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Summary. The concentration dependence and the 
pH dependence of the phosphate transport across 
the red cell membrane were investigated. The uni- 
directional phosphate fluxes were determined by 
measuring the 32p-phosphate self-exchange in 
amphotericin B (5 ~tmol/liter) treated erythrocytes at 
25 ~ 

The flux/concentration curves display an S- 
shaped increase at low phosphate concentrations, a 
concentration optimum in the range of 150 to 200 mg  
phosphate and a self-inhibition at high phosphate 
concentrations. The apparent half-saturation concen- 
trations, P(o.5), range from 50 to 70mM and are little 
affected by pH. The self-inhibition constants, as far 
as they can be estimated, range from 400 to 600 mM. 
The observed maximal phosphate fluxes exhibit a 
strong pH dependence. At pH 7.2, the actual max- 
imal flux is 2.1 x 10 .6 m o l e s . m i n - l . g  cells -1. The 
ascending branches of the flux/concentration curves 
were fitted to the Hill equation. The apparent Hill 
coefficients were always in the range of 1.5-2.0. The 
descending branches of the flux/concentration curves 
appear to follow the same pattern of concentration 
response. 

The flux/pH curves were bell-shaped and sym- 
metric with regard to their pH dependence. The pH 
optimum is at approximately pH 6.5-6.7. The ap- 
parent pK of the activator site is in the range of 7.0 
to 7.2, while the apparent pK for the inactivating 
site is in the range of 6.2 to 6.5. The pK-values were 
not appreciably affected by the phosphate concen- 
tration. 

According to our studies, the transport system 
possesses two transport sites and probably two mod- 
ifier sites as indicated by the apparent Hill coef- 
ficients. In addition, the transport system has two 
proton binding sites, one with a higher pK that 
activates and one with a lower pK that inactivates 
the transport system. Since our experiments were 

executed under self-exchange conditions, they do not 
provide any information concerning the location of 
these sites at the membrane surfaces. 

Key words: Erythrocyte membrane, phosphate trans- 
port, anion permeability, transport kinetics 

The transport of chloride, bicarbonate, sulfate, and 
phosphate across the red cell membrane is mediated 
by a specific transport system termed the inorganic 
anion transport system. The inorganic anion trans- 
port system exhibits a saturation kinetics, a self- 
inhibition at high anion concentrations, a counter- 
acceleration, and a competition of various inorganic 
anions for the transport system [2, 7, 9-14, 17, 22- 
26, 28, 31, 36, 42, 54, 55, 58-60, 70, 73]. Moreover, 
the transport of the above anions can be inhibited 
by the same agents [-8, 12, 13, 14, 19, 29, 33-35, 37, 
43, 53]. Biochemical studies supply strong evidence 
for the assumption that the band-3-protein is in- 
volved in the transport of inorganic anions across 
the red cell membrane [3-6, 20, 21, 30, 38, 42, 44, 48, 
49, 51, 52, 62, 63, 74, 77, 78]. Although great pro- 
gress has been made concerning the elucidation of 
the structure and the function of the band-3-protein 
[16, 21, 45-47, 50, 64-69, 75, 76], the mechanism of 
the anion transport across the red cell membrane 
has not yet been resolved. Thus for the present, our 
knowledge of the mechanism of the anion transport 
is predominantly based upon a detailed analysis of 
the kinetics of the anion transport. For details, the 
reader is referred to the reviews of Deuticke [13], 
Cabantchik, Knauf and Rothstein [3] and of Knauf 
E28]. 

For the characterization of the inorganic anion 
transport system of the red cell membrane, the 
transport of a number of closely related anions has 
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to be studied. This paper is concerned with the 
concentration dependence and the pH dependence of 
the unidirectional phosphate flux. The unidirectional 
phosphate flux exhibits an S-shaped concentration 
response at low phosphate concentrations, a flux 
optimum, and a self-inhibition at high phosphate 
concentrations. The flux/pH curves of phosphate are 
bell-shaped and closely resemble those of sulfate [7, 
9-11, 18, 22-26, 42, 53-60, 73]. The kinetics of the 
phosphate transport points to a highly complex 
transport system for inorganic anions which consists 
of two transport sites, two modifier sites, and two 
proton binding sites. The transport sites and the 
modifier sites are involved in the binding of phos- 
phate and account for the S-shaped concentration 
response and the self-inhibition of the phosphate 
flux. The proton binding sites regulate the activity of 
the transport system. Since the experiments were 
conducted under self-exchange conditions, no con- 
clusive information is gained about the location of 
the different sites on the membrane surfaces. 

Materials and Methods 

Preparation of the red blood cells: Blood from healthy adult 
donors was used. The blood was withdrawn under sterile con- 
ditions and stored for 2-6 days at 4~ Coagulation was pre- 
vented by adding an acid-citrate-dextrose solution. Before be- 
ginning the experiments, the red blood cells were washed twice in 
a 165mM KCI solution, whereby plasma and buffy coat were 
removed. 4g tightly packed cells (centrifugation at 5,000 x g for 
10rain at 20~ pH7.2-7.3) were added to 36ml of an isotonic 
K-phosphate solution (132mN), pH 7.2, and incubated three times 
for 10min at 37~ After depleting the cells of chloride, the cells 
were transferred into a K-phosphate/sucrose solution, pH7.2, 
containing 75-400 mM K-phosphate, 30 mM sucrose, and 5 gmol/- 
liter amphotericin B. Sucrose does not penetrate the red cell mem- 
brane and was added in order to counterbalance the osmotic 
pressure of hemoglobin. Amphotericin B makes the red cell mem- 
brane leaky for potassium and permits a reduction of the in- 
tracellular salt concentration without the occurrence of hemolysis. 
In some experiments 10gmol/liter valinomycin were added in- 
stead of amphotericinB. If required for the respective experi- 
ments, the phosphate concentrations then were titrated down to 
lower values by slowly adding a 30-mM sucrose solution. The 
lowest phosphate concentration used was 10mM. The titration 
was performed with a 10% cell suspension and usually took 2hr  
at 37~ pH 7.2-7.3. After this period, an equilibrium distribution 
between intracellular and extracellular phosphate is reached. Trial 
runs with a2P-phosphate labeled red cells were performed in 
order to test as to whether an equilibrium distribution of phos- 
phate was reached. 

After titration, the cells were spun down, the supernatant was 
removed, and the cells were then resuspended in a K-phosphate 
buffer/sucrose solution of appropriate composition (10-400 mM K- 
phosphate buffer, 30 mM sucrose, pH 6.2-8.6). No attempts were 
made to remove amphoteriein B or valinomycin quantitatively 
from the cells. Each sample was subdivided into three portions. 
Portion l was labeled with 32p-phosphate and employed for 
measuring the unidirectional phosphate flux. Portions 2 and 3 
were used for determining the equilibrium distributions of phos- 
phate and of chloride. 

Preparation of red cell ghosts." The pH-response of the unidirec- 
tional phosphate flux was measured in amphotericin B treated red 
cells and red cell ghosts. The red cell ghosts were prepared 
according to the method of Bodemann and Passow [11 and of 
Lepke and Passow [32]. After resealing, the ghosts were titrated 
to the respective pH and labeled with either 3ZP-phosphate plus 
D(1-  3H) glucose or a6Cl-chloride plus D(1-  3H)glucose. The dis- 
tributions of phosphate and of chloride, and the phosphate fluxes 
were measured in the same way as with intact red cells. 

Determination of the Equilibrium Distribution 
of Phosphate and of Chloride 

Technical procedure: The equilibrium distribution of phosphate 
and of chloride between intracellular and extracellular space was 
determined by using a double label technique, which permits the 
simultaneous counting of 32p-phosphate and D(1-  3H)glucose or 
of 36Cl-chloride and D(1--SH)glucose. D(1--SH)glucose was em- 
ployed for monitoring the intracellular volume. The uptake of D(1 
-SH)glucose is rapid and at 37~ an equilibrium distribution 
between intracellular and extracellular space is reached within 
2min. The metabolic degradation of D-glucose is slow, and the 
distribution of tritium between cells and extracellular solution 
remains stable for at least 30min. At isotopic equilibrium the 
specific activities of phosphate, of chloride, and of D-glucose in 
the intracellular and in the extracellular solution are equal. The 
amount of inorganic phosphate, of chloride, and of D-glucose 
within the ceils can be calculated from the 32p-phosphate, 36C1- 
chloride, and D(1--SH)glucose content of the cells and from the 
specific activities of the respective substances in the extracellular 
solution. 

Aliquots of each sample were labeled with 32P-phosphate 
and D(1--SH)glucose, or with 36CI-chloride (1 mM Na[36C1]C1) 
and D(1--SH)glucose, respectively. Depending upon pH, the 
labeling of the cells with 3Zp-phosphate took from 2-6hr  at 
37~ 10-15rain before the end of the equilibriation period, 
10 mM of D(1-  3H)glucose were added. At the end of the labeling 
period, triplicate samples of 10 ml each were withdrawn and cen- 
trifuged for 10rain at 50,000 xg. The supernatant was removed. 
The cells were then lysed in 2ml of distilled water by adding 
small amounts of saponin. The lysate and the supernatant were 
deproteinized by the addition of trichloracetic-acid, a2P-phos- 
phate, 36Cl-chloride and D ( l -  3H)glucose within the cell fraction 
and within the supernatant were counted. The phosphate con- 
centration was measured photometrically. Chloride was deter- 
mined by conductometric titration. The extraceiIular water trap- 
ped in the sediment amounts to approximately 2% of the total 
sediment volume. Therefore, no corrections for trapped extracel- 
lular radioactivity were made. The volume of the lysate fraction 
was checked by drying the lysate in the centrifuge tubes at 80 ~ 
to constant weight. 

The accuracy of the double label procedure was checked by 
separately measuring the 32p-phosphate distribution, the 36Cl- 
chloride distribution, and the D(1-SH)glucose distribution. The 
sap-phosphate distribution and the a6Cl-chloride distribution 
measured by the single label experiments were identical with 
those obtained from the double label experiments. 

