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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 3?P-phosphate self-cxchange in
amphotericin B (5 umol/liter) treated erythrocytes at
25°C.

The flux/concentration curves display an S-
shaped increase at low phosphate concentrations, a
concentration optimum in the range of 150 to 200 mm
phosphate and a self-inhibition at high phosphate
concentrations. The apparent half-saturation concen-
trations, B, 5, range from 50 to 70 mM 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~® moles-min~!.g cells~!. 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.
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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
[28].

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°C. 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. 4 g tightly packed cells (centrifugation at 5000x g for
10min at 20°C, pH 7.2-7.3) were added to 36 ml of an isotonic
K-phosphate solution (132 mm), pH 7.2, and incubated three times
for 10min at 37°C. After depleting the cells of chloride, the cells
were transferred into a K-phosphate/sucrose solution, pH 7.2,
containing 75-400 mM K-phosphate, 30 myM sucrose, and 5 pmol/-
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 10pmol/liter valinomycin were added in-
stead of amphotericin B. 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°C, pH 7.2-7.3. After this period, an equilibrium distribution
between intracellular and extracellular phosphate is reached. Trial
runs with 32P-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 amphotericin B or valinomycin quantitatively
from the cells. Each sample was subdivided into three portions.
Portion 1 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 [1] and of
Lepke and Passow [32]. After resealing, the ghosts were titrated
to the respective pH and labeled with either 32P-phosphate plus
p(1 —~*H) glucose or **Cl-chloride plus p{l ~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 p(l — *H)glucose or
of *$Cl-chloride and p{l1—>H)glucose. b(1 —*H)glucose was em-
ployed for monitoring the intracellular volume. The uptake of p(1
—*H)glucose is rapid and at 37°C, an equilibrium distribution
between intracellular and extracellular space is reached within
2min. The metabolic degradation of p-glucose is slow, and the
distribution of tritium between cells and extracellular solution
remains stable for at least 30 min. 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 p-glucose
within the cells can be calculated from the 32P-phosphate, **Cl-
chloride, and D(1-*H)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 3?P-phosphate
and p(1~-3H)glucose, or with *°Cl-chloride (1 mm Na[3°CI]Cl)
and D(1 —*H)glucose, respectively. Depending upon pH, the
labeling of the cells with 32P-phosphate took from 2-6hr at
37°C. 10-15min before the end of the equilibriation period,
10mum 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 10min at 50,000 x g. 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. 3?P-phos-
phate, 3¢Cl-chloride and p(1 —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 extracellular 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°C
to constant weight.

The accuracy of the double label procedure was checked by
separately measuring the 3?P-phosphate distribution, the *$Cl-
chloride distribution, and the D(1 —*H)glucose distribution. The
32p_phosphate distribution and the 3°Cl-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 *?P-phos-
phate were incorporated into the organic phosphate pool, red
cells were washed and incubated for 4hr at 37°C in a K-phos-
phate solution with high specific activity (20 mm K-phosphate,
120 mm KCl, 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
LiCl or 0.3 M Na,COs3). 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 *?P-phosphate were incorpo-
rated into the organic phosphate pool they, for our purposes, can
be disregarded.

Calculations

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

Rp= P(in)/P(ex) 1)
Rg= Cl(;n)/CI(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,,,,/*H-CPM,,, )

= 3
P 32p.CPM,,,,/*H-CPM,,,

_ *CL-CPM,,,/*H-CPM,,,, @

€7 38CI-CPM,,,/PH-CPM,,,
In red cells the distribution of chloride and of protons follows a
Donnan distribution, and the chloride distribution can be used
for calculating the intracellular pH:

pH, =pH,+log Ry )
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°C) [71], in-
organic phosphate under our experimental conditions is present
as a monovalent H,PO; and as a divalent HPO3~ anion. Thus,
Ry and Ry cannot be directly compared. Knowing R, and the
intracellular pH, the distribution R, of H,PO; is obtained by:

H. . (K,+H
Rp1 - (m)( P + (ex)) RP (6)
H (K p+ Hgyy)

P —concentration of inorganic phosphate (M)
Cl —concentration of chloride (M)

H — concentration of protons (M)

2P-CPM - radioactivity of phosphate (CPM/ml)

*SCI-CPM - radioactivity of chloride (CPM/ml)

SH-CPM  —radioactivity of p(1 — *H)glucose (CPM/ml)

K, —apparent 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 J, was determined at Donnan
equilibrium by measuring the **P-phosphate back-exchange from
the radioactively labeled cells into a nonradioactive solution. The
labeling of the cells was performed at 37°C by using a 10%
(wt/vol) cell suspension, The rate constant of the tracer back-
exchange was measured with a 5% (wt/vol) cell suspension at
25°C.

The unidirectional flux J, is given by:

So=k-n, Q]
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 3*P-CPM vs. time to Eq. (8).

In(*?P-CPM, — 32P-CPM,)
= —k-t+In(®**P-CPM_, — 32P-CPM,)). (8)

32P-CPM,, **P-CPM_, and 3?P-CPM, are the radioactivities of
phosphate in the extracellular solutions at zero time, infinite time,
and at time ¢, respectively.

