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Abstract. The effect of some cations on the active potassium transport
system of the human red blood cell has been investigated. At low extracel-
lular potassium concentrations, extracellular sodium competitively inhibits
the active potassium influx at all sodium concentrations investigated, and
tetraethylammonium behaves in a fashion similar to that of sodium. At low
extracellular concentrations of potassium, ammonium at low concentrations
at first stimulates the active potassium influx, but at higher concentrations
inhibits it. Tetramethylammonium at most slightly stimulates the active
potassium influx, and calcium is without effect. The behavior is consistent
with a model in which potassium is required at more than one site before
transport occurs, and the sites are indistinguishable as far as their behavior
toward the ions investigated is concerned. The affinity of the alkali metal
cations for the sites appears to be
characteristics.

Introduction

The relation between the active potassium in-
flux in the human red blood cell and the extra-
cellular potassium concentration cannot be de-
scribed by a model of the Michaelis-Menten type
in which a single potassium ion interacts with a
saturable component of the membrane surface be-
fore transport occurs. Neither can the relation
between the active sodium outflux and the extra-
cellular potassium concentration be explained by
this type model. A different kind of model has
been described from which equations may be de-
rived which describe the kinetics of the process
(1). The model postulates that potassium ions
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explicable in terms of their physical

are required simultaneously at two saturable sites
in the active transport mechanism before trans-
port occurs. The behavior of the system in the
presence of rubidium, cesium, and lithium is also
consistent with a two site hypothesis. All three
cations appear capable of substituting for potas-
sium at either of the sites and consequently stim-
ulate potassium influx when both potassium and
either rubidium, cesium, or lithium are present at
low concentrations, the ion other than potassium
substituting at one of the potassium sites. At
higher concentrations of rubidium, cesium, or lith-
ium, the substitute ion replaces potassium at both
sites and active potassium influx is inhibited. It
is not possible to determine from this behavior
whether these two hypothetical potassium sites are
identical in their characteristics or whether they
serve different functions in the transport system.

It seemed of interest to examine the influence
of other cations on the potassium transport sys-
tem in order to attempt to correlate the order of
affinity of the potassium-sensitive sites for the ions
with estimates of the hydrated ionic radii of the
ions.
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It also seemed possible that, if the potassium-
sensitive sites are not equivalent, an inhibitor
might be found which would compete with potas-
sium at one of the potassium-sensitive sites but
not both. The cations investigated were sodium,
calcium, ammonium, tetramethylammonium and
tetraethylammonium.

We have found that sodium competitively in-
hibits potassium influx even at low concentrations
of sodium and potassium, and that no concentra-
tion of extracellular sodium will stimulate potas-
sium influx. Ammonium behaves in a manner
similar to that of rubidium, cesium, and lithium,
and the behavior of tetraethylammonium is simi-
lar to that of sodium. Tetramethylammonium and
calcium have no marked effect on active potassium
influx, even at very high concentrations.

Methods

The methods and calculations employed were identical
to those previously described. Total potassium influx
('MKT) was measured in cells which had been depleted
of ATP by an 18 hr incubation at 370C in the absence of
glucose, and then incubated for 2 hr in the presence of
500 mg of glucose per 100 ml, 3 mmadenine, and 10 mM
inosine (to restore ATP levels) immediately before
measurements were made. The passive potassium influx
('MKL) was measured in cells which were depleted of
ATP by a 20 hr incubation at 370C in the absence of
substrate; the measurements were made in the presence
of 10' M strophanthidin. Active potassium influx ('MK')
was taken as the difference: iMKT'-MKL. The condi-
tions of incubation during depletion and repletion and the
rationale for defining the active potassium influx in this
manner have been described (1). .

Each experiment reported here is representative of
three similar experiments in all of which the results were
comparable.

Theoretical. The relation between the active potassium
influx in the human red blood cell and the extracellular
potassium concentration may be described by equations
derived from a model of the form:

ki
X + Ko XK El]

k-[

k2
XK+Ko= X2K [2]

k-2
k3

X2K )XK + Ki, [3]

where X is a component (or interrelated components) of
the transport system, present in limited quantities, and
requiring the presence of two potassium ions before func-
tioning; Ko is extracellular potassium; and K, is intra-

cellular potassium. The active potassium influx, 'MK' =
lk3 X2K; assuming that ks is so much less than the other
rate constants that reactions 1 and 2 may be considered
at equilibrium, one may obtain:

'MKP = a [4]
1+ CK] + [K]2

or:
1 1 b 1 c I
a__- + [Ko] + [Ko]2' [5]

where a, b, and c are constants and [Ko] is the extra-
cellular potassium concentration.

