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A B S T R A C T Resealed human red cell ghosts containing caged ATP (Kaplan et 
al., 1978) and [SH]ADP were irradiated at 340 nm. The photochemical release 
of free ATP initiated a rapid transphosphorylation reaction (ATP:ADP ex- 
change), a component of which is inhibited by ouabain. The reaction rate was 
measured by following the rate of appearance of [aH]ATP. The sodium pump- 
mediated ATP:ADP exchange reaction showed high-affinity stimulation by Mg 
ions (<10/.tM) and was inhibited at higher levels. At optimal [Mg], extracellular 
Na (Nao) had a biphasic effect. Nao progressively inhibited the reaction rate 
between 0 and 10 mM and stimulated at higher levels. Intracellular Na (Nai) 
activated the reaction; the rate was maximal when Nai was 1 mM and remained 
unaltered up to 115 mM Nai at constant Nao. ExtraeeUular K ions (Ko) 
inhibited the reaction; at high Nao, half-maximal inhibition was observed with 
0.9 mM Ko. Lio inhibited the exchange rate with a lower affinity than Ko; half- 
maximal inhibition was produced by ~50 mM Lio. Intracellular K ions were 
without dramatic effect on the reaction rate in the concentration range where 
Ko inhibited completely. The relationship between these observations and 
previous studies on porous preparations is discussed, as well as the extent to 
which these observations support the hypothesis that the sodium pump-mediated 
ATP:ADP exchange reaction accompanies the Na:Na exchange transport mode 
of the sodium pump. 

INTRODUCTION 

W h e n  h u m a n  red b lood cells are i ncuba t ed  in K-free med ia  rich in Na  ions, 
a ouabain-sensi t ive  exchange  of  in t racel lu lar  an d  extracel lu lar  N a  ions is 
observed  (Ga r r ahan  and  Glynn ,  1967a). N a : N a  exchange  has been  most  
widely  s tudied  in red b lood cells (Garay  and  G a r r a h a n ,  1973; G l y n n  an d  
H o f f m a n ,  1971; Sachs, 1970) and  has also been  measured  in giant axons of  
squid  (Caldwell  et al., 1960; De Weer ,  1970) and  in skeletal muscle (Keynes 
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and Steinhardt, 1968; Kennedy and De Weer, 1976). The studies in red blood 
cells and resealed ghosts have shown that the Na:Na exchange rate is increased 
by elevated levels of ADP, is independent of ATP in the concentration range 
300-1,500/IM (Glynn and Hoffman, 1971), and will not take place in ghosts 
prepared to contain ADP but not ATP (Cavieres and Glynn, 1979). Although 
ATP is required for the pump to operate in this mode, there is apparently no 
associated hydrolysis of ATP (Garrahan and Glynn, 1967c). 

This set of observations supports the suggestion that Na:Na exchange 
transport is accompanied by the ATP:ADP exchange reaction (Glynn and 
Hoffman, 1971), first observed in partially purified Na,K-ATPase preparations 
by Fahn et al. (1966). Subsequent work has shown that the rate of ATP:ADP 
exchange shows a complex dependence upon Na ion concentration with 
enzyme isolated from a variety of sources (Wildes et al., 1973; Beauge and 
Glynn, 1979; Kaplan and Hollis, 1980; Kaplan et al., 1981). 

The asymmetric effects of Na and K ions on Na:Na exchange transport 
have been previously characterized in human red cells (Garrahan and Glynn, 
1967a, b; Garay and Garrahan, 1973), where the effects of internal and 
external cations can be separately studied. To investigate whether the 
ATP:ADP exchange reaction accompanies the Na:Na exchange transport, it 
is necessary to similarly characterize the sided effects of cations on the 
ATP:ADP exchange rate. 

Until recently it has not been possible to measure sodium pump-mediated 
ATP:ADP exchange rates in resealed ghosts. The intracellular compartment  
contained high levels of adenylate kinase activity, which would obscure the 
sodium pump-mediated component of ATP:ADP exchange. Furthermore, 
endogenous phosphatase (including ATPase) activities caused substantial 
breakdown of ATP during the incubation at 37°C, which is necessary to 
restore the low cation permeability to the resealed ghosts. It was also necessary 
to devise a method of initiating the ATP:ADP exchange reaction in the 
intracellular compartment  after completion of the ghost preparation, because 
the isotopic equilibration would be completed during the resealing procedure 
if it was allowed to proceed during the preparation of the resealed ghosts. 

