
t a i n e d  in the  p r e s e n c e  o f  NH4C1, which  inh ib i t s  trans- 
p o r t  a n d  may  a l te r  the  p a r a m e t e r s  o f  the  system. Gli- 
bowicka  et  al. (1988) have used  n u c l e a r  m a g n e t i c  reso- 
n a n c e  (NMR) l i n e - b r o a d e n i n g  to o b t a i n  a value  o f  
49 -+ 11 m M  at  42°C, in ghosts  p r e p a r e d  with 20 m M  
EDTA. A l t h o u g h  this a p p r o a c h  has mer i t ,  b ecause  such 
N M R  m e a s u r e m e n t s  a re  n o t  a f fec ted  by i n t e r ac t i ons  o f  
C1- with the  m o d i f i e r  site (Falke  a n d  Chan ,  1985), re- 
c en t  N M R  s tudies  with h i g h e r  m a g n e t i c  f ields i nd ica t e  
tha t  the  f ree  i n d u c t i o n  decay  o f  the  N M R  signal  for  35C1 
has  a d o u b l e  e x p o n e n t i a l  t ime  course  (Liu et  al., 1996; 
Pr ice  et  al., 1991), r a t h e r  t h a n  a s ingle  e x p o n e n t i a l  as 
a s s u m e d  by Gl ibowicka  et  al. S ince  the i r  m e a s u r e m e n t s  
o f  l i n e - b r o a d e n i n g  were  also d o n e  with a fairly h igh  
f ield,  the i r  fits o f  the  peaks  to a L o r e n t z i a n  f u n c t i o n  
(which assumes  a s ingle  e x p o n e n t i a l  decay) ,  may  con-  
tain a systematic  e r ro r ,  tha t  c o u l d  subs tant ia l ly  affect  
the  value  o f  K1}2 o b t a i n e d .  4 A poss ib le  p r o b l e m  with 
N M R  d e t e r m i n a t i o n s  o f  aff ini ty is sugges t ed  by Gal- 
a n t e r  a n d  L a b o t k a ' s  (1991) obse rva t ion  tha t  d i r ec t  35C1 
N M R  gave a KI~  2 value o f  74 + 10 m M  at  21°C, b u t  CI -  
c o m p e t i t i o n  e x p e r i m e n t s  us ing  ~4N-nitrate NMR gave a 
m u c h  lower  K I )  2 o f  10.3 --+ 1.1 mM; the  r e a s o n  for  this 
d i s c r e p a n c y  is u n k n o w n .  

Comparison to Predictions of the Pingjoong Model 

A c c o r d i n g  to the  p i n g - p o n g  m o d e l  for  a n i o n  e x c h a n g e ,  
the  u n l o a d e d  site a symmet ry  factor ,  A ( = E ( 0 / E  ~°) with 
c(i) = C(O)), s h o u l d  be  the  same  rega rd les s  o f  the  a n i o n  Cl Cl 

subs t ra te  which  is u sed  to m e a s u r e  it, b ecause  A ref lects  
the  f ree  e n e r g y  d i f f e r ence  (ziG) be tween  the  u n l o a d e d  
inward-  a n d  ou tward - fac ing  forms  (E ¢i) a n d  E ~°)) o f  cap-  
n o p h o r i n .  T h e  values  o f  A o b t a i n e d  f rom the  c h l o r i d e  
f lux d a t a  p r e s e n t e d  in Tab le  I r a n g e  b e t w e e n  0.038 a n d  
0.107, while  those  in Tab le  II lie b e t w e e n  0.023 a n d  
0.038. Mos t  o f  these  values a re  s l ighdy lower  t han  the  
values  o f  0 .10-0 .13  o b t a i n e d  f rom b i c a r b o n a t e  f lux 
da t a  in the  p r e c e d i n g  p a p e r  (Gasb je rg  et  al., 1996). 
T h e  s ign i f icance  o f  this d i f fe rence ,  however ,  mus t  be  
t e m p e r e d  by the  r ea l i za t ion  tha t  d e t e r m i n a t i o n s  o f  A 
involve several  e x p e r i m e n t a l  m e a s u r e m e n t s ,  some  o f  