The behavior which can be predicted for such a system
in the presence of a substance that competes with potas-
sium for the potassium-sensitive sites will depend on
whether or not the substance will produce the same alter-
ation in the system as does potassium. If there is a
substance I, different from potassium, which can replace
potassium at both potassium-sensitive sites and produce
the same alteration in the transport system as does po-
tassium, and if [Ko] is held constant, [IO] (the extra-
cellular concentration of I) varied, and the active potas-
sium influx ('MK') measured, the relation between 'MK'
and [Io] will be described by:

1 I
~MK = k1 + k2[Io] + k 4I [6]

where ki, k2, k3, and k4 are constants. Such a relation
has been found when active potassium influx is mea-
sured in the presence of rubidium, cesium, or lithium (1).

If the competing substance does not produce the same
alteration in the system as does potassium, three possi-
bilities exist depending on whether the substance com-
petes with potassium only at the first site (reaction 1),
only at the second site (reaction 2), or at both sites
(reactions 1 and 2). If the competing substance com-
petes with potassium only at the first site (i.e., competes
with potassium in the formation of XK, but not in the
formation of X2K), then the relation between the active
potassium influx and the extracellular potassium concen-
tration in the presence of the inhibitor I will be:

iMKP [7]
1 +[K] + [Ko]2 +

where a, b, c, and d are constants. If the competing
substance competes with potassium only at the second
site (i.e., competes with potassium in the formation of
X2K, but not in the formation of XK), then the relation
will be:

a
MK 1 + b (1 + [Io]) + [CK [8]

where a, b, c, and d are constants. Finally, if the com-
peting substance competes with potassium at both sites
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(i.e., competes with potassium in the formation of both
XK and X2K), then the relation will be:

a

b+(K d+[ ) + [Ko]2(+% e [9

where a, b, c, d, and e are constants. By comparing
these equations with equation 4, it can be seen that if I
competes only at the first site, the coefficient of the term
in 1/[Ko]' will be increased; if I competes only at the
second site, the coefficient of the term in 1/[K] will be
increased; and if I competes at both sites, the coefficients
of both 1/[Ko] and 1/[Ko], will be increased.

If the active potassium influx is measured in the pres-
ence of a constant extracellular potassium concentration
but at varying extracellular concentrations of inhibitor,
the relation between the active potassium influx and
the extracellular concentration of inhibitor will be the
same in all three cases:

k1 + k2[Io] [10]
or:

iMKP = ki + k2[Io], [11]

where ki and k2 are constants.

Results

The effect of extracellular sodium on the active
potassium influx. In Fig. 1, the reciprocal of the
active potassium influx measured in the presence
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FIG. 1. THE RECIPROCAL OF THE ACTIVE POTASSIUM
INFLUX, 1/iMKP, LITER RED BLOOD CELLS PER HOUR/
[MMOLES PER LITER], VS. THE EXTRACELLULARSODIUM
CONCENTRATION, [Nao] 1/[MMOLES PER LITER] AT CON-
STANT EXTRACELLULARPOTASSIUM CONCENTRATION. The
curve is:

1MKP = 1.88 + 0.095[Nao].

r (correlation coefficient) = 0.992. The solutions in which
the measurements were made contained (mmoles/liter):
glycyl glycine, 77 -+40; Mg, 93 -+28; Na+, 0 -+ 108; K+,
0.14; Cl-, 150; PO4, 1.2;.glucose, 9; ethanol, 1%v/v. As
the concentration of sodium increases, the concentrations
of glycyl glycine and of magnesium decrease.
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FIG. 2. THE RECIPROCAL OF THE ACTIVE POTASSIUM