The fluxes were expressed in moles-min~'-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 pH7.2, 20°C), and corresponds to 8x10° 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/(K%+S™ was introduced. in our notation,
the extended Hill equation then reads:

. §"-K,

J :JﬂlﬁX(DH) (Kn +Sn) (l{‘i +Sn) (91)
s s

J —unidirectional flux

ﬁmax(pﬂ) —maximal unidirectional flux at constant pH

K., K, —half-saturation constant and self-inhibition con-

stant

n —Hill coefficient

S —anion concentration.

For § either the extracellular phosphate concentration, F,,, the

intracellular  phosphate concentration, P, or the term
(Biny B! 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, J K, and n
were designated K J K

max(pH/app)>

max({pH}>

yand n, .

s(app)’ is(app,

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=0 and
we end up with the following relations [72]:

Ser =K. K ©9.2)
and

R . SZn

J opt 9.3)

=J ——
max{opt/pH} max(pH} n n 27
(Ke+ 850

Sopt is the anion concentration where the flux optimum is located,
and J ., opypm the actual maximal flux at the concentration maxi-
mum of the flux/concentration curves. The other parameters have
the same meanings as defined above. S, and fmax(om/pm can be
directly taken from the flux/concentration curves. If the half-
saturation constant K is known, then Eq. (9.2) can be used for
estimating the self-inhibition constant K,_.
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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 17 1/8" K;‘/jmax(pm 1 /jmax(pH/app) — /K o
Ascending branch J J/s — K apm jmax(pH/app) fmax(pﬂ)/Kg
Descending branch 147 sn U amiors* KL /T s orap) =K om
. Ke-Ki . 7 Kis

K

max(pH/app) ~ ¥ max(pH) Ki+K" ; is(app)
s 5

K =—2 .
(app) ’
K+ K7,

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

log J =108(J, i, KD +1log S (9.4.1)
while for high S Eq. (9.1) reduces to:
log J =108 (J punipmy - Kl — 1 log S. (9.4.2)

At low S the plots of logJ vs. log$ 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 logJ vs. log § should be
symmetric.

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

Q)=nlogS+log K. (9.4.3)

I ( J
8] —_—
E\7 7

max(pH)_

Due to the self-inhibition fmax(PH, canpot be obtained directly
from the flux/concentration curves and Eq. (9.4.3) in our case

therefore cannot be used.

Plots: 1/ vs. 1/8"; J vs. J/$"; J vs. §". 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 §*", Eq.
(9.1) may be written in its double reciprocal form:

1 1 (K'+K. KI
= (——— ?) 9.5)
J Jmax(pH) K:ls S"
Alternatively, for low S, Eq. (9.1) may be rearranged to give:
. Ky _ KiKy oo,
- (J/87). (6.6)

J=J —
KK KUK,

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

.7

1 1 (K’;+K;‘s+ S")
‘] Jmax(pH) K’:s K:‘s
According to Egs. (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/8". The apparent
Hill coefficient n has to be varied until linearity is attained. The
apparent maximal flux, fmax(PH’,app), and the apparent half-satu-
ration constants, K, . 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.

=KI+KY,

However, as far as the self-inhibition is linear it cannot be re-
cognized from the graphs and the graphically determined values
of fmax(pﬂ) and K 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 1/7 vs. " [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.

Plotting Procedures for the Flux/pH Curves

Transport equation for a diprotic system: With respect to the
phosphate transport, the inorganic anion trapmsport 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)/(l+KH/H+H/KiH) (101)

J —unidirectional flux

fmms) —maximal unidirectional flux at constant §

Ky Ky —dissociation constants of the activator and of the
inhibitor site, respectively

H —proton concentration.

For H either the extracellular proton concentration, H ,,, or the
intracellular proton concentration, Hy,, 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
casily be tested by plotting logJ vs. pH. At high pH, when
H<Kj, a limiting slope, 4log J/ApH, of —1 should be attained.
Conversely, at low pH, when H>» K,,, 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 and K, the upper and the
lower branches of the flux/pH curves have to be examined sep-
arately. At high pH, the term H/K,; can be ignored and Eg.
(10.1) reduces to:

T =1+ K/ B sy (10.2)
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Table 2. Intercepts and slopes of the plotting procedures of the flux/pH curves

Plotting procedure Slope Intercepts

Ordinate Abscissa Ordinate Abscissa
Right-hand side branch of the flux/pH curve 17 1/H Kl axis) U sy —1/Ky
Right-hand side branch of the flux/pH curve J J/H —-Ky Jnax(s) Jnanisy/ K
Left-hand side branch of the flux/pH curve 14/ H 1 axesy Kin) I paxes) — Ky

Alternatively, disregarding the term H/K,;, Eq. (10.1) can be
rearranged as follows:
j:jmax(s)

— K (J/H). (10.3)

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

l/j:(1+H/KiH)/jmax(S)~ (10.4)

The apparent values of fmax(s), Ky and K;; 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 Ky and K, are less 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:

prtzKH‘Kim (10.5)

Furthermore, the pH optimum, pH,,, and the pH values
PHg0.5, and pH,;g0.5). 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 o5+ Higjo,5 =Ky +4H, . (10.6)