This paper describes the application of caged ATP in a resealed human red 
cell ghost system that enabled us to circumvent these problems and to 
investigate the sidedness of the cation-activating effects of ATP:ADP ex- 
change. Caged ATP is an ester of ATP bearing a 2-nitrobenzyl group on the 
terminal phosphate. It has previously been shown (Kaplan et al., 1978) that 
caged ATP is resistant to ATPase activity and it does not bind to or inhibit 
the Na, K-ATPase. After brief photolytic irradiation of caged ATP with light 
of 340-350 nrn wavelength, the nitrobenzyl ester is cleaved and free ATP is 
released (Kaplan et al., 1978). The stability of the compound avoids problems 
of endogenous ATPase activity in the ghosts, and the photolability enabled us 
to initiate the exchange reaction in the intracellular compartment  and measure 
the initial rates of the exchange reaction. Brief reports of the effects of external 
Na on the ATP:ADP exchange rate using caged ATP have been published 
previously (Kaplan, 1980; Kaplan and Hollis, 1980). 
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M E T H O D S  

Preparation of Resealed Ghosts 
Freshly drawn blood was centrifuged at 10,000 g for 10 min and the plasma and buffy 
coat were removed by aspiration. The cells were then washed three times by centrif- 
ugation and resuspension in 140 mM choline chloride, 10 mM HEPES-Tris, pH 7.6 
(henceforth buffer A). Between the second and third washes the cell suspensions were 
incubated at room temperature for 15 min to allow completion of pH equilibration. 
After the final centrifugation the packed cells were suspended at -10% hematocrit 
(2 ml in 20 ml buffer A) and cooled in ice. The cell suspension was then applied to the 
top of the gel filtration column (K 50/60; Pharmacia Fine Chemicals, Piscataway, 
N J), which was surrounded by a cooling jacket maintained at - I ° C .  The column 
had previously been filled with Bio-Gel A-50m beads (Bio-Rad Laboratories, Rich- 
mond, CA) and equilibrated with the lower four-fifths in 10 mM PIPES, 0.1 mM 
EDTA, pH 6.0 (with Tris), and the upper one-fifth with buffer A. The nylon screen 
supplied with the column was replaced with a larger mesh screen to prevent clogging 
(30-/~m mesh, Small Parts, Inc., Miami, FL). All solutions were degassed by aspiration 
at the water pump before use in the column. The cells were subsequently eluted from 
the column at a rate of - 2 - 3  ml min -1. The major band of hemoglobin penetrated to 
about one-third of the depth of the column when the eluate became turbid. Fractions 
of the turbid eluate were then collected in tubes in an ice bath. The most turbid 
fractions were contained in ~30 ml. These fractions were pooled and the membranes 
were collected by centrifugation at 20,000 g for 5 min at 0°C; the supernatant was 
removed and the isotonic mixture of salts and nucleotides was added to the mem- 
branes. In most experiments these solutions contained NaCI plus choline C1 (total 140 
mM), 10 mM HEPES, pH 7.4, 10/~M MgCI2, 75/~M caged ATP, 25-50 ~M [aH] 
ADP, and 100/~M Ap5A. After incubation of the membrane suspensions at 37°C for 
45 min with gentle shaking, the resealed ghosts were collected and washed by 
centrifugation and resuspension in buffer A at 0°C. The ghosts were then packed in 
plastic tubes at 20,000 g for 5 min and held on ice until use. 