INFLUX, 1/'MKP, LITER RED BLOOD CELLS PER HOUR/
EMMOLESPER LITER], VS. THE RECIPROCALOF THE EXTRA-
CELLULARPOTASSIUMCONCENTRATION,1 /[K0], 1 /[MMOLES
PER LITER], IN THE PRESENCEAND ABSENCEOF EXTRA-
CELLULAR SODIUM. The curve for the experiment in the
presence of sodium is:

1 = 0.60 + 0.62 [K] + 0.19 1
'MKP [Ko] E~~~KO]2'

p (index of curvilinear correlation) = 0.995. The curve
for the experiment in the absence of sodium is:

1 = 1-09 + 0.113 [TMKP [Ko]
r = 0.990. The solutions used for the measurements in
the presence of extracellular sodium contained (mmoles/
liter): glycyl glycine, 33 -o 28; Mg+-, 15 -. 5; K+,
0.13 -+16.7; Na+, 130; Ch, 145; P04, 1.2; glucose, 9;
ethanol, 1% v/v. The solutions used for the measure-
ments in the absence of extracellular sodium contained
(mmoles/liter): glycyl glycine, 77 -> 76; Mg++, 88 -. 85;
K+, 0.11 - 4.4; Cl-, 145; P04, 1.2; glucose, 9; ethanol,
1% v/v. As the concentration of potassium increases,
the concentrations of glycyl glycine and of magnesium
decrease.

of a constant extracellular potassium concentration
of 0.14 mmole/liter is plotted as a function of the
extracellular sodium concentration; the line was
fitted to the data by the method of least squares.
It can be seen that the data are described by an
equation of the form of equation 11, and there is
no indication of a deviation from linearity as
would be predicted by equation 6, and as is seen
in Fig. 4. It therefore appears that sodium com-
petes with potassium but does not activate the
potassium influx. The experiment is complicated
by the fact that, as the extracellular sodium con-
centration increases, the intracellular sodium con-
centration will increase, and the value of the active
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FIG. 3. THE TOTAL POTASSIUMINFLUX, iMKT, VS. THE
EXTRACELLULAR CALCIUM CONCENTRATION, [Cao], AT
CONSTANT EXTRACELLULAR POTASSIUM CONCENTRATION.
The line is iMKT = 0.253. The solutions in which the
measurements were made contained (mmoles/liter):
glycyl glycine, 77; Mg-+, 92 -* 15; Ca++, 0 77; K+
0.11; Cl-, 155; glucose, 9; ethanol, 1% v/v. As the
concentration of calcium increases the concentration
of magnesium decreases.

potassium influx measured in the presence of
sodium will therefore be higher than it would be
if the intracellular sodium concentration could be
maintained constant (2). The error which this
will cause, however, is in a direction opposite to
the observed findings; i.e., if the intracellular
sodium concentration remained constant, the slope
of the curve in Fig. 1 would be somewhat steeper.

The results of an experiment in which the active
potassium influx was measured as a function of
varying extracellular potassium concentration in
the presence and absence of extracellular sodium
are represented in Fig. 2; the reciprocal of the
active potassium influx is plotted against the re-

ciprocal of the extracellular potassium concentra-
tion, and the curves are fitted by the method of
least squares. The data from the experiment in
the presence of sodium are well described by a

curve of the form of equation 5, and the data from
the experiment in the absence of sodium are de-
scribed by a similar equation without the term
in 1/ [K0]2. The means of the values of the con-

stants a, b, and c of equation 5 from three ex-

periments in the presence of sodium were a = 1.74
(1.67-1.85), b = 1.24 (0.85-1.83), and c = 0.30
(0.27-0.32). The mean values of the constants
from three experiments in the absence of sodium
were a = 0.87 (0.75-0.91), b = 0.096 (0.085-
0.102), and c = 0. Since the presence of sodium
raises both the coefficient of 1/[K0] (from 0.096
to 1.24) and the coefficient of 1/[K0]2 (from 0
to 0.30), it can be concluded from equation 9 that
sodium competes at both sites, and that the two

sites are indistinguishable as far as sodium is
concerned. The value of the constant a (which
corresponds to the maximum value of the active
potassium influx in the presence of sufficient extra-
cellular potassium to saturate the system) is con-
siderably lower in the absence of sodium (0.87)
than in its presence (1.74). It is possible that
this is due to a decrease in intracellular sodium
in the cells incubated in the absence of extracellu-
lar sodium, but other mechanisms may also be
involved.