Using Egs. (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 [61]
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. *®Cl-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 Egs. (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, R, and of chloride, R, were 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, R, and R, 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, R, and R, are smaller than unity. A
more close inspection of Table 3 reveals differences
between R, and R,. 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 H,PO; and as divalent
HPOZ~ anion. R, as calculated from the distribu-
tion of *?P-phosphate at isotopic equilibrium reflects
the distribution of the total o-phosphate. If R, is
greater than unity, R should be greater than R,.
On the other hand, if Ry, is smaller than unity, R
should be smaller than R.,. In order to test as to
whether a true equilibrium distribution of o-phos-
phate was reached, the distribution of monovalent
phosphate, R,;, between intracellular and extracel-
lular space was calculated. The comparison of R,
and R¢ shows that under most conditions R,, is
equal to R. 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, R, is much greater than R,,, indicating
that under these conditions the uptake of 3?P-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) By Rp R pH(in) Finy Rpy
6.3 25 1.65+0.08 149+0.05 647 41.25 151
50 1.514+0.08 1404006 645 7550 141

75 1394004 1304003 641 10425 1.32

100 1314006 1214008 638 131.00 1.26

150 1.21+£0.03 1154005 636 18150 1.18

200 1.124003 1.13+0.04 635 22400 1.09

250  1.054+004 1.10+£0.05 634 26250 103

300 1.044004 1074003 633 31200 1.03

400 098+006 1.05+005 632 39200 097

6.5 30 1524006 1.38+0.05 6.64 4560 1.38
60 1.3640.08 1.244-007 6.59 81.60 1.28

100 1.2640.09 1154005 656 12600 1.21

150 1174007 1114005 655 17550 1.14

200 1.0840.03 1.11+006 655 21660 1.05

250 1.054+004 1074005 653 26250 1.03

300 0984006 1.06-+007 653 29400 096

400 0914003 1.07+003 653 36400 0.89

7.2 10 1.36+006 1.12+012 7.27 13.60 1.22
25 1114006 1.03+007 721 27.75 1.09

50 098+009 092+005 7.16 4900 1.03

75 0894006 0.894-0.03 7.15 66.75 0.96

100 0.8440.04 087+0.08 714 84.00 092

150  0.78+0.03 0844007 712 117.00 087

200  0.78+0.05 0824007 7.11 15600 0.88

300  0.704+0.03 0844008 7.13 24000 0.77

400 0.64+003 0824009 7.11 25600 0.72

7.4% 25 1.034+0.04 1.004-005 740 26.80 1.03
50 0924006 0934004 737 46.00 097

75 0.854+005 0894005 735 64.00 093

100 0.82+0.03 087+005 734 82.00 091

150  0.76+0.07 0.844004 7.32 11400 086

200 0.76+0.03 0834007 732 15200 0.87

300 0.70+0.05 0854005 733 21000 0.79

400 0.66+0.04 0814003 7.31 26400 0.77

7.8 25 0874003 093+0.05 7177 21.75 093
50  0.794002 0.894003 775 3950 0.87

75 0764004 0.874+004 774 57.00 0.86

100 0.784+0.03 09040.05 7.75 78.00 0.85

150  0.72+40.03 086+0.06 7.72 10800 0.4

200 072005 0844003 772 14400 0.84

300 0.69+005 0864+0.02 7.73 20700 0.79

400  0.6440.03 0884005 774 25600 0.72

8.6 30 0724003 078+£003 849 2160 092
60  0.69+004 0.884004 855 4140 0.77

100 0.68+0.03 0884005 854 68.00 0.77

150 0674003 091+006 856 10050 0.73
200 0.654+002 0944008 857 13000 0.69
300 0.63+001 1.004+0.10 860 19200 0.64
400 0.60+0.02 1071009 863 24000 0.56

PH ex)» PHyiny = extracellular and intracellular pH;

Py Biy= extracellular and intracellular concentrations of o-
phosphate (mm);

Pitexy P = extracellular - and  intracellular concentrations of
H, PO, (mm):

Ro=Pioy/Pexys Rer=Cliiny/Clierys Rpy = Pginy/ i ey

The experiments were conducted with amphotericin B (5 pmol/-
liter) treated red cells, the experiments marked by * were perform-
ed with valinomycin (10 pmol/liter) treated red cells. The red cells

phate by the red cells is too slow to reach an
equilibrium distribution.

The intracellular pH was calculated from the
extracellular pH and the chloride distribution R,.
The calculation of the intracellular pH is based
upon the assumption that the distribution of protons
between intracellular and extracellular space also
follows a Donnan distribution. If the extracellular
pH is adjusted to a distinct value and if the Donnan
distribution of anions changes, then the intracellular
pH cannot be kept constant. However, as can be
seen from Table 3, the variations of the intracellular
pH are small and amount maximally to 0.2pH
units.