"~If all of the data are fitted to a simple MM equation, however, as in 
Fig. 4 A, solid line (the same procedure used by Brahm [1977]), KI) 2 
is only 60 mM, similar to the value obtained by Brahm. Because of the 
uncertainty in fitting the MS model to the data, this value (60 raM) 
should probably be regarded as the lowest Kl}2 value that is compati- 
ble with the data at 38°C. Because of the relatively poor fit of the MM 
equation to the data in Fig. 4 A, the true K~}z value is likely to be 
higher, but it is difficult to say exactly how much higher. 
4Even if the KI) 2 value of 49 mM from Glibowicka et al. (1988) were 
used together with our K~92 value, A would be only 0.12, near the 
range of values observed in this and the accompanying (Gasbjerg et 
al., 1996) paper and consistent with the concept that the asymmetry 
is similar at low and high temperature. 
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which  are  sub jec t  to c o n s i d e r a b l e  e r ro r .  Fo r  e x a m p l e ,  
the  b i c a r b o n a t e  A value  may  be  a f fec ted  by the  unce r -  
ta inty in KI~ 2 be c a use  o f  m o d i f i e r  site i nh ib i t ion ;  if  KI} 9 
were  sl ightly h ighe r ,  A wou ld  be  lower  a n d  thus  c loser  
to the  values  f rom the  C1- da t a  in this p a p e r .  In  the  

e ,s s case o f  the  c h l o r i d e  data ,  the  J ~ x / K l / e  value is given 
by the  ini t ia l  s lope  with very low CI- ,  b u t  the  ac tua l  
m e a s u r e m e n t s  c o u l d  n o t  be  p e r f o r m e d  be low 16 m M  
C~.[ 0), so i t  is poss ib le  tha t  the  s lope  is u n d e r e s t i m a t e d ,  
pa r t i cu la r ly  if  KI~ 9 is low as i n d i c a t e d  by the  MM fits. 
(Note  d i f f e r ence  in Jm~xleff'~/KI}2 values be tw e e n  Tab les  I 
a n d  I I ) .  A l t h o u g h  the  l inear i ty  o f  the  f lux versus C¢i~ o) 
p lo t  (Fig. 5) a rgues  aga ins t  this possibil i ty,  because  o f  
sca t te r  o n e  c a n n o t  rule  o u t  a s o m e w h a t  n o n l i n e a r  de-  
p e n d e n c e  o f  f lux on  C~:t -- o) over  the  r ange  f rom 16 to 
100 mM. A n  u n d e r e s t i m a t e  o f  J,~axeff'/K'1/9 w o u l d  give an  
ar t i f ic ial ly  low A value,  which  wou ld  e xp l a in  m u c h  o f  
the  d i f f e r ence  be tw e e n  the  A values for  c h l o r i d e  a n d  bi- 
c a rbona t e .  

T h e  ca l cu la t ed  z i g  b e t w e e n  the  E ~°) a n d  E (i) fo rms  
f rom the  c h l o r i d e  A values (Tables  I a n d  II) is 5 .8-9 .5  
k J / m o l ,  s imi la r  to the  value  o f  5 .3 -6  k J / m o l  o b t a i n e d  
f rom the  b i c a r b o n a t e  A values at 38°C (Gasb je rg  et  al., 
1996). Both  A values  ind ica t e  tha t  the  E0) fo rm o f  cap-  
n o p h o r i n  has a m u c h  lower  f ree  ene rgy  t han  does  the  
E(") form.  

Despi te  the  d i f f e rences  in the  a symmet ry  values cal- 
c u l a t e d  for  the  c h l o r i d e  a n d  b i c a r b o n a t e  f lux data ,  it  
s h o u l d  be  e m p h a s i z e d  tha t  in each  case, the  p i n g - p o n g  
m o d e l  p rov ides  a se l f -consis tent  i n t e r p r e t a t i o n  o f  all o f  
the  f lux data .  

A n o t h e r  a n d  even m o r e  i n d e p e n d e n t  test  o f  the  
p i n g - p o n g  m o d e l  is p r o v i d e d  by the  f lu fenamic  ac id  
studies.  Because  FA exhib i t s  such a s t r ong  p r e f e r e n c e  
(24-36-fold ,  Tab le  III)  for  the  E ~°) over  the  E (i) confor -  
ma t ion ,  FA prov ides  a very power fu l  tool  for  ana lyz ing  
the  f r ac t ion  o f  c a p n o p h o r i n  in each  c o n f o r m a t i o n .  Var- 
ious  m e t h o d s  for  e s t ima t ing  the  affini t ies o f  FA for  E (i) 
a n d  E ~°), as well as for  d e t e r m i n i n g  the  ICs0 at  zero  
c h l o r i d e  (Tab le  IV), give A values  r a n g i n g  f rom 0.01 to 
0.05. T h e s e  ag ree  fairly well with the  c h l o r i d e  A values 
(0.023 to 0.107),  b u t  a re  s o m e w h a t  lower  t han  the  val- 
ues  o b t a i n e d  with b i c a r b o n a t e  (0.10 to 0.13).5 T h e  fact  
tha t  t h e r e  is r e a s o n a b l e  a g r e e m e n t  b e t w e e n  A as de te r -  
m i n e d  by f luxes o r  by FA i n h i b i t i o n  d e m o n s t r a t e s  the  
p red ic t ive  p o w e r  o f  the  p i n g - p o n g  m o d e l  a n d  thus  p ro-  