The effect of extracellular calcium on the active
potassium influx. Fig. 3 represents the results of
an experiment in which the total potassium influx
was measured in the presence of a constant extra-
cellular potassium concentration of 0.11 mmole/
liter and a varying extracellular calcium concen-
tration. It can be seen that calcium does not
compete with potassium even when the ratio of
the calcium concentration to the potassium con-
centration is greater than 700 to 1. The total
potassium influx is presented because depleted
cells rapidly lose potassium when exposed to high
concentrations of calcium, and therefore it is not
possible to measure the passive potassium influx
or to compute the active potassium influx. De-
pleted cells which have been repleted by incuba-
tion with adenine, inosine, and glucose do not
lose potassium in the presence of calcium, and it
appears unlikely that the passive potassium influx
is much altered under these circumstances. Even
if the passive potassium influx were increased five
times above normal (a value which would be
clearly reflected in a decrease in the cellular po-
tassium concentration), the value of the passive
potassium influx would be less than 0.01 mmole/
liter of red blood cells per hour, and this would
not significantly alter the results presented in Fig.
3. Therefore, the total potassium influx is an
adequate reflection of the active potassium influx
at the low values of extracellular potassium used
here.

The effect of extracellular ammonium concen-
tration on the active potassium influx. In Fig. 4,
the results of an experiment in which active po-
tassium influx was measured at a constant extra-
,cellular potassium concentration of 0.18 mmole/
liter and at varying extracellular ammonium con-
centrations are plotted; the curve was fitted to the
data by trial and error. The results are described
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by an equation of the form of equation 6, and this
behavior is similar to that previously described
for rubidium, cesium, and lithium (1). From
this it may be concluded that the ammonium ion
interacts with both potassium-sensitive sites, and
brings about the same alteration in the transport
system as does potassium. The behavior of the
red blood cell in the presence of ammonium salts
is complex in that the cell is freely permeable to
NH3 but apparently relatively impermeable to
NH4+ (3, 4). Thus, one would expect the cells
to swell at the higher concentrations of ammonium
ion used in this study. There was, however, no
hemolysis even at the highest concentration of am-
monium chloride used, and the value of the passive
potassium influx did not increase. Secondly, since
NH4+ is in equilibrium with atmospheric NH3, the
actual concentration of NH4+ in the flasks in which
the measurements were made was probably some-
what lower than that reported, although the loss
should be small at pH 7.4 and over the short time
intervals involved. Since what is measured in
this experiment is the influx of potassium in the
presence of NH4+, and not the influx of NH44, it

90 0

80i

70/

60/

50-

iMK 40°K
30-

20v
10_

4 8 12 16 20 24 28 32 36 40 44
[NH+]

mmoles/l iter
FIG. 4. THE RECIPROCAL OF THE ACTIVE POTASSIUM

INFLUX, 1/'MKP, LITER RED BLOOD CELLS PER HOUR/
[MMOLESPER LITER], VS. THE EXTRACELLULARAMMONIUM
CONCENTRATION, [NH4+1, AT CONSTANTEXTRACELLULAR
POTASSIUMCONCENTRATION. The curve is:

iMP -=4.5 + 2.14 [NH4 ] + 0.08 + 0.063 [NH4+]

p = 0.988. The solutions in which the measurements were
made contained (mmoles/liter): glycyl glycine, 46 -- 31;
Mg++, 37 -* 12; NH4+, 0 -43; Na+, 92; K+, 0.18; Cl-,
145; P04, 1.2; glucose, 9; ethanol, 1% v/v. As the
concentration of ammonium increases, the concentrations
of glycyl glycine and of magnesium decrease.

0.4

0.3

i pMK 0.2
mmoles/l iter
RBCper hr

0.I

* 0

-0 . 0

Q 20 30 40 50 60 70 80 90 loo iC
[TMAoI
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FIG. 5. THE ACTIVE POTASSIUMINFLUX, iMKp, VS. THE
EXTRACELLULAR CONCENTRATION OF TETRAMETHYLAM-
MONIUM, [TMAo], AT CONSTANT EXTRACELLULAR PO-
TASSIUM CONCENTRATION. The line is iMEP = 0.284.
The solutions in which the measurements were made
contained (mmoles/liter): glycyl glycine, 64 -. 28; Mg++
69--5; TMA+, 0-4 102; Na+, 38; K+, 0.24; Cl-, 147;
P04, 1.2; glucose, 9; ethanol, 1% v/v. As the concen-
tration of tetramethylammonium increases, the concen-
trations of glycyl glycine and of magnesium decrease.

is unlikely that either of these complications would
alter the form of the response, although the values
of the constants involved may be somewhat un-
certain.