The concentration response of the unidirectional
phosphate flux at different pH is shown in Figs. 1
and 2. The unidirectional phosphate fluxes were
plotted either vs. the extracellular or vs. the intracel-
lular phosphate concentrations. The fluxes were all
plotted on the same scale. For technical reasons the
experiments were executed with amphotericin B
(5 pmol/liter) or valinomycin (10 pmol/liter) treated
red cells. Amphotericin B and valinomycin at low
concentrations have no effect upon the unidirec-
tional phosphate flux under self-exchange conditions
[15]. At low phosphate concentrations, the flux/con-
centration curves exhibit an S-shaped increase of the
flux. The phosphate fluxes then pass through a con-
centration maximum, while at high phosphate con-
centrations a self-inhibition of the phosphate fluxes
is observed.

For characterizing the flux/concentration curves,
the half-saturation concentrations, P s, the lo-
cation of the flux optimum, Fg,,, and the actual
maximal phosphate flux at constant pH, J ., opypm>
may be taken directly from the flux/concentration
curves. The values obtained with reference to the
extracellular (index ex) and with reference to the
intracellular phosphate concentrations (index in) are
listed in Tables 4 and 5. The half-saturation con-
centrations, Fg s, and Fgs;., range from 50-
75 mMm. Fy 5., increases slightly with increasing pH,
while By 5, shows a reverse pH response. F .y
and P, are in the range of 140 to 200mm. In

were incubated in a solution containing x mm K-phosphate, 1 mm
NaCl and 30 muM sucrose at different pH. Cell concentration 107,
(wt/vol). Temperature, 37 °C. Incubation period, 4-6 hr. The phos-
phate distribution R,, the chloride distribution R, and the distri-
bution of monovalent phosphate Rp; were determined by a dou-
ble label technique using either *2P-phosphate and p(1— H)-
glucose or 3¢Cl-chloride and D(1—>H)-glucose as tracers. The
intracellular phosphate concentrations Fj, and the intracellular
pHg,, were calculated according Egs. (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 pmol/-
liter) treated red cells. The *?P-phosphate back-exchange of a 5% (wt/vol) cell suspension was measured under self-exchange conditions
at 25°C. 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, J,, [moles/(min - g cells)]; abscissa: Extracellular phosphate concentration, F,, (mm)

>

contrast to Ry sjeqy a0d By 550y Jimaxiopyprn dISPI1AYS 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, jmax(opt/pH), is  equal to
2.1-10~® moles/(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 F, 5, as an approximation for K. The self-
inhibition constants as obtained by this procedure
are in the range of 400-700 mwm.

For a more detailed analysis of the flux/concen-
tration curves, plotting procedures were used which
are common in enzyme kinetics. Figure3 exhibits
the Lineweaver-Burk and the Wooll-Augustison-
Hofstee plots of the flux/concentration curves at
pH 7.2 with reference to the extracellular phosphate
concentration, F,,, and with reference to the in-
tracellular phosphate concentration F,. 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., and the
apparent maximal flux J . wa.pp DY extrapolating
from the fluxes measured at low phosphate con-
centrations, in both cases yielded negative values for
K (app and for fmax(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 (R, - F,,)"* 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 lypp WETE
always within the range of 1.6-1.8. The apparent
half-saturation constants, K, . amounted to ap-
proximately 80 mM and were little affected by pH. In
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Fig. 2. Concentration dependence of the unidirectional phosphate flux as a function of the intracellular phosphate concentration. The
same experiments as shown in Fig. 1 were used. The unidirectional phosphate flux is plotted vs. the intracellular phosphate concentration.
For the identification of the flux/concentration curves, the extracellular pH is indicated in the figures. The intracellular pH may be taken
from Table 3. Ordinate: Unidirectional phosphate flux, fP (moles/(min - g cells)); Abscissa: Intracellular phosphate concentration, B, (mm)

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®

pH(ex) P(O.S,/ex) Bopt/ex) Jmax(op|/pH) Kis(ex)
(mm) (mm) [moles/(min - g cells)] (mm)
6.3 53 150 1.72x10-°¢ 420
6.5 53 180 2561078 610
7.2 68 200 212x107° 580
7.4% 55 180 1.42%x10-% 590
7.8 67 200 6.80 x 10~ 597
8.6 70 (250) 195% 107 (892)

* The phosphate half-saturation concentrations Fg g/, the po-
sition of the flux optimum, F .., and the observed maximal
unidirectional phosphate flux J_,,oyem Were directly taken from
the flux/concentration curves shown in Fig. 1. In the last column
an estimate of the self-inhibition constant K, is given (¢f- text).
At pH8.6, P ., is difficult to determine. Therefore, the values
for P,y and for K, ., were put in parentheses. The experiments
were conducted with amphotericin B(5 pmol/liter) treated cells;
the experiment marked by * was performed with valinomycin

(10 pmol/liter) treated cells.