In order to test as to whether large amounts of ~2p-phos- 
phate were incorporated into the organic phosphate pool, red 
cells were washed and incubated for 4hr  at 37~ in a K-phos- 
phate solution with high specific activity (20 mM K-phosphate, 
120 mM KC1, and 30 mM sucrose). After incubation, the cells were 
washed, disintegrated, and the intracellular phosphates were sepa- 
rated by thin layer chromatography (TLC aluminium sheets, PEI- 
cellulose F precoated, Merck, Darmstadt, mobile phase: 0.1-1.0 M 
LiCI or 0.3 t~ Na2COs). Although a number of organic phosphates 
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could be seen by inspection of the sheets under UV-light, the auto- 
radiographs did not show a radioactive labeling of these com- 
pounds. The bulk radioactivity was found in the inorganic phos- 
phate fraction. If small amounts of 32p-phosphate were incorpo- 
rated into the organic phosphate pool they, for our purposes, can 
be disregarded. 

Calculations 

The distribution ratios of inorganic phosphate, Re, and of chloride, 
Rc~, are defined by: 

Rp = P(im/P(~x) (1) 

R a = Cl(i~)/Cl(ex). (2) 

At isotopic equilibrium, the specific activities in the extracellular 
and in the intracellular solutions are equal and the distribution of 
phosphate and of chloride can be computed as follows: 

32p-CPM(I~)/3H-CPMom 

R e = 32p_CPMt~)/3H_CPM(ex ) 

36CI-CPMom/3H-CPMtln) 
RCl = 36Cl_CPM(~I/3H_CPMI~• 

In red cells the distribution of 
Donnan distribution, and the 
for calculating the intracellular 

pH{~n) = pHf~j + log Rct. 

(3) 

. ( 4 )  

chloride and of protons follows a 
chloride distribution can be used 
pH: 

(5) 

This relation is also valid under conditions where the equilibrium 
distribution of  phosphate has not yet been attained. Rp reflects 
the distribution of the total inorganic phosphate between intra- 
cellular and extracellular space. Since the pK for the second 
dissociation step of o-phosphoric acid is 7.21 (25~ [71], in- 
organic phosphate under our experimental conditions is present 
as a monovalent H2PO2 and as a divalent HPO~ anion. Thus, 
Rp and R o cannot be directly compared. Knowing Rp and the 
intracellular pH, the distribution R m of H2PO 4 is obtained by: 

R - H(im(Kv + H(~x)) R (6) 
va H(ex)(Kv+H(i~) ) v 

P 
C1 
H 
32p-cp  M 
36C1.CP M 
3H-CPM 

Ke 

- concentration of inorganic phosphate (M) 
concentration of chloride (M) 

- concentration of protons (M) 
--radioactivity of phosphate (CPM/ml) 
-radioact ivi ty of chloride (CPM/ml) 
-radioact ivi ty  of D(1-  3H)glucose (CPM/ml) 
- a p p a r e n t  dissociation constant of the second disso- 

ciation step of o-phosphoric acid (M). 
The subscripts in and ex refer to the intracellular and to the 
extracellular space, respectively. 

Determination of the Unidirectional Phosphate Flux 

The unidirectional phosphate flux Jp was determined at Donnan 
equilibrium by measuring the 32p-phosphate back-exchange from 
the radioactively labeled cells into a nonradioactive solution. The 
labeling of the cells was performed at 37~ by using a 10~o 
(wt/vol) cell suspension. The rate constant of the tracer back- 
exchange was measured with a 5~o (wt/vol) cell suspension at 
25 ~ 

The unidirectional flux Jp is given by: 

J~ = k. n~ (7) 

with k (min-~) being the rate constant for the tracer efflux and n~, 
(moles/g cells) being the intracellular phosphate, n~. was com- 
puted from the radioactivity within the cell fraction at isotopic 
equilibrium and from the specific activity of phosphate in the 
extracellular solution. The rate constant k was determined by 
fitting the curves of 32P-CPM vs. time to Eq. (8). 

ln(32p_CPM~ _ 3ap_CPMt) 

= - k .  t +ln(3/P-CPMo~ - a2p-CPMo). (8) 

32p-CPM0, 32p-CPM:o and 32P-CPMt are the radioactivities of 
phosphate in the extracellular solutions at zero time, infinite time, 
and at time t, respectively. 

The fluxes were expressed in moles.rain - 1 . g  cells ~. The 
term "g cells" refers to the wet wt of tightly packed red blood 
cells under standardized conditions (centrifugation: 5,000 x g for 
10min at pHT.2, 20~ and corresponds to 8x109 cells. (For 
details see [58]). 

Plotting Procedures for the Flux/Concentration 
Curves 

Transport equation: For the analysis of the S-shaped flux/concen- 
tration curves the Hill equation was used. Since the Hill equation 
cannot account for the self-inhibition at high anion concentration, 
the empirical term K'2J(IG~+S ~) was introduced, in our notation, 
the extended Hill equation then reads: 

i _  ~ S"- K'~'~ (9.1) 

J -unidirect ional  flux 
Jmax(pH) - - m a x i m a l  unidirectional flux at constant pH 
K~,Ki~ -half-saturat ion constant and self-inhibition con- 

stant 
n - Hill coefficient 
S - anion concentration. 

For S either the extracellular phosphate concentration, P(ex), the 
intracellular phosphate concentration, P(inl, or the term 
(P(in)'P~x) 1/2 were inserted, depending upon whether the extracel- 
lular solution, the intracellular solution, or the middle of the 
membrane were chosen as a reference state [27]. For derivation 
of the Hill equation, see Segel, Enzyme Kinetics, pp. 360-377 
[61~. The graphically determined values of K~, Jmax(pH), Ki~ and n 
were designated Ks(app) , ffmax(pH/app), Kis(app) and nap p. 

The position of  the concentration optimum: The slope of the flux/- 
concentration curves is given by the first derivative dJ/dS of Eq. 
(9.1). At the peak of the flux/concentration curves dJ/dS=O and 
we end up with the following relations [72]: 

2 __ Sopt - Ks" Kis (9.2) 

and 

§ ~ S 2~ 
Jmax{opt/pH) = Jrnax(pHI (K~ ~ p ~ ) 2  (9.3) 

Sop, is the anion concentration where the flux optimum ~s located, 
a n d  Jmax(opt/pH) the actual maximal flux at the concentration maxi- 
mum of the flux/concentration curves. The other parameters have 
the same meanings as defined above. Sop , and Jma• can be 
directly taken from the flux/concentration curves. If the half- 
saturation constant K s is known, then Eq. (9.2) can be used for 
estimating the self-inhibition constant Ki~. 
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Table 1. Intercepts and slopes of the plotting procedures for the flux/concentration curves 

Plotting procedure Slope Intercepts 

Ordinate Abscissa Ordinate Abscissa 

Ascending branch 1/J 1/S ~ 

Ascending branch J J /S  ~ 

Descending branch 1/J S" 

n ~ ~ n 
gs/Jmax(pH) 1/Jmax(pH/app) -- i / Ks(app) 

n ~ ~ n 
- -  Ks(app)  Jmax(pH/app) J m a x ( p f t ) / K s  

1/(f~,~(pn) �9 K~) 1/Jmax(pH/app ) - K~'~(.pp) 

Ks(app)__Kf 4_ Kn ' , ax(pH/app)= Jmax(pH) K K~ 
Ks " Kis " ~s " K - g ,  a_ g ,  

" - " Jm ~+K,~s, i~(~pp)-*'* - * ' i ,  
- - s  - -  - - i s  

Double logarithmic plot .  The flux/concentration curves can be 
plotted in a double logarithmic form by plotting log J vs. logS. 
For low S, Eq. (9.1) reduces to: 

log f = log(Jm,~(vn ,/K~) + n log S (9.4.1) 

while for high S Eq. (9.1) reduces to: 

log J = log (fm,~(vm "KTs) - n log S. (9.4.2) 

At low S the plots of I o g f  vs. log S should yield straight lines 
with a slope of +n,  while at high S the slope - n  should be 
attained. If the increasing branches of the flux/concentration 
curves and the decreasing branches follow the same pattern of 
concentrations response, then the plots of log J vs. log S should be 
symmetric. 

If the self-inhibition is completely neglected, the Hill equation 
may be transformed to: 

log ~ ) = n l o g S + l o g K : .  (9.4.3) 

Due to the self-inhibition ~-,~(pm cannot be obtained directly 
from the flux/concentration curves and Eq. (9.4.3) in our case 
therefore cannot be used. 

Plots: 1/J vs. l/S"; J vs. f /S";  J vs. S ~. From Eq. (9.1) a series of 
transformations can be made which should give linear plots for 
either the ascending or the descending branches of the flux/con- 
centration curves. Multiplying the parenthetical term in the denom- 
inator of Eq. (9.1) and disregarding at low S the term S 2", Eq. 
(9.1) may be written in its double reciprocal form: 

1 1 [K'~+K', '~ K '~ \  

] = f~,~(pn, I K ~ - ~  + ~ " ) "  (9.5) 

Alternatively, for low S, Eq. (9.1) may be rearranged to give: 

~ Ki5 K'~. Ki" ~ (J/S"). (9.6) 
J = Jmax(pn) K ~ T s ~ - K n  s Kns _[_ g ins  

Conversely, at high S, the term Ks" in the denominator of Eq. (9.1) 
may become negligible and we end up with: 

1~__ ~ 1 ( r T + ~ . ~ .  (9.7) 
J Jmax(pH) \ Kis Kis] 

According to Eqs. (9.5) and (9.6), linear plots can be con- 
structed for the ascending branches of the flux/concentration 
curves by plotting 1/J vs. S ~ or by plotting J vs. J /S  ~. The apparent 
Hill coefficient n has to be varied until linearity is attained. The 
apparent maximal flux, fma• and the apparent half-satu- 
ration constants, Ks(app), then are obtained from the intersections 
of the straight lines with the respective axes. In general, the self- 
inhibition is perceived in the plots by deviations from linearity. 

However, as far as the self-inhibition is linear it cannot be re- 
cognized from the graphs and the graphically determined values 
of fmax(pm and K s may be erroneously low. Theoretically, the 
concentration response of the descending branches of the flux/- 
concentration curves can be examined in a similiar fashion by 
plotting 1/J vs. S" [Eq. (9.7)]. In our case, on the descending 
branches, a sufficient number of points was not available so that 
the pattern of concentration response could not be tested with the 
same accuracy as for the ascending branches of the flux/concen- 
tration curves. The intercepts and the slopes for the various 
plotting procedures are listed in Table 1. 