The effect of extrccellular tetramethylammo-
nium on the active potassium influx. The results
of an experiment in which the active potassium
influx was measured in the presence of a con-
stant extracellular potassium concentration of 0.24
mmole/liter and a variable extracellular concen-
tration of tetramethylammonium ion are depicted
in Fig. 5. There is no marked influence of tetra-
methylammonium on the active potassium influx,
although the potassium influx does appear some-
what higher at the highest concentrations of tetra-
methylammonium used. Although this was a
constant finding, the magnitude of the increase
was small and its significance is not clear. It is
possible that tetramethylammonium behaves like
NH4+ but to a much smaller extent. The solution
which replaced tetramethylammonium chloride
was composed of 80% isosmotic MgCl2 solution
and 20% isosmotic glycyl glycine-MgCO1 solu-
tion. The behavior of the active potassium influx
in the presence of tetramethylammonium ions ap-
pears to be about equivalent to its behavior in the
presence of magnesium ions.

To be certain that the influence of sodium on
the active potassium influx reported above can be
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FIG. 6. THE RECIPROCAL OF THE ACTIVE POTASSIUM
INFLUX, 1/'MKP, LITER RED BLOOD CELLS PER HOUR/
[MMOLES PER LITER], VS. THE EXTRACELLULARCONCEN-
TRATION OF TETRAETHYLAMMONIUM,(TEAo], AT CONSTANT
EXTRACELLULARPOTASSIUMCONCENTRATION. The line is:

'MKP = 9.51 + 0.361[TEAo].
r = 0.998. The solutions in which the measurements
were made contained (mmoles/liter): glycyl glycine,
64 - 27; Mg+-, 69 -5; TEA+, 0 - 107; Na+, 38; K+,
0.15; Cl-, 147; P04, 1.2; glucose, 9; ethanol, 1% v/v.
As the concentration of tetraethylammonium increases,
the concentrations of glycyl glycine and of magnesium
decrease. Note that the scale on the ordinate is com-
pressed as compared to Fig. 1, and that the slope of this
line is greater than that of Fig. 1.

attributed to increasing sodium concentration
rather than to decreasing magnesium concentra-
tion, we performed experiments in which the total
potassium influx was measured in the presence or
absence of sodium, with tetramethylammonium
replacing sodium. The measurements were made
at an extracellular potassium concentration of
0.20 mmole/liter. The mean of three determina-
tions in the presence of tetramethylammonium was
0.73 (0.68-0.75) mmole/liter of red blood cells
per hour, and the mean of three determinations
in the presence of sodium was 0.27 (0.23-0.32)
mmole/liter of red cells per hour. The diminished
active potassium influx in the presence of sodium
is apparent when the ion replacing sodium is
tetramethylammonium as well as when it is mag-
nesium.

The effect of extracellular tetraethylammonium
on the active potassium influx. Fig. 6 represents
the results of an experiment in which the active
potassium influx was measured in the presence
of a constant extracellular potassium concentra-
tion of 0.15 mmole/liter and varying extracellular
concentrations of tetraethylammonium. The re-
ciprocal of the active potassium influx is plotted
against the extracellular tetraethylammonium con-

centration; the line was fitted to the data by the
method of least squares. The results are described
by an equation of the form of equation 11. The
behavior of the active potassium influx in the
presence of tetraethylammonium is similar to its
behavior in the presence of sodium, and the po-
tency of tetraethylammonium as an inhibitor of the
active potassium influx is greater than that of so-
dium, as reflected by the slopes of the lines. The
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FIG. 7. THE RECIPROCAL OF THE ACTIVE POTASSIUM