PHey  PHyy Fosim K J, K

{opt/in} max(opt/pH) is(in)
(mm) (mm) [moles/ (mm)
(min - g cells)]

6.3 6.47—-6.32 75 180 1.72x10°¢ 420
6.5 6.64—6.53 73 180 2.56x107° 440
7.2 727-7.11 63 160 212x10°¢ 410
7.4° 7.40—-7.31 51 150 1.42x10-8 440
7.8 7.77-17.31 50 140 6.80x 1077 390

8.6 849-8.63 56 (160)  195x10°7  (460)

a

The phosphate half-saturation concentrations Fy s, With re-
gard to the intracellular phosphate concentration (index in), the
position of the concentration optimum Fg,,, and the observed
maximal unidirectional phosphate flux J,  pem Were directly
taken from the flux/concentration curves shown in Fig. 2. The
seli-inhibition constant K, was calculated from the position of
the flux-optimum as described in the text. In the second column,
the range of the intracellular pH,, is tabulated. The flux optimum
at pH 8.6 cannot be precisely determined. Therefore the values for
Bopyiny and K,y Were put in parentheses.

b The experiments at pH 7.4 were executed with 10 pmol/liter
valinomycin. The other experiments were executed with 5 pmol/-

liter amphotericin B.
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Fig. 3. Lineweaver-Burk and Woolf-
Augustison-Hofstee plots of the
flux/concentration curves. The
Lineweaver-Burk and the Woolf-
Augustison-Hofstee plots of the
flux/concentration curves at pH 7.2
(Figs. 1 and 2) are shown. The plots
were made with reference to the
extracellular phosphate concentration,

P ), and with reference to the
intracellular phosphate concentration,
Biq), respectively. Lineweaver-Burk plots
(upper two curves): Ordinate: 1/J,
(moles/(min- g cells))~*, abscissa: 1/F,,
and 1/F,, (mm)~". Only the points from
the ascending branches of the
flux/concentration curves were
employed. Woolf-Augustison-Hofstee
plots (lower two curves): Ordinate: J,
(molgs/(min-g cells)), abscissa: fP/P(ex)
and Jp/B;,, (moles-min~*- g cells™')/m).
All points of the respective
flux/concentration curves are shown

Fig. 4. Double reciprocal Hill plot
with reference to the term

(Pexy Bin)?. The Hill plots were
made from the ascending branches
of the flux/concentration curves as
shown in Figs. 1 and 2. The linear
graphs were constructed by
variation of n until a linear relation
between 1/J, and AR, Biy)™* was
obtained. The parameters obtained
from the plots are listed in Table 6.
Ordinate: 1/4,
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Fig. 6. Plot of l/jP vs. (B, Pin)”?. The descending branches of the flux/concentration curves were used for the plots. The reciprocal
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Table 6. Hili plot parameters®

Table 7. Equilibrium distribution of phosphate R, and of chloride
R, in red cells and red cell ghosts®

PHey  Mapp Ks(app)(mM) Jmax(pH/app)[moles/
(min- g cells)] PHex) Rp Ry pHg, Rpy
6.3 1.6—1.8 854+79 2.514037x10-% Amphotericin B-treated red blood cells (25°C)
6.5 1.6-1.8 80.1+8.7 3.33+0.27x10-¢ 55 1.62+0.09 1.60+0.10 5.70 1.59
7.2 1618 79.5+9.0 3054036 x10-° 60 1364006 1.3340.07 612 132
7.4 1.6—1.8 73.7+8.1 210+0.24x10-¢ 6.5 1.10+0.05 1.08 +0.05 6.53 1.08
7.8 1.6—138 723459 9.28+0.78 x 10~7 7.0 0.89+0.04 0.91+0.06 6.96 093
8.6 16-138 783+7.4 2.194020x 107 75 0.72+0.05 0.81+0.06 7.41 084
8.0 0.64+0.06 0.80+0.03 7.90 0.78
* The parameters were obtained from Hill plots as shown in 8.5 0.62+004 0.83+0.04 842 074
Figs.4 and 5. Mean value £ standard deviation of 3-4 experi- 9.0 0.61 £0.03 0.894+0.04 8.95 0.69
ments are listed in the table. The experiments were separately .
analyzed and thereafter the mean was calculated. The flux/con- Red cell ghosts (25°C)
centration curves were fitted with reference to the term 6.0 1.184+0.05 1.154+0.03 6.06 1.16
{Beyy- Biny”*. The concentration optimum of the curves is po- 6.3 1.2240.03 1.144-0.04 6.36 1.19
smoned at 171+9mm. The apparent self-inhibition constant, 6.5 1.204-0.07 1.1740.03 6.57 1.15
Kls(app), was estimated by using Eq. (9.2). Ky, =375£56 mm. 6.8 1.1740.05 1.144+0.06 6.86 1.11
n.pp=apparent Hill coefficient, K, =apparent half-saturation 7.0 1.20+0.04 1.1240.05 7.05 1.13
constant, and me(pﬂ/app)—apparent maximal flux at constant pH. 7.2 1.19+0.06 1.124+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

contrast, the apparent maximal phosphate fluxes
jmax(pﬂlapp) exhibit a pronounced pH-dependence.
Fits of the same quality were obtained when the
flux/concentration curves were assessed with refer-
ence to the extracellular phosphate concentrations
or with reference to the intracellular phosphate con-
centrations. The apparent Hill coefficients were al-
ways within the range of 1.5-2.0, but the intercepts
on the axes were slightly different,