This procedure is a modification of the gel filtration technique previously described 
(Kaplan and Hollis, 1980). The major modification is the elimination of 15 mM 
HEPES, pH 7.6, between buffer A and the PIPES solution on the column. If the 
HEPES solution is used, the resulting ghosts are composed of at least two fractions. 
One fraction is very leaky to Na ions and these ghosts lose their cation content on 
resuspension after packing. The major fraction is relatively impermeable to Na ions. 
The fraction of leaky ghosts can comprise 20-40% of the total population. The size of 
the leaky fraction is dependent upon column flow rate and the volume of the HEPES 
pH 7.6 solution used in the band between buffer A and the PIPES solution on the 
column. Apparently, the more time the ghosts at hemolysis spend in the high-pH 
buffer (pH 7.6), the greater is the size of the leaky fraction of ghosts. These observations 
are similar to those previously made by Lepke and Passow (1972), who showed that 
the optimal pH at hemolysis for maximizing the yield of resealed ghosts that were 
least permeable to K ions was pH 6.0-6.4, and that higher pH values increased the 
proportion of ghosts that did not reseal to K ions. The elimination of the HEPES 
solution yields an essentially homogeneous (>90%) population of ghosts when the 
kinetics of Na effiux are examined. Since the completion of this work, a preliminary 
report has appeared in agreement with the effects reported here on the properties of 
resealed ghosts prepared using gel filtration procedures (Wood, 1982). Whatever 
distribution of ghosts is obtained in terms of Na content, all of the ghosts are 
impermeable to nucleotides. 
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By using this ghost ing procedure  we have also been able  to e l imina te  the need for 
the inclusion of  nucleoside d iphosphokinase  inhibi tors  tha t  were used in our  ear l ier  
work in order  to observe the ouabain-sensi t ive  A T P : A D P  exchange react ion (K a p l a n  
and  Hollis, 1980). We  have con t inued  to include Ap5A,  the adeny la t e  kinase inhibi tor ,  
a l though adeny la te  kinase ac t iv i ty  is also great ly  diminished.  I f  ghosts are  p r epa red  
wi thout  A p 5 A  there is a small  increase before i r rad ia t ion  in the a m o u n t  o f  radioac-  
t ivi ty that  migra tes  wi th  A M P .  This  amoun t  is h igher  than  tha t  a p p e a r i n g  as a 
con taminan t  in the  [3H]ADP (often 7-8% c o m p a r e d  with  4-5% con tamina t ion)  and  
is p resumably  due to some residual  adeny la te  kinase activity.  However ,  this a m o u n t  
does not  change dur ing  the course of  the A T P : A D P  exchange react ion af ter  i r rad ia t ion  
of  the ghosts. Since A p 5 A  can be expected to chelate  M g  ions, we have con t inued  to 
include it in the  ghosts in the present  work, so tha t  the present  d a t a  are  comparab l e  
to our  results in the ear l ier  studies. It seemed likely tha t  at  the nucleot ide  levels used 
in the present  studies, even if  A p 5 A  were not  inc luded,  the residual  adeny la t e  kinase 
act ivi ty  in the ghosts is sufficiently low so as not  to in t roduce  large errors in measured  
rates. The  results of  two exper iments  i l lus t ra t ing this poin t  are shown in T a b l e  I. It  is 

T A B L E  I 

ATP:ADP EXCHANGE RATES IN RESEALED GHOSTS WITH AND W I T H O U T  
Ap5A 

ATP:ADP exchange rate 

Experiment [Ap5A] 140 mM Nao 140 mM Na,, + ouabain Na pump component 

#M Izmol Pi/liter ghost/h 
t-18 100 113.8 39.3 74.5 

1-18 0 107.1 42.4 64.7 

2-27 100 108.3 70.5 37.8 

2-27 0 83.1 37.5 45.6 

ATP:ADP exchange rates in resealed ghosts with and without Ap5A. Ghost preparation and the initiation 
and measurement of ATP:ADP exchange were carried out as described in Methods. The data shown are 
from two representative experiments of this type. The rates of ATP:ADP exchange are the means of 
duplicate determinations the value of which agreed to within < 10%. 

clear that  ouabain-sensi t ive  A T P : A D P  exchange rates are measurab le  in the absence 
of  a d d e d  adenyla te  kinase inhib i tor  and  are  p r o b a b l y  not  inf luenced by  the presence 
of  Ap5A. 