P l o t t i n g  P r o c e d u r e s  f o r  t h e  F l u x / p H  C u r v e s  

Transport equation for a diprotic system: With respect to the 
phosphate transport, the inorganic anion transport system be- 
haves as a diprotic system, which at high pH is activated and at 
low pH is inactivated by protons. As will be discussed later, the 
pH response of a diprotic system may be given by the following 
equation [Eq. (10.1)]: 

J = Jmax(S)/( 1 + K ~ / H  + H/Kiu  ) (10.1) 

d - unidirectional flux 
Jmax(S) -max ima l  unidirectional flux at constant S 
K u , K  m -dissocia t ion constants of the activator and of the 

inhibitor site, respectively 
H - proton concentration. 

For H either the extracellular proton concentration, H(exl, or the 
intracellular proton concentration, H(~nl, were inserted, depending 
upon which side of the membrane was selected as a reference 
state. For details, see Segel, Enzyme Kinetics, pp. 884-924 [-61]. 

Double logarithmic plot: The symmetry of the flux/pH curves can 
easily be tested by plotting log J vs. pH. At high pH, when 
H ~ K~, a limiting slope, A log J/A pH, of - 1  should be attained. 
Conversely, at low pH, when H>>K m, the limiting slope should 
be equal to +1. If for technical reasons the above conditions for 
the limiting slopes cannot be fulfilled, a slope smaller than unity 
can be obtained, albeit deviations from linearity may already 
escape detection. 

Plots: 1/J vs. 1/H; J vs. J /H;  J vs. H:  Protons, as far as the 
upper branches of the flux/pH curves (pH>6.5) are concerned, 
may be considered as an activator and, as far as the lower 
branches (pH < 6.5) are concerned, as an inhibitor of the transport 
system. For the determination of K U and K m the upper and the 
lower branches of the flux/pH curves have to be examined sep- 
arately. At high pH, the term H / K  m can be ignored and Eq. 
(10.1) reduces to: 

1 / f  = (1 -}- K H / H ) / f m a x ( s ) .  (10.2) 
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Table 2. Intercepts and slopes of the plotting procedures of the flux/pH curves 
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Plotting procedure Slope 

Ordinate Abscissa 

Intercepts 

Ordinate Abscissa 

Right-hand side branch of the flux/pH curve 1/] 1/H 

Right-hand side branch of the flux/pH curve J ] /H 

Left-hand side branch of the flux/pH curve 1/J H 

Kn/]m,x(s) 1/Jm,~(S) -- 1/K n 

-- g n  Jmax (s, Jmax(s)/Kn 

1/(Jm,• Kin) 1/Jm~• -- Kin 

Alternatively, disregarding the term H/Km,  Eq. (10.1) can be 
rearranged as follows: 

J=//m~(s)- Kn(J/H). (10.3) 

On the other hand, at low pH, the term Kn/H can be ignored 
and Eq. (10.1) then may be rewritten as: 

1/J = (1 + H/K~n)/Jmax(s). (10.4) 

The apparent values of Jmax(S), Kn and K~H were obtained from 
the slopes and the intercepts of the axes as listed in Table 2. 

Determination of the pK-values from the pH optimum and the pH 
values at half-maximal flux: If K~ and K m are iess than 2pH 
units apart, and if the flux/pH curve is symmetric, then the 
dissociation constants can be calculated from the position at the 
pH optimum and the pH values where the half-maximal flux is 
attained. At the peak of the flux/pH curves, the first derivative 
dJ/dH of Eq. (10.1) is equal to zero and we obtain: 

2 Hop t = Kn" Km. (10.5) 

Furthermore, the pH optimum, pHopt, and the pH values 
pH(u/0.s ) and pH(m/o.5~, at both sides of the pH optimum, where 
one-half of the maximal flux is attained may be read from the 
flux/pH curves as shown in Fig. 9. According to Segel the follow- 
ing expression can be derived: 

H (mo.5 ) + H (iz4 /o.5 ) = Kin + 4Hop c (10.6) 

Using Eqs. (10.5) and (10.6), the pH optimum and the pH values 
at one-half maximal flux can be employed for the calculation of 
the respective pK-values. (For details, see Segel, pp. 914-917 E61] 
and Webb, pp. 660-661 [72].) 

Chemicals 

All chemicals employed were of AR grade. Amphotericin B was 
kindly supplied by v. Heyden-Squibb (Regensburg); valinomycin 
was purchased from Boehringer GmbH, Mannheim. For the phos- 
phate determination, Merckotest inorganic phosphate (No. 3311) 
was used. 36Cl-chloride and 32p-orthophosphate were obtained 
from Amersham Buchler. 

Results 

Concentration Dependence of the Unidirectional 
Phosphate Flux 

The equilibrium distributions of o-phosphate and of 
chloride between intracellular and extracellular 
space were determined as a function of the extracel- 
lular pH and of the extracellular phosphate con- 
centration as indicated in the methods section. From 

these values, the intracellular pH, the intracellular 
phosphate concentration, and the distribution of 
monovalent phosphate anions were calculated by 
using Eqs. (3)-(6). The results are listed in Table 3. 
Since the chloride self-exchange is two to three or- 
ders of magnitudes faster than the phosphate self- 
exchange, the chloride anions may be used for mon- 
itoring the actual membrane potential. 

The equilibrium distribution of the total o-phos- 
phate, Rp, and of chloride, e c l  , we re  strongly affec- 
ted by the extracellular pH and the extracellular 
phosphate concentration. At low pH and at low 
extracellular phosphate concentrations, the intracel- 
lular concentrations of phosphate and of chloride 
are greater than the extracellular concentrations and 
the respective distribution ratios, Rp and Rci, are 
greater than unity. At high pH, the intracellular 
phosphate concentrations and the intracellular chlo- 
ride concentrations were smaller than the extracel- 
lular concentrations, and accordingly the distribu- 
tion ratios, Rp and Rc, , are smaller than unity. A 
more close inspection of Table 3 reveals differences 
between Rp and Rcl. Since under ideal conditions 
the distribution of anions should follow a Donnan 
distribution, these differences are to be expected. 
Within the pH range of 6.0 to 8.6, which is of 
particular interest for our experiments, o-phosphate 
is present as monovalent H2PO 4 and as divalent 
HPO~- anion. Rp as calculated from the distribu- 
tion of 32p-phosphate at isotopic equilibrium reflects 
the distribution of the total o-phosphate. If Rcl is 
greater than unity, e p  should be greater than Rcl. 
On the other hand, if Rc~ is smaller than unity, Rp 
should be smaller than Rc~. In order to test as to 
whether a true equilibrium distribution of o-phos- 
phate was reached, the distribution of monovalent 
phosphate, Re1 , between intracellular and extracel- 
lular space was calculated. The comparison of R m 
and Rc~ shows that under most conditions R m is 
equal to Rc~. This indicates that under most con- 
ditions a true equilibrium distribution of o-phos- 
phate was reached. At pH 8.6 and at an extracellular 
phosphate concentration of greater than 100 mM, 
however, Rc, is much greater than Rm, indicating 
that under these conditions the uptake of 32P-phos- 
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Table 3. Equilibrium distribution of phosphate and chloride as a 
function of the extracellular pH and the extracellular phosphate 
concentration 

pH(ex) P(ex) Rv RCl pH(in) P(i.) Rm 

6.3 25 1.65 + 0.08 1.49 + 0.05 6.47 41.25 1.51 
50 1.51 -t-0.08 1.40_+0.06 6.45 75.50 1.41 
75 1.39_+0.04 1.30_+0.03 6.41 104.25 1.32 

100 1.31 _+0.06 1.21 _+0.08 6.38 131.00 1.26 
150 1.21 _+0.03 1.15 _+0.05 6.36 181.50 1.18 
200 1.12_+0.03 1.13_+0.04 6.35 224.00 1.09 
250 1.05_+0.04 1.10_+0.05 6.34 262.50 1.03 
300 1.04_+0.04 1.07_+0.03 6.33 312.00 1.03 
400 0.98_+0.06 1.05_+0.05 6.32 392.00 0.97 

6.5 30 1.52_+0.06 1.38_+0.05 6.64 45.60 1.38 
60 1.36_+0.08 1.24_+0.07 6.59 81.60 1.28 

100 1.26_+ 0.09 1.15 _+ 0.05 6.56 126.00 1.21 
150 1.17_+0.07 1.11 _+0.05 6.55 175.50 1.14 
200 1.08 _+0.03 1.11 _+0.06 6.55 216.60 1.05 
250 1.05_+0.04 1.07_+0.05 6.53 262.50 1.03 
300 0.98 _+ 0.06 1.06 _+ 0.07 6.53 294.00 0.96 
400 0.91_+0.03 1.07_+0.03 6.53 364.00 0.89 

7.2 10 1.36_+0.06 1.12_+0.12 7.27 13.60 1.22 
25 1.11_+0.06 1.03_+0.07 7.21 27.75 1.09 
50 0.98_+0.09 0.92_+0.05 7.16 49.00 1.03 
75 0.89_+0.06 0.89_+0.03 7.15 66.75 0.96 

100 0.84_+0.04 0.87--0.08 7.14 84.00 0.92 
150 0.78-+0.03 0.84_+0.07 7.12 117.00 0.87 
200 0.78_+0.05 0.82_+0.07 7.11 156.00 0.88 
300 0.70-+0.03 0.84_+0.08 7.13 240.00 0.77 
400 0.64-+0.03 0.82_+0.09 7.11 256.00 0.72 

7.4* 25 1.03_+0.04 1.00 +0.05 7.40 26.80 1.03 
50 0.92_+0.06 0.93_+0.04 7.37 46.00 0.97 
75 0.85_+0.05 0.89_+0.05 7.35 64.00 0.93 

100 0.82_+0.03 0.87_+0.05 7.34 82.00 0.91 
150 0.76 _+ 0.07 0.84_+ 0.04 7.32 114.00 0.86 
200 0.76_+ 0.03 0.83_+0.07 7.32 152.00 0.87 
300 0.70_+0.05 0.85_+0.05 7.33 210.00 0.79 
400 0.66_+0.04 0.81 _+0.03 7.31 264.00 0.77 