The concentration response pattern of the self-
inhibition is difficult to examine. In most cases, we
run into difficulties because only a few points were
available on the descending branches of the flux/-
concentration curves. Theoretically, the concen-
tration response can be tested by using double log-
arithmic plots. If the self-inhibition follows the
same pattern of concentration response as the initial
increase of the flux at low anion concentrations,
then the curves should be symmetric. The plots of
logJ vs. log K, and of logJ vs. log F;,) exhibited a
slight asymmetry, while the plots of logJP vs.
log(F,,,- Py,)"'* seemed to be symmetric. As an ad-
ditional tect the inverse phosphate flux 1/J, was
plotted vs. B, Bf, and vs. the term (Peyy - Biny)"?. As
an example, the 1/J, vs. (P tex) " (m)) plots are shown
in Fig. 6. It was possible to construct linear plots by
setting n equal to 2, whereas the usual Dixon plots
were always curved. Although the experimental data
were insufficient for a true fit, the above plots sug-
gest that the self-inhibition of the phosphate flux
follows the same pattern of concentration respon-
siveness as the increase of the flux at low phosphate
concentrations.

Since the apparent self-inhibition constant,

K could not be determined by fitting 1/J, vs.

is(app)’

a

Amphotericin B (5 pmol/liter) treated red cells or red cells
ghosts were incubated for 4 hr (37°C) in a K-phosphate/NaCl su-
crose solution {130 mm K-phosphate, 1 mm NaCl, 30 mm sucrose)
at varjous pH. The solutions were labeled either with 32P-phos-
phate or with *®Cl-chioride. 10 mM D (1 —*H)-glucose were added
15 min before the end of the incubation period. The phosphate

distribution Bin/Reo» the chloride distribution R
=Cl,,/Cliy, the mtracellular pH,, and the distribution of
H,PO,, Rp,, were determined by the use of a double-label tech-

nique as described in the methods section. The experiments were
performed with a 109, (wt/vol) cell suspension or with a ghost
suspension containing the same number of ghosts per volume.

§", an alternative procedure was employed. If the
ascending and the descending branches of the flux/-
concentration curves follow the same pattern of con-
centration response, Kls(app) can be estimated from
the location of the flux-optimum, S_,;, by means of
Eq.(9.2) (¢f. methods section). Reading S frgm the

opt

respective  flux/concentration  curves, J,  us.
(Beyy- Bin)™?, and inserting the graphically deter-
mined K, -values from Table6, values of K, ..,

in the range of 450-500 mm were found. The self-
inhibition constants were almost independent of pH.

pH Dependence of the Unidirectional Phosphate Flux

Table 7 shows the equilibrium distribution of phos-
phate and chloride as well as the intracellular pH in
amphotericin B treated cells and red cell ghosts. Rp,
R and Ry, denote the equilibrium distributions of
total phosphate, chloride and dihydrogen phosphate
between intracellular and extracellular space. Rp and
R, were determined from the distribution of 3?P-
phosphate, *Cl-chloride and p(1—3H)glucose 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°C
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 umol/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) flux/pH curves and (b) corresponding
log-flux/pH curves. The closed circles (#) and the triangles (a)
indicate the mean value of three experiments, the vertical bars the
standard deviation. Incubation solutions (in mwm): (e) 130, K-
phosphate;30sucrose;(a)40, K-phosphate; 30, sucrose. Sucrose was
added in order to cancel out the osmotic pressure of hemoglobin.
Red cell ghosts: (¢) flux/pH curves and (d) log-flux/pH curves.
The curves exhibit three single experiments. Incubation solutions
(in mm): () 130, K-phosphate; 30, sucrose (=360 mosm); (w) 30,
K-phosphate; 100, K,SO,; 30, sucrose (=355 mosm); (a) 30, K-
phosphate, 100, KCl, 50, sucrose (=325 mosM). The unidirectional
phosphate fluxes, Jp, were given in moles/(min - g cells)

isotopic equilibrium. The intracellular pH and R,
were calculated from the chloride distribution and
the extracellular pH as indicated in the methods
section by using Egs.(5) and (6). In amphotericin B
treated red cells, pH, and pH,, are slightly dif-
ferent, but the differences are much smaller than in
intact cells. As pHy,, is increased, R, is reduced. In
the pH ., -range of 5.5 to 8.0, R,; equals R¢;. Above

a pH,, of 80, R, is smaller than R, suggesting
that a Donnan distribution of phosphate has not
been attained. In red cell ghosts, R, and R, are
independent of pH, and pH,, is nearly equal to
pH,,,- Due to the addition of sucrose to the extra-
cellular solution, Rp and R, are slightly higher than
unity.

Figure 7 displays the pH response of the uni-
directional phosphate flux in amphotericin B
(5 pmol/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,
logJ, 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 celis 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 logJ, vs. pH. The pH optimum of
the flux/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 logJ,
vs. pH shift almost parallel as the phosphate con-
centration is changed.