Measurement of Ghost Contents 

In t race l lu la r  Na  + K concentra t ions  were measured  after  d i lu t ion  of  the packed  
ghosts using a Beckman flame pho tomete r  (Beckman Ins t ruments ,  Inc., Ful ler ton,  
CA) with Li as an in ternal  s tandard .  In t race l lu la r  A D P  concent ra t ions  and  A T P  
(after photolysis) were measured  on ghosts suspended at  10% suspension (vol/vol) .  
The  suspensions were d i lu ted  10-fold in dist i l led water ,  p laced  in a boi l ing wate r  ba th  
for 2 min,  and  then held on ice unt i l  assay. T h e  nucleot ides  were assayed using a 
modif icat ion of  the procedure  of  K i m m i c h  et al. (1975), which uses the  luciferin 
bioluminescence procedure  after  the enzymat ic  conversion of  A D P  a n d  A M P  to ATP.  
In one exper iment ,  samples of  ghosts were i r r ad ia ted  under  ident ical  condi t ions  and  
the nucleot ide  contents  of  the ghosts were analyzed.  T h e  photo ly t ic  release of  A T P  
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was highly reproducible. After irradiation of the ghosts, the ATP concentration was 
32.8 • 1.7/LM (SD, n = 8) and the ADP concentration was 34.8 • 2.4/~M (SD, n = 
8). 50/xM caged ATP and 30/~M ADP had been present in the resealing solution. 
Intracellular ion and nucleotide concentrations were corrected for the extracellular 
space obtained in the pellet after packing the ghosts which was between 25 and 30% 
when either [14C]ADP or ~Rb  were used as markers of the extracellular space. 

Photolytic Initiation and Measurement of the Exchange Reaction 

The ATP:ADP exchange reaction was initiated by irradiation of the ghosts suspended 
in appropriate buffered salts at 10% cell suspension (vol/vol) in glass cuvettes with a 
1-mm path length. The optical arrangement for photolysis has been described 
previously (Kaplan et al., 1978). In the present studies the ghost suspensions (125/~1) 
were irradiated using a defocused light spot (3 cm diam) for 15 s. Aliquots (20/d) 
were then taken at suitable time intervals (usually 30, 60, 90, and 120 s after the 
initiation of photolysis) and added to ice-cold 8% trichloroacetic acid (20/d). The 
samples were rapidly mixed and held on ice. Samples for assay of nucleotide content 
were also taken and processed as described above. 

The samples in trichloroacetic acid were then frozen and thawed, precipitated 
protein was pelleted by centrifugation for 1 rain (Eppendorf [Hamburg, Federal 
Republic of Germany] microfuge, 13,000 g), and samples of the supernatant (4-6/~1) 
were spotted onto polyethyleneimine thin-layer chromatography plates (Brinkmann 
Instruments Inc., Westbury, NY). The spots were dried and overlaid with a spot of 
solution containing 4 mM each of ATP, ADP, and AMP. The plates were developed 
in 0.4 M K phosphate, pH 3.5 (with HCI), and visualized with a hand-held ultraviolet 
lamp. The nueleotides migrated with Rf values of 0.12, 0.35, and 0.55 for ATP, ADP, 
and AMP, respectively. The areas containing the nucleotides were cut out, placed in 
scintillation vials in 1 M HCI (1 ml), heated to 120°C for 20 rain, and cooled, and 
scintillation fluid was added. The amount of radioactivity in each nucleotide was 
then measured in a liquid scintillation counter (7500; Beckman Instruments, Inc.). 
The recovery of radioactivity was always >96% and the distribution of radioactivity 
between the nucleotides was shown in control experiments to be unaffected by the 
acid-stop recovery procedure. In a typical experiment the decline in ATP concentra- 
tion during the course of the exchange assay was <5%. The exchange rate was 
measured during the initial 20% progress towards equilibrium. 