7.8 25 0.87_+0.03 0.93_+0.05 7.77 21.75 0.93 
50 0.79_+0.02 0.89_+0.03 7.75 39.50 0.87 
75 0.76_+0.04 0.87_+0.04 7.74 57.00 0.86 

100 0.78_+ 0.03 0.90_+0.05 7.75 78.00 0.85 
150 0.72_+0.03 0.86_+0.06 7.72 108.00 0.84 
200 0.72_+0.05 0.84_+0.03 7.72 144.00 0.84 
300 0.69_+0.05 0.86_+0.02 7.73 207.00 0.79 
400 0.64_+0.03 0.88_+0.05 7.74 256.00 0.72 

8.6 30 0.72_+ 0.03 0.78_+0.03 8.49 21.60 0.92 
60 0.69-+0.04 0.88_+0.04 8.55 41.40 0.77 

100 0.68_+0.03 0.88_+0.05 8.54 68.00 0.77 
150 0.67_+0.03 0.91_+0.06 8.56 100.50 0.73 
200 0.65 _+ 0.02 0.94_+ 0.08 8.57 130.00 0.69 
300 0.63_+0.01 1.00_+0.10 8.60 192.00 0.64 
400 0.60_+0.02 1.07_+0.09 8.63 240.00 0.56 

pH(ex~ , pH(i.) = extracellular and intracellular pH; 
P(~,P(I~)= extracellular and intracellular concentrations of o- 
phosphate (mM) ; 
Pl(ex), Pl(in) = extracellular and intracellular concentrations of 
H2PO 4 (mM) ; 
R p = P(in)/P(ex); Rcl = Cl(in)/Cl(ex); R e 1 = P1 (in)/Pi (ex)" 
The experiments were conducted with amphotericin B (5 gmol/- 
liter) treated red cells, the experiments marked by* were perform- 
ed with valinomycin (10 gmol/liter) treated red cells. The red cells 

phate by the red cells is too slow to reach an 

equi l ibr ium distr ibution.  
The intracel lular  pH was calculated from the 

extracellular pH and the chloride d is t r ibut ion  Rcl. 
The calculat ion of the intracel lular  pH is based 
upon  the assumpt ion  that  the d is t r ibut ion  of protons  
between intracel lular  and  extracellular space also 
follows a D o n n a n  distr ibution.  If the extracellular 
pH is adjusted to a distinct value and  if the D o n n a n  
dis t r ibut ion of anions  changes, then the intracel lular  

pH cannot  be kept constant.  However,  as can be 
seen from Table  3, the variat ions of the intracel lular  

pH are small and  a m o u n t  maximal ly  to 0 .2pH 
units. 

The concent ra t ion  response of the unidi rect ional  
phosphate  flux at different pH is shown in Figs. 1 
and 2. The unidi rec t ional  phosphate  fluxes were 
plotted either vs .  the extracellular or vs .  the intracel- 
lular phosphate  concentrat ions.  The fluxes were all 
plotted on the same scale. For  technical  reasons the 
experiments were executed with amphoter ic in  B 
(5 gmol/liter) or va l inomycin  (10gmol/ l i ter)  treated 
red cells. Amphote r i c in  B and  va l inomycin  at low 

concentra t ions  have no effect upon  the unidirec- 
t ional  phosphate  flux under  self-exchange condi t ions  

[153. At  low phosphate  concentrat ions,  the flux/con- 
centra t ion curves exhibit an S-shaped increase of the 
flux. The phosphate  fluxes then pass through a con- 
cent ra t ion  maximum,  while at high phosphate  con- 
centrat ions a self-inhibit ion of the phosphate  fluxes 
is observed. 

For  characterizing the f lux/concentra t ion curves, 
the half-saturat ion concentrat ions,  P(o.5~, the lo- 
cat ion of the flux opt imum,  P(op0, and the actual 
maximal  phosphate  flux at constant  pH, Jmax(opt/pm, 
may be taken directly from the f lux/concentra t ion 
curves. The values obta ined  with reference to the 
extracellular (index ex) and with reference to the 
intracel lular  phosphate  concentra t ions  (index in) are 
listed in Tables 4 and 5. The half-saturat ion con- 

centrations,  P(o.5/ex) and P(0.5/~n~, range from 50- 
75 mM. P(0.5/ex) increases slightly with increasing pH, 

while P(o.5/in) shows a reverse pH response. P~opt/ex) 
and P(ovt/~,) are in the range of 140 to 200mM. In 

were incubated in a solution containing x mN K-phosphate, 1 mN 
NaC1 and 30 mM sucrose at different pH. Cell concentration 10 
(wt/vol). Temperature, 37 ~ Incubation period, 4-6 hr. The phos- 
phate distribution Re, the chloride distribution Rcl and the distri- 
bution of monovalent phosphate Re1 were determined by a dou- 
ble label technique using either 32p-phosphate and D(1--3H) - 
glucose or 36Cl-chloride and D(1--3H)-glucose as tracers. The 
intracellular phosphate concentrations P(i,l and the intracellular 
pH(i,~ were calculated according Eqs. (5) and (6). For details, see 

the methods section. 
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Fig. 1. Concentration dependence of the unidirectional phosphate flux as a function of the extracellular phosphate concentration. The 
experiments were performed with amphothericin B (5 pmol/liter) treated red cells, the experiments at pH 7.4 with valinomycin (10 gmol/- 
liter) treated red cells. The 32P-phosphate back-exchange of a 5 ~o (wt/vol) cell suspension was measured under self-exchange conditions 
at 25 ~ The unidirectional fluxes were calculated according to Eqs. (7) and (8). (For details see methods section.) Each point represents 
the mean of 3 4 experiments, the vertical bars denote the standard deviation. The extracellular pH is indicated in the figures. Ordinate: 
Unidirectional phosphate flux, Jr, [-moles/(min. g cells)]; abscissa: Extracellular phosphate concentration, P(ex) (mM) 

contrast to P(o.5/ex) and P(0.5/in), Jmax(opt/pH) displays a 
strong pH dependency. The pH-maximum of the 
flux is located at about pH 6.5. At pH 7.2, the actual 
maximal flux, "Jm~,,(ovt/pm, is equal to 
2.1.10-6moles/(min-g cells). A crude estimate of 
the self-inhibition constants can be made from the 
position of the flux-optimum by using Eq. (9.2) and 
inserting P(o.s) as an approximation for K s. The self- 
inhibition constants as obtained by this procedure 
are in the range of 400-700 mM. 

For a more detailed analysis of the flux/concen- 
tration curves, plotting procedures were used which 
are common in enzyme kinetics. Figure 3 exhibits 
the Lineweaver-Burk and the Woolf-Augustison- 
Hofstee plots of the flux/concentration curves at 
pH 7.2 with reference to the extracellular phosphate 
concentration, P(+x), and with reference to the in- 
tracellular phosphate concentration P(~n). Similiar 
plots were obtained for the flux/concentration curves, 
measured at other pH values. It is obvious that 
the plots do not fit the experimental data. Both the 
Lineweaver-Burk and the Woolf-Augustison-Hofstee 
plots display curved lines for the ascending branches 

of the flux/concentration curves which confirm that 
the flux/concentration curves do not follow a simple 
Michaelis-Menten kinetics. Attempts to determine 
the apparent half-saturation constant K~(,;p) and the 
apparent maximal flux "Jmax(pH/avp) by extrapolating 
from the fluxes measured at low phosphate con- 
centrations, in both cases yielded negative values for 
Ks(app) and for Jmax(pH/app)" Likewise, the Dixon plots 
made from the descending branches of the flux/con- 
centration curves did not show straight lines. 

In Figs. 4 and 5, the double reciprocal Hill plots 
and the Woolf-Augustison-Hofstee form of the Hill 
plot are shown. The curves were fitted with reference 
to the term (P(ex)" P(in)) n/2 by varying n until linear 
plots for the ascending branches of the flux/concen- 
tration curves were obtained. For the double re- 
ciprocal plots, only the ascending branches of the 
flux/concentration curves were used. The parameters 
obtained from the curve-fitting procedure are listed 
in Table 6. The apparent Hill coefficients nap p were  

always within the range of 1.6-1.8. The apparent 
half-saturation constants, Ks(avp) , amounted to ap- 
proximately 80 mM and were little affected by pH. In 
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Table 4. Analysis of the flux/concentration curves with respect to 
the extracellular phosphate concentration" 

Table 5. Analysis of the flux/concentration curves with respect to 
the intracellular phosphate concentration ~ 

phlox) P(o.s l ,x)  P~opt/ex) Jm,,,(opllpm Ki~(ex) PH{~x) PH(i,) P(0.5/in) P(opt/in) Jmax(opl/pH) Ki~(i~) 
(mM) (mM) [moles/(min - g cells)] (raM) (raM) (mM) [-moles/ (raM) 

(rain. g cells)] 
6.3 53 150 1.72 x 10- 6 420 
6.5 53 180 2.56 • 10 -6 610 6.3 6.47-6.32 75 180 1.72 x 10 6 420 
7.2 68 200 2.12 • 10 -6 580 6.5 6.64-6.53 73 180 2.56 x 10 -6 440 
7.4* 55 180 1.42 • 10 -6 590 7.2 7.27-7.11 63 160 2.12 x 10 -6 410 
7.8 67 200 6.80 • 10 -7 597 7.4 b 7.40-7.31 51 150 1.42 x 10 6 440 
8.6 70 (250) 1.95 x 10 -7  (892) 7.8 7.77-7.31 50 140 6.80 x 10 7 390 

8.6 8.49 - 8.63 56 (160) 1.95 x 10- v (460) 

a The phosphate half-saturation concentrations P(0.s/~x), the po- 
sition of the flux optimum, P(opt/ex), and the observed maximal 
unidirectional phosphate flux J~(ovt/pm were directly taken from 
the flux/concentration curves shown in Fig. 1. In the last column 
an estimate of the self-inhibition constant K~(ex) is given (cf text). 
At pH 8.6, P(opt/e~) is difficult to determine. Therefore, the values 
for P(opt/~) and for Ki~(~) were put in parentheses. The experiments 
were conducted with amphotericin B(5 gmoI/liter) treated cells; 
the experiment marked by * was performed with valinomycin 
(10 gmol/liter) treated cells. 