The actual maximal phosphate flux, the pH-op-
timum, the pH values at 1/2—fmax(opl/,,) at both sides
of the pH maximum and the slopes, 4logJ,/4pH,
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 logJ, vs. pH as shown in Fig 8.
The pH optima taken from the double logarithmic
plots were at about pH6.7, while pHg, s and
pPHgpos) 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 1pH unit away from the pH op-
timum, the slope of the upper branches is around
—0.8 and that of the lower branches around +40.8,
as far as the latter could be reliably determined. In
ghosts, the pH range could not be extended to the
same degree as in amphotericin B 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 pH 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®

Solution pH values from the curves fmax(op(’,,,) Alog Jo/A pH AlogJ,/4 pH
(mm) (pH <6.3) (pH>7.3)
PH@o.sy PHumosy PHop
Amphotericin B-treated red blood cells (25°C)
130, K-phosphate 7.45 6.05 6.75 2.57x10-6 0.84 —0.87
30, sucrose
40, K-phosphate 7.57 5.90 6.70 8.13x10°7 0.83 —0.83
30, sucrose
Red cell ghosts (25°C)
130, K-phosphate 7.46 6.07 6.75 224 x10-¢ (0.78) —-0.71
30, sucrose
30, K-phosphate 7.38 6.00 6.70 224x 1077 (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, X-chloride
50, sucrose

*  The values were determined from the plots of Iog.f vs. pH as shown in Fig.8. The curves were fitted with a
template by eye. pH g5y and pHgpo ) are the pH-values at 1/2- Jmax(cptp pH,, is the pH of the pH-optimum, and
Jmax(opup) the actual maximal flux of the flux/pH curves at constant phosphate concentration. The slopes, 4 logJy/A4 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, 5, in parenthesis was estimated by

extrapolation because a sufficient number of points on the lower branch was not available.

R
logJp
56 7
Jmux(op’r/SJ
-58 L
JO oo m e - -1/2 Jmax(op‘f/S)
6ok /! ! |
J | | I
(] | [ i
i ||3Hopt Y
62+ 'pH ‘  PH
. PHliHGE) 1 PH(H/05)
Ll H 1 L -
60 65 7.0 75 pH

Fig. 8. Plotting procedure used for the determination of pH,,.
PHuo.5), and pHpq 5y PHumo 5) and pHygpo s), the pH at 1/2-
Jimax(opysy» Were graphically determined from the intersection points
of the curved lines and a horizontal line drawn at a distance
of 0.3=log0.5 below the top of the curve logJ, vs. pH. The
points display the experimentally observed flux/pH curve for red
cell ghosts at 130 mm K-phosphate as shown in Fig. 7d. The
curved line was drawn with a template by fitting the points by
eye. pH,, can best be approximated by setting it equal to
0.5(pH 0.5+ PHjo.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, wvs. 1/H .,, were linear. The slope of the
straight lines decreases with increasing phosphate
concentration, but the straight lines intersected the
1/H,,-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 Jp s
P/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 1/J,-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, vs. H,,,,
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
H,-axis at approximately the same point. The plots
of 1/J vs. Hy, point to a noncompetitive type of
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1/9p a1’ 1/3p | =108
3 10+

Fig. 9. Replots made from flux/pH curves. (a) Plots

of 1/J, (moles/(min - g cells)) = vs. 1/H,, (M)~
- made from the upper branches (pH >6.5) and (b)
plots of 1/J, (moles/(min - g cells) =" vs. Hy,, (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
(130 mm K-phosphate, 30 mM sucrose) and in K-
phosphate/K ,SO,/sucrose solution (30 mm K-
phosphate, 100 mm K,SO,, 30 mM sucrose) were

4 r .
o 130mM 130 mM used for the replots (compare Fig. 7c). The
e /.__,.//" phosphate concentrations are indicated in the
o I ! L figure
5 10 =107 7 10 w7’ &
1/ Hex) Hex;

Table 9. Apparent pK-values of the activator site, PK gy, and of the inhibitor site, pK ., 25

obtained from the flux/pH curves of phosphate®

Solution Graphical determination Calculated values
()
PRarapyy  PRemapey  PR{Gjapm PRapy  PRanjapn
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 748 6.15 6.02 7.26 6.24
30, sucrose
Red cell ghosts (25°C)
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

a

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 Egs. (10.5) and (10.6).
Compare Table 8 and Fig. 8. pK&y,,,,) Was calculated from the pH optimum of the flux/pH curves

by inserting K e, into Eq. (10.5).

inhibition of the phosphate flux by protons at a low
pH.
Alternatively, the pKs of the activator site and of
the inhibitor site may be calculated from the pH
optimum of the flux/pH curves. If the flux/pH curves
are symmetric with respect to their pH response, the
pH optimum and the pH-values at 1/2—J . cous
may be taken from the flux/pH curves as shown in
Fig.8. The pKs of the activator site and of the
inhibitor site then can be calculated according to
Egs.(10.5) and (10.6) (¢f- methods section). The ap-
parent pKs are listed in Table 9. pK g,pp) 1S 2PProxi-
mately 7.2, whereas the pK ., is about 6.1. The
calculated apparent pK-values differ slightly from
the graphically determined pK values.