INFLUX, 1/iMKP, LITER RED BLOOD CELLS PER HOUR/
EMMOLESPER LITER], VS. THE RECIPROCALOF THE EXTRA-
CELLULARPOTASSIUMCONCENTRATION,1/EKo], 1/EMMOLES
PER LITER], IN THE PRESENCEOF EXTRACELLULARTETRA-
ETHYLAMMONIUM. The curve for the experiment in the
presence of extracellular tetraethylammonium is:

= 0.65 + 1.10 [Ko] + 0.30 1
TMKP E~~~~o] E~Ko]'"

p = 0.992. The curve for the experiment in the absence
of tetraethylammonium is:

1 =0.72 +0.30
1

+0.04
1

'MKP [ Ko] [Ko]2
p = 0.968. The solutions used for the measurements in
the presence of tetraethylammonium contained (mmoles/
liter): glycyl glycine, 66 - 60; Mg++, 15 -* 5; K+,
0.15 - 16.2; TEA+, 96; Na+, 33; Cl-, 143; P04, 1.2;
glucose, 9; ethanol, 1 %v/v. The solutions used for the
measurements in the absence of tetraethylammonium
contained (mmoles/liter): glycyl glycine, 33 -o 27; Mg++,
73 - 63; K+, 0.12 -* 16.2; Na+, 33; Cl-, 148; P04, 1.2;
glucose, 9; ethanol, 1% v/v. As the concentration of
potassium increases, the concentrations of glycyl glycine
and of magnesium decrease.

1438



COMPETITIVE EFFECTS OF CATIONS ON TRANSPORTIN RED BLOODCELL

mean of the values of the slope from three experi-
ments in which the concentration of tetraethylam-
monium was the variable was 0.33 (0.28-0.36),
while the mean of the values from three experi-
ments in which sodium was the variable was 0.081
(0.067-0.095); the measurements were in all
cases made at about the same extracellular potas-
sium concentration, so that the results are com-
parable. There was no discernible effect of tetra-
ethylammonium on the passive potassium influx.

Fig. 7 represents the results of an experiment
in which the active potassium influx was measured
in the presence of varying extracellular potassium
concentrations in the presence and absence of 96
mMtetraethylammonium ion; tetraethylammonium
was replaced by a solution containing 80% isos-
motic MgCl2 solution and 20% isosmotic glycyl
glycine-MgCO3 solution. The reciprocal of the
active potassium influx is plotted against the re-
ciprocal of the extracellular potassium concentra-
tion and the curves were fitted to the data by the
method of least squares. It can be seen that the
coefficients of both 1/[K0] and 1/[K0]2 are in-
creased in the presence of tetraethylammonium
ion. In accordance with equation 9, it appears
that tetraethylammonium competes with potassium
at both potassium-sensitive sites.

Discussion

Similar findings for the interaction of some of
these ions with various aspects of the red cell
cation transport system have previously been re-
ported by others. Post, Merritt, Kinsolving, and
Albright (5) have demonstrated that external
sodium inhibits the active potassium influx in
human red blood cells and that the inhibition
appears competitive. Whittam and Ager (6)
have similarly demonstrated that, in reconstituted
human red blood cell ghosts, external sodium
competitively inhibits the potassium stimulation of
ATP hydrolysis. Rummel, Seifen, and Baldauf
(7) found no influence of external calcium at
concentrations up to 4 mmoles/liter on active po-
tassium influx. Ammonium has been shown by
Post and Jolly (8) to inhibit potassium influx
competitively in the human red blood cell and to
be capable of replacing potassium in the stimula-
tion of active sodium outflux. Tetramethylam-
monium in the extracellular solution was found

by Whittam and Ager (6) to have no effect on
the potassium-stimulated ATPase activity of re-
constituted red cell ghosts.

The data presented here and previously (1)
have been interpreted in terms of a model with
the following characteristics: potassium is simul-
taneously required at two sites in the active trans-
port system before active potassium influx oc-
curs; rubidium, cesium, lithium, and ammonium
interact with the potassium-sensitive sites and
stimulate the active potassium influx when one
of these ions and potassium are both present at
low concentrations, but competitively inhibit active
potassium influx when they are present at higher
concentrations; sodium and tetraethylammonium
competitively inhibit the active potassium influx
at all concentrations. It was not possible to dis-
tinguish between the potassium-sensitive sites
from the behavior of the system in the presence
of the ions used; this does not, of course, deny
that experiments might be devised which would
uncover differences in the behavior of the sites.