The phosphate half-saturation concentrations P~0.s/~,) with re- 
gard to the intracellular phosphate concentration (index in), the 
position of the concentration optimum Pcop,/~n~ and the observed 
maximal unidirectional phosphate flux Jmax(opt/pm were directly 
taken from the flux/concentration curves shown in Fig. 2. The 
self-inhibition constant K,s(~n) was calculated from the position of 
the flux-optimum as described in the text. In the second column, 
the range of the intracellular pHi, is tabulated. The flux optimum 
at pH 8.6 cannot be precisely determined. Therefore the values for 
P~opt/i.) and Kisdn ) were put in parentheses. 
b The experiments at pH7.4 were executed with 10Bmol/liter 
valinomycin. The other experiments were executed with 5 ~tmol/- 
liter amphotericin B. 
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Table 6. Hill plot parameters ~ 

PH(~x~ napp K~(apv)(mM) Jm,~(pn/,pp)[moles/ 
(min. g cells)] 

6.3 1.6-1.8 85 .4_+7.9  2.51_+0.37x10 -6 
6.5 1.6-1.8 80 .1_+8.7  3.33_+0.27x10 -~ 
7.2 1.6-1.8 79 .5_+9.0  3.05_+0.36x10 -6 
7.4 1.6-1.8 73.7• 2.10_+0.24x10 -6 
7.8 1.6-1.8 72.3• 9.28_+0.78x10 -7 
8.6 1.6-1.8 78 .3_+7.4  2.19• -v 

The parameters were obtained from Hill plots as shown in 
Figs. 4 and 5. Mean value _+ standard deviation of 3-4 experi- 
ments are listed in the table. The experiments were separately 
analyzed and thereafter the mean was calculated. The flux/con- 
centration curves were fitted with reference to the term 
(P(~x~-Pa~l ~/2. The concentration optimum of the curves is po- 
sitioned at 171• The apparent self-inhibition constant, 
K~(app), was estimated by using Eq. (9.2). K~(,ppl = 375 _+ 56 mM. 
n,pp=apparent Hill coefficient, K~pp)=apparent half-saturation 
constant, and Jm~(pH/,pp)= apparent maximal flux at constant pH. 

contrast ,  the a p p a r e n t  max ima l  phospha t e  fluxes 
Jmax(pH/app} exhibi t  a p r o n o u n c e d  pH-dependence .  
Fi ts  of  the same qual i ty  were ob t a ined  when the 
f lux /concent ra t ion  curves were assessed with refer- 
ence to the ex t race l lu la r  phospha t e  concen t ra t ions  
or  wi th  reference to the in t race l lu la r  phospha t e  con- 
centra t ions .  The  a p p a r e n t  Hi l l  coefficients were al- 
ways wi thin  the range of  1.5-2.0, bu t  the intercepts  
on the axes were sl ightly different. 

The concen t ra t ion  response  pa t t e rn  of  the self- 
inh ib i t ion  is difficult to examine.  In  mos t  cases, we 
run into difficulties because  only a few poin ts  were 
avai lab le  on the descending  branches  of  the flux/- 
concen t ra t ion  curves. Theore t ica l ly ,  the  concen-  
t ra t ion  response  can be tested by  using doub le  log- 
a r i thmic  plots.  If  the sel f - inhibi t ion follows the 
same pa t t e rn  of concen t ra t ion  response  as the ini t ial  
increase  of  the flux at  low an ion  concent ra t ions ,  
then the curves should  be symmetr ic .  The  plots  of 
log J~, vs. log P(~x)and of  log Jp vs. 1ogP(in)exhibited a 
slight asymmetry ,  while the plots  of log Jp vs. 
log(P(e~). P(i,)) 1/2 seemed to be symmetr ic .  As an ad-  
d i t iona l  test, the inverse p h o s p h a t e  flux 1/]p was 
p lo t t ed  vs. P(~), P(I"~ and  vs. the t e rm (P(~)-p(~,)),/2. As 
an example ,  the 1/Jp vs. (P(e~)" P ( i j  "/2 plots  are  shown 
in Fig. 6. I t  was poss ib le  to cons t ruc t  l inear  p lots  by 
set t ing n equal  to 2, whereas  the usual  D ixon  plots  
were always curved. A l t h o u g h  the exper imenta l  d a t a  
were insufficient for a t rue fit, the above  plots  sug- 
gest tha t  the sel f - inhibi t ion of the p h o s p h a t e  flux 
follows the same pa t t e rn  of  concen t ra t ion  respon-  
siveness as the increase of  the flux at  low phospha t e  
concent ra t ions .  

Since the a p p a r e n t  se l f - inhibi t ion constant ,  
K~s(,vp ~, could  not  be de t e rmined  by fit t ing 1/Jp vs. 

Table 7. Equilibrium distribution of phosphate Rp and of chloride 
Rcl in red cells and red cell ghosts" 

PH(r Re Rci pH(i~) Re1 

Amphotericin B4reated red blood ceils (25 ~ 
5.5 1.62+_0.09 1.60_+0.10 5.70 1.59 
6.0 1.36_+0.06 1.33_+0.07 6.12 1.32 
6.5 1.10_+0.05 1.08_+0.05 6.53 1.08 
7.0 0.89 _+0.04 0.91 _+0.06 6.96 0.93 
7.5 0.72_+ 0.05 0.81 _+0.06 7.41 0.84 
8.0 0.64_+0.06 0.80_+0.03 7.90 0.78 
8.5 0.62_+0.04 0.83_+0.04 8.42 0.74 
9.0 0.61 +0.03 0.89+_0.04 8.95 0.69 

Red cell ghosts (25 ~ 

6.0 1 .18-+0.05  1.15-+0.03 6.06 1.16 
6.3 1.22_+0.03 1.14_+0.04 6.36 1.19 
6.5 1.20_+0.07 1.17_+0.03 6.57 1.15 
6.8 1.17_+0.05 1.14_+0.06 6.86 1.11 
7.0 1.20_+0.04 1.12_+0.05 7.05 1.13 
7.2 1.19_+0.06 1.12_+0.06 7.25 1.11 
7.5 1.18_+0.05 1.09_+0.04 7.54 1.10 
8.0 1.16_+0.02 1.08_+0.03 8.03 1.08 

a Amphotericin B (5 gmol/liter) treated red cells or red cells 
ghosts were incubated for 4 hr (37 ~ in a K-phosphate/NaC1 su- 
crose solution (130 mM K-phosphate, tmM NaCt, 30 mM sucrose) 
at various pH. The solutions were labeled either with 3ZP-phos- 
phate or with 36Cl-chloride. 10 mM D (1-  ~H)-glucose were added 
15 min before the end of the incubation period. The phosphate 
distribution Rp-  P~nl/P(~x~, the chloride distribution Rc~ 
=C1jCl~exl, the intracellular PHi, and the distribution of 
HaPO 4, R m, were determined by the use of a double-label tech- 
nique as described in the methods section. The experiments were 
performed with a 10~ (wt/vol) cell suspension or with a ghost 
suspension containing the same number of ghosts per volume. 

S n, an a l te rna t ive  p rocedure  was employed ,  If the 
ascending  and the descending  branches  of  the flux/- 
concen t ra t ion  curves fol low the same pa t t e rn  of  con- 

cen t ra t ion  response,  gis(app ) can be es t imated  from 
the loca t ion  of the f lux-opt imum,  Sopt, by means  of 
Eq. (9.2) (cf methods  section). Re a d ing  Sop t f rom the 
respect ive f lux /concent ra t ion  curves, Jp vs. 
(P(ex)'P(in)) I/2, and  inser t ing the g raph ica l ly  deter-  
mined  Ks(,pp~-values f rom Table  6, values of  Kis(app ) 
in the range of 450-500mM were found. The  self- 
inhib i t ion  constants  were a lmos t  i ndependen t  of pH.  

pH Dependence of  the Unidirectional Phosphate Flux 

Table  7 shows the equi l ib r ium d i s t r ibu t ion  of phos-  
pha te  and chlor ide  as well as the in t race l lu la r  p H  in 
ampho te r i c in  B t rea ted  cells and  red cell ghosts.  Rp, 
Rcl and  R m denote  the equ i l ib r ium dis t r ibu t ions  of 
to ta l  phosphate ,  ch lor ide  and d ihyd rogen  phospha te  
be tween in t race l lu la r  and  ext race l lu lar  space. Rp and 
Rcl were de te rmined  from the d i s t r ibu t ion  of  32p_ 
phospha te ,  36Cl-chloride and  D(1- -3H)g lucose  at 
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Fig. 7. pH dependence of the unidirectional phosphate flux in red 
cells (a/b) and in red cell ghosts (c/d). The unidirectional phos- 
phate fluxes were determined from the tracer back-exchange at 
Donnan equilibrium. The experiments were executed at 25~ 
with a 5% (wt/vol) cell suspension or with a red cell ghost 
suspension of an equivalent concentration. The red cells were 
pretreated with amphothericin B (5 gmol/liter) as described in the 
methods section. The red cell ghosts were prepared according to 
the methods of Bodemann and Passow [1] and Lepke and Pas- 
sow [32]. Red cells: (a) flnx/pH curves and (b) corresponding 
log-flux/pH curves. The closed circles (e) and the triangles (A) 
indicate the mean value of three experiments, the vertical bars the 
standard deviation. Incubation solutions (in ms~): (e) 130, K- 
phosphate; 30 sucrose ; (A) 40, K-phosphate ; 30, sucrose. Sucrose was 
added in order to cancel out the osmotic pressure of hemoglobin. 
Red cell ghosts: (c) flux/pH curves and (d) log-flux/pH curves. 
The curves exhibit three single experiments. Incubation solutions 
(in mM): (I) 130, K-phosphate; 30, sucrose (= 360mosM); ( ') 30, 
K-phosphate; 100, KaSO M 30, sucrose (=355 mosM); (A) 30, K- 
phosphate, 100, KC1, 50, sucrose (= 325 mosN). The unidirectional 
phosphate fluxes, Jp, were given in moles/(min, g cells) 

isotopic equilibrium. The intracellular pH and R m 
were calculated from the chloride distribution and 
the extracellular pH as indicated in the methods 
section by using Eqs.(5) and (6). In amphotericin B 
treated red cells, pI-I(in) and pH(ex) are slightly dif- 
ferent, but the differences are much smaller than in 
intact cells. As pH(+~) is increased, Rp is reduced. In 
the pH(~,)-range of 5.5 to 8.0, Re1 equals Rc~. Above 

a pH(ex) of 8.0, R m is smaller than Rct, suggesting 
that a Donnan distribution of phosphate has not 
been attained. In red cell ghosts, Rp and Rct are 
independent of pH, and pH(i,i is nearly equal to 
pH(ex). Due to the addition of sucrose to the extra- 
cellular solution, Rp and R a  are slightly higher than 
unity. 