Discussion

Phosphate Transport as Compared to the Transport
of Sulfate and of Chloride

The kinetic mechanism of the anion transport across
the red cell membrane is not known. Since other
techniques have failed so far, we have to resort to
kinetic studies in order to gain information concern-
ing the transport mechanism. This paper deals with
the kinetics of the phosphate transport across the
erythrocyte membrane. As previous studies have
shown, the phosphate transport across the red cell
membrane is mediated by the same transport system
as the transport of chloride 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
concéntration maximum, and at high phosphate
concentrations the flux decreases again. In contrast,
the unidirectional fluxes of sulfate and of chiloride
display a simple saturation kinetics with a self-in-
hibition at high concentrations of the respective
apnions. 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°C, 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 *?P-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 [274].
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 umidirectional phos-
phate flux then reads:

-

7 ‘]max
I TR HTHR (RS A+ SRy OV

J o —maximal theoretical flux

K, K;, —half-saturation constant, self-inhibition
constant

n —Hill coefficient

Ky, K,,; —dissociation constants of the activator
and of the inhibitor site

S, H —anion concentration,
tration.

proton concen-

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

jmax(pH): :nax/(]‘+KH/H+H/KiH) (11-1)
T ans) = e (1 + K2/S™) (1 + S"/KT). (11.2)

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

.. sn. K™
J=J LS 9.1

max{pH) (K: + Sn) (K:ls +Sn) ( )
T =T anisy/(1+ Kg/H+ H/K ). (10.1)

N

I maxomy and fmax(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, Egs. (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")~! 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 (1 +S"/K7)~!
describes the interaction of S with the modifier sites
which are responsible for the self-inhibition at high
S. The term (14 K,/H+H/K,;)~! 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 fmax(pH) cannot directly be
obtained from the flux/concentration curves. Thus,
the convenient plot of log(J /(fmax(pﬁ)wf)) vs. log$,
where n is obtained from the slope of the plot, could
not be used [Eq. (9.4.3)]. The apparent Hill coef-
ficient n,,, 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 fmax(pH) as a precondition but J_, on) i
obtained from the curve fitting procedures as a re-
sult (Tabie1). 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, F,,, with reference to the
intracellular phosphate concentration, F,, and with
reference to the term (B,- Py)Y* 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].

Asindicated by Figs. 4 and 3, 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, B, )"* were listed in Ta-
ble 6. The apparent Hill coefficient n,,, 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, K, ., was almost independent of pH, while
J max(pijapp) €Xhibited 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 Al
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/fP vs. Py, By were almost linear (Fig. 6).
(2) The double logarithmic plots of logJ, wvs.
log(E,,," F;ny) 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+ Kgz/H+ H/K,;)~* 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 i1s not affected by the amion con-
centration. (3) The transport system accepts HPOZ~
and H,PO; 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,, for the upper
branches and of 1/J, vs. H,,, for the lower branches
display a noncompetitive type of either activation or
mhibition (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 ., -axis should change as the phosphate con-
centration is varied. Furthermore, the 1/J, vs. 1/H ,,,
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 log fP 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
H,PO; and HPO;~ 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 K -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.
Kgupp and Ky, ., are the apparent half-satu-
ration and the apparent self~inhibition constant, and
fmax(pH/app) is the maximal theoretical flux which
would be observed if no self-inhibition would occur.
As indicated in Tablel, -Ks(app), Kis@pp and
S maxpyappy @F€ 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 and the true fmax(pH) are approxi-
mately 109, higher than K, ., and J...oumpp
while the true K, would be approximately 10%,
smaller than K, .. 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, and K, 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

determination

Computer
simulation

Flux/concentration curve, red cells, pH 7.2, 25°C

n - 16 — 1.8 17— 1.8

K, mMm 795 + 9.0 90 -110

K, mMm 375 456 350 —380

- moles

sy T (3.05+ 037)x10-% (35— 39)x10-°
min- g cells

Flux/pH curve, red cell ghosts, 130 mm K-phosphate, 25°C

PKy - 720 (7.01) 70— 71

Ky — 6.15 (6.49) 64— 65

] I

Jowe —2= 29 —31)x10°° (47— 50)x10-°
min - g cells

a

The flux/concentration curve measured at pH 7.2 (Fig. 1) and
the flux/pH curve of red cell ghosts at 130mm 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,,- By In red cell ghosts pH,,,,=pH,,,- The pK values
calculated according to Egs. (10.5) and (10.6) were placed between
parentheses.

sites. The graphically determined apparent half-satu-
ration constants, K., and the graphically deter-
mined maximal fluxes J,,.. omapp) ar¢ always consid-
erably higher than the half-saturation concen-
trations, By 5, and the actual fluxes jmax(pH/opt) as
directly taken from the flux/concentration curves
(Tables 4-6).

As mentioned already, the pH, 5, values do not
reflect the true pK values of the transport system
(Tables 8 and 9). The true pK of the activator site
should be lower than the graphically determined
PK (gjappy- Conversely, the true pK;,, of the inhibitor
site should be higher than the apparent pKpupp):
Although no systematic deviations were to be detec-
ted in the plots, the graphically determined values of
PK g1/appy Were about 0.3 pH units higher than those
calculated according to Eqgs. (10.5) and (10.6). Cor-
respondingly, the graphically determined values of
PKmjapp Were approximately 0.3 pH units lower
than the calculated ones (Table9). The calculated
pKy and pK,, values were consistent with the pKs
obtained from the computer simulation of the re-
spective flux/pH curves and seem to reflect the frue
pK values. On the contrary, the graphically deter-
mined values of fmax(s) 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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