Calculation of Exchange Rate 
The calculation of the exchange rate (expressed in micromoles of Pi transferred to 

ADP liter ghosts -1 h -x) was performed using the equation derived by McKay (1943). 
The rate constant for the reaction is obtained from a plot o f - In(1  - a*/a*) vs. time, 
where at* is the fraction of total counts per minute in ATP at time t and a* is the 
fraction of the total counts per minute in ATP at equilibrium. The value of a* is 
obtained for each experiment from the measured concentrations of ATP and ADP in 
the resealed ghosts. The slopes of the straight lines obtained yield the rate constant, 
which is converted to a rate by multiplying by the factor [ATP][ADP]/[ATP] + 
[ADP]. The conversion of typical data to rates is shown in Figs. la and b. The 
difference between the two rates obtained from these figures, in the presence and 
absence of 10 -4 M ouabain, is the component mediated by the sodium pump. Some 
comment is appropriate on the nonzero intercept at zero time in the semilog plots of 
Fig. lb. We have previously shown that when the ghosts are not irradiated, i.e., when 
ATP is not photoreleased, the radioactivity migrating with ATP in the experimental 
samples is <0.04% of the total radioactivity (Kaplan and Hollis, 1980). If  the system 
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were in steady state throughout its time course, then the lines in Fig. lb should be 
straight and pass through the origin. In our experimental system an apparent  burst 
of [aH]ATP occurs at early times. Such a burst has been observed previously when 
the ATP:ADP exchange reaction was initiated by the rapid addition of [aH]ADP and 
ATP to the purified enzyme (Yamaguehi and Tonomura,  1977). The explanation of 
this burst can be found in the relative values of the rate constants involved in the 
reaction. It is observed that the rate at which E1P (ADP-sensitive phosphoenzyme) is 
converted to E2P (ADP-insensitive phosphoenzyme) is much slower than the rate at 
which EIP reacts with ADP to release ATP (J. Froehlich, personal communication). 
This means that (a) [E1P] is higher during the early stages (pre-steady state) of the 

o_ F- 
< 12 
r "  

t~  

-6 

a 
J6 

' 9 ' 0  ' 30 6 120 
Time (s) 

0.4 

, C O . 3  

*,:T 
" 0.2 
c-  

I 
0.1 

b 

I I I I 

50 60  90  120 
Time (s) 

FIGURE 1. Initial time course of appearance of [aH]ATP after illumination of 
the ghost suspensions. (a) Ghosts were prepared to contain [3H]ADP, caged 
ATP, Ap5A, and salts as described in Methods. They were then suspended in 
140 mM NaCl, 10 m M  HEPES, p H  7.5, and irradiated with 340-nm light. The 
vertical arrow indicates when photolysis ended. Samples were taken at the 
indicated times after the initiation of photolysis and mixed with trichloroacetic 
acid. The data plotted are the percent total counts per minute migrating with 
ATP on thin-layer chromatography plates. Circles indicate duplicate photolysis 
and assays in 150 m M  NaCl, 10 HEPES, p H  7.5. Squares indicate duplicate 
photolysis and assays in the same media plus 10 -4 M ouabain. (b) The data 
from a are plotted as described in the text so that the slopes of these lines yield 
the rate constants for the ATP:ADP exchange reaction. Symbols are identical 
to those in a. 

reaction than when the steady state distribution between E1P and E2P is established; 
(b) since the ATP:ADP exchange reaction depends upon [E1P] and since [E1P] reacts 
rapidly with [3H]ADP, there will be a pre-steady state burst of [ZH]ATP. The size of 
the burst is not directly related to the number  of  pump sites per cell but is a 
complicated function of several rate constants, relating the number  of times E]P turns 
over with ADP before its steady state distribution with E2P is established, i.e., the 
system cycles through reactions A, B, and C many times faster than it progresses 
through E1P ~- E2P (D). 

Ea + ATP ~ E~ATP ~ E1 - P- ADP ~ E~P ~ E2P 
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Materials 
[8H]ADP, [14C]ADP, ~Rb, and 22Na were obtained from Amersham Corp., Arlington 
Heights, IL. Salts, buffers, AMP, ADP, ATP (grade 1, prepared by phosphorylation 
of adenosine), phosphoenolpyruvate, lueiferin-luciferase (type L-0633), myokinase, 
and trichloroaeetic acid were obtained from Sigma Chemical Co., St. Louis, MO. 
Pyruvate kinase and diadenosine pentaphosphate were obtained from Boehringer 
Mannheim Biochemicals, Indianapolis, IN. 