Figure 7 displays the pH response of the uni- 
directional phosphate flux in amphotericin B 
(5 t~mol/liter) treated red cells and in red cell ghosts. 
On the left, the fluxes are plotted vs. pH. On the 
right, the corresponding double logarithmic plots, 
log J e vs. pH, are shown. The flux/pH curves were 
measured at fixed phosphate concentrations, as in- 
dicated in the figure. The experiments with 
amphotericin B treated cells were conducted in phos- 
phate solutions without maintaining isotonicity. In 
red cell ghosts, the phosphate concentrations were 
varied by iso-osmotic substitution of either chloride 
or sulfate for phosphate. 

The unidirectional phosphate fluxes in 
amphotericin B treated red cells and in red cell 
ghosts exhibit the same pattern of pH response. The 
flux/pH curves are symmetric as can be seen best 
from the plots of log J e vs. pH. The pH opt imum of 
the ftux/pH curves is located at about pH 6.5, while 
the double logarithmic plots exhibit pH maxima at 
pH 6.7. The pH response is neither affected by va- 
riations of the phosphate concentration nor by the 
addition of chloride or sulfate. The curves of log Je 
vs. pH shift almost parallel as the phosphate con- 
centration is changed. 

The actual maximal phosphate flux, the pH-op-  + 
timum, the pH values a t  1/2-Jmax(opt/e) at both sides 
of the pH maximum and the slopes, A logJe /A  pH, 
for the upper and the lower branches of the flux/pH 
curves are listed in Table 8. The values were taken 
from the plots of log J e vs. pH as shown in Fig. 8. 
The pH optima taken from the double logarithmic 
plots were at about  pH6.7,  while pH(H/0.5 ) and 
pH(r were at approximately 7.4 and 6.0, re- 
spectively. The upper branches of the curves from 
pH 7,3 to 9,0 and the lower branches from pH 6.3 to 
5.6 can be fitted by straight lines. At a distance of 
approximately 1 pH unit away from the pH op- 
timum, the slope of the upper branches is around 
- 0 . 8  and that of the lower branches around +0.8, 
as far as the latter could be reliably determined. In 
ghosts, the pH range could not be extended to the 
same degree as in amphoter icinB treated red cells. 
Therefore, on the lower branches of the flux/pH 
curves, at a pH below 6.3, only two to three points 
were available. 

If the pK values of the activator and the in- 
hibitor site differ in less than 2 p H  units, then the 
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Table 8. pH optimum, flux optimum, pH-values at one-half maximal flux and slopes of the upper and the lower branches 
of the flux/pH curves" 

185 

Solution pH values from the c u r v e s  Jmax(ept/P) A logJp/A pH A logJp/A pH 
(mM) (pH < 6.3) (pH > 7.3) 

PH(~/o.5) PH(m/o.5) pHopt 

Amphotericin B-treated red blood cells (25 ~ 

130, K-phosphate 7.45 6.05 6.75 2.57 x 10 -6 0.84 -0 .87  
30, sucrose 

40, K-phosphate 7.57 5.90 6.70 8.13 x 10-7 0.83 -0 .83 
30, sucrose 

Red cell ghosts (25 ~ 

130, K-phosphate 7.46 6.07 6.75 2.24 x 10 .6  (0.78) -0.71 
30, sucrose 

30, K-phosphate 7.38 6.00 6.70 2.24 x 10- 7 (0.78) - 0.70 
100, K-sulfate 
30, sucrose 

30, K-phosphate 7.22 (5.80) 6.50 1.74 x 10- 7 (0.46) - 0.75 
100, K-chloride 
50, sucrose 

" The values were determined from the plots of log J e vs. pH as shown in Fig. 8. The curves were fitted with a 
template by eye. pH(mo.5) and pH{~mo.s I are the pH-values at 1/2-Jma~lopt,m, PHop t is the pH of the pH-optimum, and 
O~a~(opt/p ) the actual maximal flux of the flux/pH curves at constant phosphate concentration. The slopes~ A iogJe/A pH, 
were determined for the upper and the lower branches of the curves at a distance of approximately 1 pH unit apart from 
the pH optimum. For the slope of the upper branches the pH range of 7.3-9.0 was used; for the slope of the lower 
branches the pH range of 6.3-5.6 was employed as far as possible. The value pH{~mo.5 ~ in parenthesis was estimated by 
extrapolation because a sufficient number of points on the lower branch was not available. 
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Fig. 8. Plotting procedure used for the determination of pHopt, 
p I~nf0.51, and pH(m/0.51.pH{m/0.51 and pHim0.5) , the pH at 1/2- 
dmax(opt/Sp were graphically determined from the intersection points 
of the curved lines and a horizontal line drawn at a distance 
of 0.3=1og0.5 below the top of the curve logJp vs. pH. The 
points display the experimentally observed flux/pH curve for red 
cell ghosts at 130mM K-phosphate as shown in Fig. 7d. The 
curved line was drawn with a template by fitting the points by 
eye. PHop t can best be approximated by setting it equal to 
0.5(pH~H/o.5) + PH(m/0.5)) 

respective pKs cannot be read directly from the flux// 
pH curves. In order to improve the analysis of the 
flux/pH curves, a series of replots was made, where 
the upper branches (pH > 6.5) and the lower branch- 
es (pH<6.5) of the flux/pH curves were separate- 

ly assessed. From the upper branches of the flux/pH 
curves, double reciprocal plots were made. The plots 
of 1/J e vs. 1/H(ex) were linear. The slope of the 
straight lines decreases with increasing phosphate 
concentration, but the straight lines intersected the 
1/H(ex)-axis at the same point (Fig. 9a). Correspond- 
ingly, linear plots were obtained for the upper branch- 
es of the flux/pH curves by plotting ]e vs. 
Je/H(ex) (not shown). Changes in the phosphate con- 
centrations resulted in a parallel shift of the straight 
lines, but the slope of the straight lines was not 
affected. These features are indicative for a noncom- 
petitive type of activation. Essentially similar results 
were obtained if the flux/pH curves were tested with 
reference to the intracellular pH. 

As far as the lower branches of the flux/pH 
curves were concerned, the reciprocal phosphate flux 
was plotted vs. the extracellular proton concentration. 
In order to improve the accuracy of the plotting 
procedure, the 1l ie- intercept  from the corresponding 
double reciprocal plot made from the upper branch 
of the respective flux/pH curve was inserted as an 
additional point (Fig. 9b). The plots of 1/J  e vs. H(ex) 

seem to be linear as well. The slope of the straight 
lines is reduced as the phosphate concentration is 
elevated, but the straight lines again intersect the 
Hr at approximately the same point. The plots 
of 1/J e vs. H(ex) point to a noncompetitive type of 
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Fig. 9. Replots made from flux/pH curves. (a) Plots 
of 1/J e (moles/(min. g cells))- * vs. 1/H~ex) (M)- ] 
made from the upper branches (pH > 6.5) and (b) 
plots of 1/J F (moles/(min. g cells))- 1 vs. H(ex) (M) 
made from the lower branches (pH <6.5) of the 
flux/pH curves. As an example, the flux/pH curves 
of red cell ghosts in K-phosphate/sucrose solution 
(I30 mM K-phosphate, 30 mM sucrose) and in K- 
phosphate/K2SO4/sucrose solution (30 mM K- 
phosphate, 100 mM KzSO4, 30 mM sucrose) were 
used for the replots (compare Fig. 7c). The 
phosphate concentrations are indicated in the 
figure 

Table 9. Apparent pK-values of the activator site, pK(~/app 1, and of the inhibitor site, pK(m/~pp ) as 
obtained from the flux/pH curves of phosphate" 

Solution Graphical determination Calculated values 
(mM) 

PK(l//app) PK(iu/app) PK(*H/app) PK(H/app)  PK(iu/app) 

Amphotericin B-treated red blood cells (25 ~ C ) 
130, K-phosphate 7.35 6.40 6.15 7.01 6.49 
30, sucrose 

40, K-phosphate 7.48 6.15 6.02 7.26 6.24 
30, sucrose 

Red cell ghosts (25 ~ 
130, K-phosphate 7.20 6.36 6.15 7.01 6.49 
30, sucrose 

30, K-phosphate 7.20 6.21 6.19 6.86 6.54 
100, K-sulfate 
30, sucrose 

30, K-phosphate 6.59 - 6.05 6.58 6.42 
100, K-chloride 
50, sucrose 

" The pK values were determined either by graphical analysis of the flux/pH curves or calculat- 
ed from the pH optimum and the pH values at half-maximal flux by using Eqs. (10.5) and (10.6). 
Compare Table 8 and Fig. 8. pK~m,pp) was calculated from the pH optimum of the flux/pH curves 
by inserting K(mapp) into Eq. (10.5). 

inh ib i t ion  of the phospha te  flux by p ro tons  at  a low 

pH.  
Al ternat ively ,  the p K s  of the ac t iva tor  site and  of  

the inh ib i tor  site may  be ca lcu la ted  from the p H  
o p t i m u m  of the f lux/pH curves. If  the f lux/pH curves 
are symmet r i c  with respect  to their  p H  response,  the 
p H  o p t i m u m  and  the pH-va lues  at  l/2-Jmax(opt/S) 
may  be taken from the f lux/pH curves as shown in 
Fig. 8. The  p K s  of  the ac t iva tor  site and of the 
inh ib i tor  site then can be ca lcu la ted  accord ing  to 
Eqs. (10.5) and  (10.6) (cf methods  section). The ap-  
pa ren t  p K s  are l isted in Table  9. pK(B/app ) is approx i -  
mate ly  7.2, whereas the pK(ig/app ) is a b o u t  6.1. The 
ca lcu la ted  appa ren t  pK-va lues  differ s l ightly from 
the graphica l ly  de te rmined  p K  values. 