The effect of sodium and of tetraethylammo-
nium may be interpreted differently. It is pos-
sible that these ions do not interact with the
potassium-sensitive sites, but react with some
other site in the transport system and thereby
decrease the sensitivity of the potassium-sensitive
sites for potassium. It is not possible to distin-
guish between the two mechanisms on the basis
of the evidence presented. However, if it is pro-
posed that sodium does not interact with the
potassium-sensitive sites directly, there remains
the difficulty of explaining why sodium, whose
physical characteristics are intermediate between
those of lithium and potassium, behaves in a
manner completely different from that of the
other two ions.

Within the framework of the formulation pro-
posed, it is possible to make some inferences about
the affinity of the potassium-sensitive sites for
univalent cations. The slope of the straight por-
tion of the curve in Fig. 4, i.e., the coefficient of
the term in [NH4+], can be taken as a measure
of the affinity of the potassium-sensitive sites for
NH4+ compared to their affinity for potassium.
Similar values can be obtained from previously re-
ported studies (1) for the relative affinity of the
system for rubidium, cesium, and lithium com-
pared to its affinity for potassium. An estimate
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of the relative affinity for sodium and tetraethyl-
ammonium can be made from the slope of the
lines in Figs. 1 and 6. Since all measurements
were made at about the same extracellular potas-
sium concentration, the results are comparable.
Finally, an estimate of the affinity of the system
for potassium can be made by calculating the ef-
ficacy of potassium as an inhibitor of the active
potassium influx, i.e., the rate at which the "rate
constant" for active potassium influx decreases
with increasing extracellular potassium. From
these calculations, the ions can be arranged in the
following order of decreasing affinity for the po-
tassium-sensitive sites: Rb > K > NH4> Cs >
TEA > Na > Li. The sequence for the alkali
metal cations, Rb > K > Cs > Na > Li, does not
coincide with a Hofmeister series ranking the ions
in the order of their estimated hydrated ionic
radii, nor with a ranking in the order of their
crystal ionic radii. Eisenman (9) has pointed out
that the anionic field strength at the site at which
the cation will interact, together with the cationic
hydration energy, will determine the order of se-
lectivity of the site for the cations. From this he
has developed a series of sequences of the univa-
lent cations corresponding to different anionic field
strengths at the receptor. The sequence found
here corresponds to Eisenman's sequence III.

Although the apparent affinity of the potassium-
sensitive sites of this system for the alkali metal
cations may be accounted for by the physical
characteristics of the cations, the fact remains that
rubidium, cesium (10-12), potassium, and lith-
ium (2) are actively transported inward, but so-
dium, which is intermediate in its physical char-
acteristics between potassium and lithium (13),
is not (2). Since the apparent affinity of the
potassium-sensitive sites for the cations does not
seem to explain this aberration, it may be that
some alteration induced in the transport system
by the cation subsequent to its binding to the
potassium-sensitive sites is involved, i.e., rubid-
ium, potassium, cesium, and lithium after being
bound alter the system in such a way that they
are actively transported inward, but sodium does
not produce this alteration.

The effect of tetraethylammonium is somewhat
difficult to explain. The tetraethylammonium ion
is apparently unhydrated in solution and its ionic
radius is 4.00 A, which is larger than estimates

of the hydrated ionic radius of the other ions (13).
It is possible that tetraethylammonium acts on
some site other than the potassium-sensitive sites
as discussed above. However, it is also conceiv-
able that, if the two potassium-sensitive sites are
adjacent, one tetraethylammonium ion might be
capable of simultaneously fitting both sites and
thereby restricting the access of potassium to them.
This is not the only system in which tetraethyl-
ammonium ions inhibit potassium movements;
similar effects have been observed in neural prepa-
rations (14, 15).

Substituted ammonium ions have frequently
been used to replace sodium and potassium in
physiological investigations. Askari (16) has
pointed out that choline, tetramethylammonium,
and tetraethylammonium appear to interact with
the red cell membrane so that their entry into the
cell is facilitated, and has suggested that assump-
tions that the ions are inert may be erroneous.
In the potassium transport system of the human
red blood cell, this certainly seems to be true for
tetraethylammonium.
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