RESULTS 

Effects of Internal Mg 

We have previously described the initial observations of ouabain-sensitive 
ATP:ADP exchange in resealed red cell ghosts (Kaplan and Hollis, 1980). 
These measurements were performed using a fixed intraeellular total Mg 
concentration of 10 pM. 

In preliminary experiments we had observed that high Mg levels (>100 
/~M) made the detection of ouabain-sensitive exchange difficult since the 
ouabain-insensitive background rate was elevated as the Mg concentration 
was raised. In Fig. 2a are shown the results of experiments where the 
intracellular Mg has been varied between nominally zero and 100 /~M. 
Although the absolute values of the total rates vary in the different batches of 
ghosts, the overall pattern is the same. There is a rapid increase of the rate in 
the low concentration range (up to 10 pM), followed by a slower increase in 
rate. In spite of the variation in total rates, the ouabain-sensitive component 
of the exchange rate showed a reasonable reproducibility in these experiments, 
as shown in Fig. 2b. The Na pump-mediated exchange reaction in the presence 
of 140 mM Na in the external medium is activated by a site with very high 
affinity for Mg (Fig. 2b). At higher Mg concentrations, the Na pump-mediated 
exchange is inhibited by increasing levels of Mg. The Mg concentrations 
indicated in Figs. 2a and b represent the total Mg sealed into the ghosts at 
reversal. Calculation of the free Mg concentration under these conditions is 
difficult because of the complexity of the mixture of components capable of 
binding Mg in the intracellular compartment. Although in several experiments 
no Mg was added to the ghosts at reversal, a measurable rate of ATP:ADP 
exchange with a significant ouabain-sensitive component was observed. If we 
assume that Mg is absolutely required for ATP:ADP exchange, inspection of 
the curves shown in Figs. 2a and b enables an estimate of the residual Mg in 
the ghosts of ~2-3 pM to be made. Inclusion of 100 pM EDTA in the resealing 
medium did not completely eliminate the exchange reaction. 1 mM EDTA 
was required to reduce the rates in the absence of added Mg to a level that 
was not reliably different from zero, i.e., <2 /~mol Pi transferred per liter 
ghosts -1 h -1. 

Activation by Nao 
When the ATP:ADP exchange is initiated in ghosts suspended in various 
concentrations of Na, a characteristic activation curve is seen (Fig. 3). This is 
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similar to the data previously reported using ghosts containing nucleoside 
diphosphokinase inhibitors (Kaplan and Hollis, 1980). At concentrations of 
Nao between 0 and 10 mM, an inhibition is observed, whereas at concentra- 
tions from 20 to 140 raM, a monotonic increase in exchange rate is seen (with 
a rather shallow rate of  increase with increasing Na concentration). Variations 
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Effect of Nao on the rate of ATP:ADP exchange. The  ATP:ADP 

exchange rate was determined in a preparation of resealed ghosts suspended in 
buffered NaCI solution in the absence (O) and presence (©) of 10 -4 M ouabain. 
The sum of NaC1 plus choline CI was 150 mM. The  results shown are illustrative 
of six different experiments that yielded essentially similar data. The  points 
shown are larger than the range of duplicate determinations at each value of 
Nao. 

FIGURE 2. (a) Dependence of ATP:ADP exchange rate on total intracellular 
Mg ion concentration. The  data are shown from two experiments. Closed 
symbols are ATP:ADP exchange rates measured in ghosts suspended in 100 
m M  NaC1, 10 m M  HEPES,  p H  7.5, 40 m M  choline chloride; open symbols 
indicate the presence of 10 -4 M ouabain. In each experiment the membranes 
from the column were divided into separate tubes and tonicity restored as 
described in Methods so that  the ghosts contained the indicated amounts of 
MgCI2. All determinations of exchange rate were determined in duplicate, the 
range of values at each point is smaller than the symbol in the figure. (b) 
Dependence of Na pump-mediated ATP:ADP exchange on total intracellular 
Mg ion concentration. The difference in rates in the absence and presence of 
10 -~ M ouabain shown in a have been plotted vs. total intracellular Mg ion 
concentration. The data from a third experiment not shown in a for reasons of 
clarity are included here (A). 
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in rates are observed in different preparations of ghosts, but the same overall 
pattern of  Na dependence is seen. Table II summarizes results of  several 
similar experiments illustrating this point. 