Discussion 

Phosphate Transport as Compared to the Transport 
o f  Sulfate and o f  Chloride 

The kinet ic  mechan i sm of  the an ion  t r anspor t  across  
the red cell m e m b r a n e  is not  known.  Since o ther  
techniques have failed so far, we have to resor t  to 
kinet ic  s tudies in o rder  to gain in fo rmat ion  concern-  
ing the t r anspor t  mechanism.  This pape r  deals  with 
the kinetics of  the phospha t e  t r anspor t  across the 
e ry th rocy te  membrane .  As  previous  studies have 
shown, the phospha t e  t r anspor t  across  the red cell 
m e m b r a n e  is med ia t ed  by the same t r anspor t  system 
as the t r anspor t  of  ch lor ide  and of  sulfate. Argu-  
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ments in favor of this assumption come from kinetic 
studies as well as from biochemical studies. At first, 
a mutual competition of phosphate, chloride, and 
sulfate for the inorganic anion transport system was 
observed [10-12, 31, 55, 58, 70]. Secondly, the trans- 
port of phosphate, chloride and sulfate is inhibited 
by the same agents [3, 12-15, 19, 26, 29, 37, 39, 43, 
53]. Finally, the most potent inhibitors of the anion 
transport DIDS (4,4'-diisothiocyanato-stilbene-2,2'- 
disulfonic acid) almost exclusively bind to a single 
membrane protein, the band-3 protein, which ap- 
pears to play a pivotal role in anion transport across 
the red cell membrane [3-6, 8, 12, 13, 19, 28-30, 38- 
42, 44, 48, 49, 51, 52, 63, 70, 74, 77, 78]. On the 
other hand, the different anion species display con- 
siderable differences in their transport velocities and 
their pH response. Thus the question arises as to 
how a single transport system can account for these 
differences. 

As shown in this paper, the unidirectional phos- 
phate flux across the red cell membrane exhibits 
highly complex patterns of concentration response 
and of pH-responsiveness. At low phosphate con- 
centrations, the unidirectional phosphate flux dis- 
plays and S-shaped increase. The flux then passes a 
concentration maximum, and at high phosphate 
concentrations the flux decreases again. In contrast, 
the unidirectional fluxes of sulfate and of chloride 
display a simple saturation kinetics with a self-in- 
hibition at high concentrations of the respective 
anions. The half-saturation concentrations of phos- 
phate amount to approximately 65 mM (Tables 4 and 
5) and are about 4 times higher than the half-satu- 
ration concentrations of sulfate under the same con- 
ditions. The half-saturation concentrations of chlo- 
ride and of sulfate increase with increasing pH, while 
the half-saturation concentrations of phosphate seem 
to be independent of pH. At 25~ the unidirec- 
tional phosphate flux is approximately two times 
faster than the sulfate flux under the same con- 
ditions, while the chloride flux, if extrapolated to the 
same temperature, is 3-4 orders of magnitude faster 
than the phosphate flux. The pH response of the 
unidirectional fluxes of phosphate and of sulfate are 
almost identical, but the chloride fluxes display an 
entirely different pH response [2, 7, 9-13, 18, 25, 28, 
41, 42, 53-60, 70, 73]. 

In contrast to sulfate and to chloride, phosphate 
can be incorporated into the organic phosphate pool 
of the red cells. Theoretically, the organic phosphate 
pool could act as an additional compartment which 
could modify the phosphate transport across the red 
cell membrane. However, the amounts of radioactive 
phosphate that, under our experimental conditions, 
were incorporated into the organic phosphate pool 

are negligible. Furthermore, the 32P-phosphate back- 
exchange from radioactively labeled red cells fol- 
lows a simple exponential function, pointing to a 
simple two-compartment system. Finally, recent 
studies with red cell ghosts have confirmed the S- 
shaped increase of the unidirectional phosphate flux, 
while the unidirectional sulfate flux did not show a 
pronounced sigmoidicity of the flux/concentration 
curves [60]. These observations indicate that the 
sigmoidal increase of the flux/concentration curves 
of phosphate reflects a property of the inorganic 
anion transport system rather than an alteration of 
the phosphate flux by the organic phosphate pool of 
the red blood cells. 

The saturation of the unidirectional phosphate 
flux indicates that the phosphate anions on their 
way across the red cell membrane interact with a 
limited number of anion binding sites. For an S- 
shaped flux/concentration curve at least a two-site 
transport system has to be postulated. The anion 
binding sites which are directly involved in the 
anion transport across the red cell membrane were 
designated transport sites. The self-inhibition of the 
phosphate flux points to a second type of anion 
binding sites with a lower affinity for anions. These 
anion binding sites were termed modifier sites. Fi- 
nally, the activity of the transport system appears to 
be regulated by two proton binding sites. The pro- 
ton binding site with the higher pK was designated 
activator site, while the proton binding site with the 
lower pK was designated inactivator site. 

The Interpretation of the Transport Equation 

In general, the translocation of the anion across the 
cell membrane is assumed to be rate-determining, 
while at the membrane surfaces equilibria are estab- 
lished. The transport of an anion across the red cell 
membrane is analogous to an enzymatic reaction, 
where the breakdown of the substrate from the en- 
zyme-substrate complex is rate-limiting for the over- 
all reaction. For the analysis of the flux/concen- 
tration and of the flux/pH curves, therefore, plotting 
procedures can be employed that are commonly 
used in enzyme kinetics. These plotting procedures 
may serve as diagnostic tools in order to examine 
the precise pattern of concentration dependence and 
of pH dependence of the unidirectional fluxes. 

In order to test the relative sigmoidicity of the 
flux/concentration curves, the Hill equation was 
adopted as a purely empirical equation in the same 
sense as it was introduced by Hill himself [27a]. 
Since the Hill equation can neither account for the 
pH dependence nor for the self-inhibition of the flux, 
two additional empirical terms were added. The 
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complete flux equation for the unidirectional phos- 
phate flux then reads: 

ff __ Jmax (9.0) 
(1 + Kn/H + H/K,H ) (1 + K~/S") (1 + S"/K~) 

Jmax --maximal theoretical flux 
K~,Kz~ -half-saturation constant, self-inhibition 

constant 
n - Hill coefficient 
Ku,  K m -dissociation constants of the activator 

and of the inhibitor site 
S,H - a n i o n  concentration, proton concen- 

tration. 

At constant pH and at constant S the following 
abbreviations may be introduced: 

ffmax(pH) ~- ffmax/( 1 -- KH/H ~- g/giH) (11.1) 

Jmax(S)- Jmax/( I q- Ks/S ) (1 + S"/K,",). (11.2) 

Substituting Eqs. (11.1) and (11.2) into Eq. (9.0) and 
rearranging yields Eqs.(9.1) and (10.1) as given in 
the methods section: 

J = Jmax(pH) (K~ + S n) (KTs + S n) (9.1) 

(10,1) 

ffrnax(pH) and Jm~x(S) are the maximal theoretical flux 
at constant pH and at constant S, respectively. A 
complete derivation of the transport equation would 
exceed the scope of the present paper. Therefore, as 
far as possible, references to textbooks of enzyme 
kinetics are given. Concerning the Hill equation, the 
reader is referred to Segel: Enzyme Kinetics pp. 360- 
380 [,61]. As will be discussed below, Eqs. (9.0), (9.1), 
and (10.1) are based upon assumptions which are in 
accordance with our experimental results. 

Equation (9.0) strictly applies to a diprotic trans- 
port system with a cooperative substrate binding. 
The term (1 +K~/S") -1 provides a description for the 
binding of S to the transport sites and accounts for 
the sigmoidicity of the ascending branches of the 
flux/concentration curves. The term (I+S"/KT~) -1 
describes the interaction of S with the modifier sites 
which are responsible for the self-inhibition at high 
S. The term (1 +KH/H+H/KI~)  1 indicates the frac- 
tion of the transport systems which are in an active 
state. According to Eq. (9.0), the transport sites, the 
modifier sites, and the proton binding sites are cap- 
able of reacting independently of one another. Fur- 
thermore, the transport sites and the modifier sites 
are supposed to follow the same pattern of cooper- 
ativity. 

There are several possibilities which may give 
rise to sigmoidal flux/concentration curves: (1) A 
cooperative binding of substrate to a multi-site 
transport system, where the transport rate is not 
affected by the binding of substrate to the transport 
sites. (2) The occupied transport sites of a multi-site 
transport system may interact to increase their 
transport rates. (3) Both the binding of substrate and 
the transport rates may be simultaneously affected. 
Irrespective of the precise mechanism of the cooper- 
ativity, the Hill equation assumes the transport to be 
dominated by the fraction of transport systems with 
the highest number of occupied transport sites. If 
this condition is not strictly met, then the Hill coef- 
ficient n no longer indicates the actual number of 
transport sites. Nevertheless, in many cases the ex- 
perimental data can be fitted to the Hill equation by 
choosing a nonintegral value for n. As pointed out 
by Segel, the next integer above the experimentally 
determined apparent Hill coefficient is the minimum 
number of transport sites that are involved in the 
transport process. 

As already outlined in the methods section, there 
are a number of plotting procedures for testing the 
concentration dependence of the flux/concentration 
curves. A serious obstacle to the graphical analysis 
arises from the fact that Jmax(pH) c a n n o t  directly be 
obtained from the flux/concentration curves. Thus, 
the convenient plot of 1og(J/(Jmax(pH)--J)) VS. logS, 
where n is obtained from the slope of the plot, could 
not be used [,Eq. (9.4.3)]. The apparent Hill coef- 
ficient nap p may be obtained from the initial slope of 
the double logarithmic plots [Eq. (9.4.1)], from the 
plots of 1/J vs. 1/S" [-Eq. (9.5)] or from the plots of J 
vs. J/S ~ [,Eq. (9.6)]. The latter plotting procedures do 
not require Jm~x(pm as a precondition but Jm~x(pm is 
obtained from the curve fitting procedures as a re- 
sult (Table 1). It is not known whether the flux is 
regulated by the outer membrane surface, by the 
inner membrane surface, or whether both membrane 
surfaces participate in the regulation of the phos- 
phate transport. The flux/concentration curves, there- 
fore, were tested with reference to the extracellular 
phosphate concentration, P(ex), with reference to the 
intracellular phosphate concentration, P(in), and with 
reference to the term (P~ex)-P0~) ~/z. This is tan- 
tamount to selecting either the extracellular solution, 
the intracellular solution, or the middle of the mem- 
brane as a reference state [-27]. 