~The FA inhibitory potency provides a very strong test of the direc- 
tion of asymmetry, but does not give a very accurate value for A irA is 
either very small or very large. In either case, the IC 0el value ap- 
proaches either/~, or Kg, and so small errors in the determination of 
these parameters give rise to large variations in A. For the case of cap- 
nophorin, A is very small so Kg and IC 0cl are similar; since neither is 
determined to great precision, some deviations from the predictions 
of the ping-pong model are to be expected. 



r ides s t rong  evidence  that  this mode l  is a basically cor- 
rect descr ip t ion  of the t ranspor t  mechan i sm.  

Relation to Predicted Temperature Effects on the Asymmetry 

As discussed in  the p r e c e d i n g  pape r  (Gasbjerg et al., 

1996), Glibowicka et al. (1988) have p roposed  an  ex- 
p l ana t i on  of the curv i l inear  t e m p e r a t u r e  d e p e n d e n c e  
of  a n i o n  exchange  that  involves a change  in  asymmetry 
of  the system, so that  the rate cons t an t  (k) for outward  
t rans loca t ion  (ECI ~i) to ECF °)) is ra te- l imi t ing at low 

t empe ra tu r e  (k < k'), bu t  the rate cons tan t  (k') for the 
t rans i t ion  f rom EC1 (°) to EC1 (~) becomes  rate- l imit ing at 
h igh t empera tu re .  Based o n  Glibowicka et al. 's calcula- 
t ions and  their  assumpt ions  that  t empe ra tu r e  has little 
effect on  the ion  b i n d i n g  constants ,  K o a n d / ~ ,  A should  

increase  by over sevenfold f rom 0 to 38°C (because of  
the increase  in  k / k ' ) .  Both the flux data  for ch lor ide  

and  b i ca rbona te  (Gasbjerg et al., 1996) and  the esti- 
mates of  asymmetry us ing  FA clearly demons t r a t e  that  
A at 38°C is approx imate ly  as small as or smal ler  than  

the value m e a s u r e d  at 0°C, that  is, that  the asymmetry 
in  favor of inward-facing u n l o a d e d  sites e i ther  stays the 
same or increases with increas ing  t empera tu re .  This 

provides very s t rong  evidence  against  the hypothesis  of  
Glibowicka et al., a l t hough  the data do no t  rule  ou t  al- 
t e rna te  possibilities in which the ion  affinities change  

(because A = kKo/k'Kii ). Parenthet ical ly ,  it is interest-  
ing  to no te  that  w h e n  ex te rna l  pH is increased,  there  is 
a reversal of  A so that  more  u n l o a d e d  sites face outward 

than  inward  (Bjerrum,  1992). This is in  s t rong  contras t  
to the lack of  effect of  t e mpe r a t u r e  on  A, a n d  probably  
reflects decreases in the affinity of  the external- facing 
t ranspor t  site for an ions ,  resu l t ing  f rom t i t ra t ion of  pos- 
itive charges n e a r  the site. 

Relation to Physiological A n i o n  Exchange 

The  data in  this paper ,  toge ther  with those in the pre- 
ced ing  pape r  (Gasbjerg et al., 1996), provide informa-  
t ion  that  can  be used to d e t e r m i n e  the rate of 
exchange  of ch lor ide  for b i ca rbona t e  u n d e r  various 
physiological condit ions.  Interestingly, the t ransport  pro- 
pert ies of c a p n o p h o r i n  at body  t e m p e r a t u r e  seem to be 
cons iderably  d i f ferent  f rom those at 0°C. In  part icular ,  
the system does no t  seem to be fully sa turated at the cy- 
toplasmic side of  the m e m b r a n e .  In  view of evidence  

that  the b i n d i n g  a nd  dissociat ion react ions  for ch lor ide  
at the interfaces are no t  rate-l imit ing,  there  seems to be 

n o  advantage in  having more  u n l o a d e d  t ranspor t  sites. 
O n e  possibility no t  yet ru led  out, however, is that  one  
of the d e b i n d i n g  react ions  for b i ca rbona te  migh t  un-  
der  some cond i t ions  l imit  the rate of  chloride-bicar-  
b o n a t e  exchange .  If  the off reac t ion  for b i ca rbona te  at 
the inside were rate-l imiting,  there  migh t  be some ad- 
vantage to having a system with excess capacity to b i n d  
a nd  t ranspor t  ch lor ide  f rom inside to outside.  Fu r the r  
studies of the react ions  involving b i ca rbona t e  are re- 
qu i r ed  to test this possibility. 
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