As indicated by Figs. 4 and 5, the ascending branch- 
es of the flux/concentration curves could be fitted 
to the Hill equation. The Hill plot parameters with 
reference to the term (P(e,)' P(in)) n/2 w e r e  listed in Ta- 
ble 6. The apparent Hill coefficient n,pp was always 
in the range of 1.6-1.8, indicating that at least two 
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substrate binding sites are involved in the transport 
of phosphate across the red cell membrane. Further- 
more, Ks(apE) was almost independent of pH, while 
Jmax(pH/app) exhibited a strong pH dependence. These 
results suggest that protons are not essential for the 
binding of phosphate to the transport system, but 
are required for the translocation of the phosphate 
anions across the membrane (cf.: Segel: System A1 
and A2 pp. 888-907 [61]). 

The self-inhibition was assumed to be completely 
noncompetitive and to follow the same sort of 
cooperativity as the increasing branches of the flux/- 
concentration curves. As mentioned already, the lat- 
ter supposition for technical reasons could not be 
precisely tested. However, our experimental results 
supply some evidence to this assumption: (1) The 
usual Dixon plots were always curved, whereas the 
plots of 1/Jp vs. P~ex). P(in) were almost linear (Fig. 6). 
(2) The double logarithmic plots of log Jp vs. 
log(P(ex)- P(in) ) appeared to be symmetric. It should be 
stressed that in none of our flux/concentration 
curves the half-self-inhibition concentration could be 
reached. In view of these difficulties, the self-inhi- 
bition constant can best be estimated from the con- 
centration optimum of the flux/concentration curves. 

Finally, the term (1 + K n / H +  H / K m ) -  1 accounts 
for the pH-response of the phosphate flux. The deri- 
vation of the term is based upon the following as- 
sumptions: (1) The inorganic anion transport system 
is supposed to function as a diprotic system which is 
activated by the binding of a first and inactivated by 
the binding of a second proton. (2) The binding of 
the protons is fast as compared to the binding of 
anions, and it is not affected by the anion con- 
centration. (3) The transport system accepts HPO ] 
and H2PO 2 equally well. For details see Segel, En- 
zyme Kinetics, pp. 884-925 [61]. 

The flux/pH curves measured at fixed phosphate 
concentrations were bell-shaped (Fig. 7). They in- 
dicate that we have two sorts of proton binding 
sites, those with a higher pK that activate and 
others with a lower pK that inactivate the transport 
system. The plots of 1/J~ vs. 1/H(e• for the upper 
branches and of 1/Jp vs. H(e• for the lower branches 
display a noncompetitive type of either activation or 
inhibition (Fig. 9). The noncompetitive activation of 
the phosphate transport indicates that the binding of 
protons to the activator site is not affected by the 
phosphate concentration and suggests that proton 
are not essential for the binding of phosphate to the 
transport sites. Otherwise, the intercepts on the 
1/H(e~)-axis should change as the phosphate con- 
centration is varied. Furthermore, the 1/J e vs. 1/H(e~) 
plots were linear and did not show any indication 
for a sigmoidal concentration response with respect 

to the proton concentration. From these obser- 
vations we concluded that the anion binding sites 
and the proton binding sites are independent of one 
another. 

The symmetry of the flux/pH curves can be seen 
in particular from the l o g J  v vs. pH plots (Figs. 7 and 
8). Except for its sign, the upper and the lower 
branches of the curves have the same slope. If the 
transport system would either accept only the 
monovalent dihydrogen-phosphate or the divalent 
hydrogen-phosphate, then the flux/pH curves should 
display a strong asymmetry. Thus, the symmetry of 
the flux/pH curves provides strong evidence for the 
assumption that the transport system accepts 
H2PO 2 and HPO 2 equally well. 

The Accuracy of the Plotting Procedures 

The physical meaning of the various parameters and 
the accuracy of the plotting procedures is difficult to 
assess. As pointed out already, the sigmoidicity of 
the flux/concentration curves and the Ks-values de- 
pend upon the actual number of transport sites and 
upon the strength of interaction between them. The 
Hill plots do not allow us to determine these two 
factors separately. The apparent Hill coefficients, 
therefore, indicate the minimum number of transport 
sites. Theoretically, if the cooperativity is weak, the 
number of transport sites may be higher than in- 
dicated by the apparent Hill coefficient. Since the 
apparent Hill coefficient enters exponentially into 
Eq. (9.1), it can be determined with high accuracy. 

Ks(avp) and gis(app ) are the apparent half-satu- 
ration and the apparent self-inhibition constant, and 
Jmax(pH/app) is the maximal theoretical flux which 
would be observed if no self-inhibition would occur. 
As, indicated in Table 1, Ks(app) , Kis(app ) and 
Jmax(pH/app) are complex magnitudes. In general, the 
self-inhibition is perceived by deviations from lin- 
earity. However, as far as the self-inhibition is linear, 
it cannot be perceived from the plots. If the ap- 
parent Hill coefficient n is in the range of 1.6 to 1.8, 
then the true K s and the true J~ax(~H) are approxi- 
mately 10~  higher than  Ks(app) and Jmax(pH/app), 
while the true Kfs would be approximately 10~  
smaller than  Kis(app ). These conclusions were further 
supported by computer simulations of the flux/con- 
centration curves. As an example, the parameters 
obtained by graphical determination and by com- 
puter fit of a flux/concentration curve are tabulated 
in Table 10. It should be noted, that K s and K;s are 
the half-saturation constant and the self-inhibition 
constant of the entire transport system which do 
not supply information about the intrinsic dissocia- 
tion constants of the transport and the modifier 
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Table 10. Comparison between graphically determined parameters 
and computer-fit parameters ~ 

Parameters Graphical Computer 
determination simulation 

Flux/concentration curve, red cells, pH 7.2, 25 ~ 

n - 1.6 - 1.8 1 .7 -  1.8 
K s mM 79.5 _+ 9.0 90 --110 
K~s mM 375 _+56 350 --380 

moles 
Jm,~S) min-gcells  (3.05_+ 0.37) x10 6 (3 .5-  3.9) x10 -6 

Flux/pH curve, red cell ghosts, 130 mM K-phosphate, 25 ~ 

pKH -- 7.20 (7.01) 7 . 0 -  7.1 
pK m -- 6.15 (6.49) 6.4-- 6.5 

moles 
Jmax(s~ min.g  cells (2.9 -3 .1)  x 10 .6  (4 .7-  5.0) x 10 -6 

" The flux/concentration curve measured at pH 7.2 (Fig. 1) and 
the flux/pH curve of red cell ghosts at 130mIvl K-phosphate 
(Fig. 7c) were employed. Either the range or the mean _+ standard 
deviation for the respective parameters are listed in the Table. 
The flux/concentration curves were analyzed with reference to the 
term (P(ox)" P(in)) n/2' In red cell ghosts pH(e~)=pHt~,). The pK values 
calculated according to Eqs. (10.5) and (10.6) were placed between 
parentheses. 

sites. The graphically determined apparent half-satu- 
ration constants, Ks(app,, and the graphically deter- 
mined maximal fluxes Jmax(pH/app), are  always consid- 
erably higher than the half-saturation concen- 
trations, P(o.5), and the actual fluxes J .... (pn/opt) as 
directly taken from the flux/concentration curves 
(Tables 4-6). 

As mentioned already, the PH(0.5 ) values do not 
reflect the true pK values of the transport system 
(Tables 8 and 9). The true pK u of the activator site 
should be lower than the graphically determined 
pK(H/app ). Conversely, the true pKiH of the inhibitor 
site should be higher than the apparent pK(iH/app). 
Although no systematic deviations were to be detec- 
ted in the plots, the graphically determined values of 
pK(mapp) were about 0.3 pH units higher than those 
calculated according to Eqs. (10.5) and (10.6). Cor- 
respondingly, the graphically determined values of 
pK(iH/app) were approximately 0.3pH units lower 
than the calculated ones (Table9). The calculated 
pK H and pKi~ / values were consistent with the pKs 
obtained from the computer simulation of the re- 
spective flux/pH curves and seem to reflect the true 
pK values. On the contrary, the graphically deter- 
mined values of Jmax(Sl were considerably lower than 
the values obtained from the computer simulations 
of the flux/pH curves. The reason for these discrep- 
ancies are unknown. With respect to the identifi- 
cation of ionizing groups, the differences between the 

graphically determined pKs and the computed pKs 
can be ignored. 

Conclusions 

According to our studies on the phosphate trans- 
port, the anion transport system of the red blood 
cell is constituted of two transport sites, two mod- 
ifier sites, and two proton binding sites. The trans- 
port sites and the modifier sites are responsible for 
the S-shaped concentration dependence and for the 
self-inhibition of the phosphate flux, while the pro- 
ton binding sites regulate the activity of the trans- 
port system. The binding characteristics of phos- 
phate and the pH response of the phosphate flux 
suggest that the anion binding sites and the proton 
binding sites are separate sites which react indepen- 
dently of one another. The fact that the half-satu- 
ration constants were almost independent of pH 
while the maximal fluxes exhibited a pronounced pH 
response supplies strong evidence for the assumption 
that protons are not essential for the binding of 
phosphate to the transport sites but regulate the rate 
of translocation of phosphate across the red cell 
membrane. The sigmoidicity of the flux/concen- 
tration curves can be explained either by a two-site 
carrier or by an exchange transport mechanism. 
Since the flux measurements were performed at 
Donnan equilibrium, no information is gained about 
the position of the different sites at the membrane 
surfaces. 

A part of these results was published at the 51th Meeting of the 
Deutsche Physiologische Gesellschaft at Kiel, 1979. This work 
was supported by the Deutsche Forschungsgemeinschaft. 
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