T A B L E  II 

THE BIPHASIC EFFECTS OF Nao ON SODIUM PUMP-MEDIATED ATP:ADP 
EXCHANGE IN RESEALED GHOSTS 

ATP:ADP exchange rate 

Plus Na pump 
Experiment [ATP] [ADP] [Nao] ouabain component 

III- 11 

I~M ItM mM ~tmol Pi/liter ghost/h 

0 34.3 21,5 12.8 
20.0 13.0 5 27.7 19,4 8.3 

140 39.0 18.9 20.1 

111-20 20.0 24.6 

II-4 23.3 17.6 

II-9 3.2 5.6 

I1-12 i6.9 11.2 

1-16 22.5 20.2 

X-16 24.1 19.8 

0 92.7 39.1 53.6 
5 68.2 39.1 29.1 

140 108.6 32.5 76.1 

0 68.2 45.4 22.8 
5 56.8 37.5 19.3 

140 96.1 37.5 58.6 

0 12,3 6.7 5.6 
3 10,7 5.5 5.2 

140 24.2 6.1 18.1 

0 53.6 34.8 18.8 
3 42.5 37.4 5, I 

140 60.3 32.4 27.9 

0 81.6 43.2 38.4 
5 58.5 43.2 15.3 

140 117,7 52.8 54.9 

0 70.1 34.2 35.9 
3 56.4 32.0 24.4 

100 109.2 34.2 75.0 

The biphasic effects of Nao on sodium pump-mediated ATP:ADP exchange in resealed ghosts. Ghost 
preparation and the initiation and measurement of ATP:ADP exchange rates were performed as described 
in Methods. In all of the experiments shown in Table II, [Mgi] was 10/tM and [Nai] varied between 5 and 
15 raM. 

Effects of Nai 
The dependence of the rate of ATP:ADP exchange on Nai was measured in 
a series of experiments in which Nai was varied while Nao was held constant 
(100 mM). The rate of the ATP:ADP exchange reaction remained constant 
above 1.5 mM Nai (Fig. 4), and we saw no evidence of substantial inhibition 
at elevated Nai levels (see also Fig. 7). 
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Effects of Ko 

If K ions are added to the external medium containing high levels of Na, 
inhibition of the ouabain-sensitive exchange rate is observed (Fig. 5b). The 
concentration of  K ions giving half-maximal inhibition is ~ 1 mM. When 
experiments are performed at elevated K levels, there is an apparent  partial 
inhibition of  ouabain-sensitive AT P: ADP exchange (compare columns 7 and 
6, Table III). The reason for this is shown in Table  III, where it can be seen 
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FIGURE 4. Dependence of the rate of ouabain-sensitive ATP:ADP exchange 
on Nat. Resealed ghosts containing the indicated concentration of Na ions were 
suspended in 140 mM NaQl, 10 HEPES, pH 7.6, in the absence and presence 
of 10 -~ M ouabain. The data shown are the difference in rates caused by the 
presence ofouabain in the external medium. The experimental points show the 
mean and range of duplicate determinations. In the experiment illustrated, the 
ghosts contained 5 mM KCI in addition to the NaCI indicated. 

that the exchange rate in the presence of ouabain has been stimulated by  high 
Ko. Evidently, as Ko is increased, the ouabain-insensitive exchange rate is 
stimulated. The dependence on [K]o of these two effects can be  seen in Fig. 5a. 
Whereas Ko inhibits the ouabain-sensitive component  of  AT P: ADP exchange, 
the ouabain-insensitive component  is stimulated. The  stimulation by K of the 
ATP:ADP exchange reaction in the presence of  ouabain and high Na concen- 
trations can also be observed in experiments on porous red cell membranes,  
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FIGURE 5. (a) Dependence of ATP:ADP exchange rate on Ko in the presence 
and absence of ouabain. The ATP:ADP exchange rate was determined in a 
batch of ghosts suspended in 100 mM NaCl, 10 mM HEPES in the presence 
(O) and absence (C)) of 10 -4 M ouabain in the presence of the indicated [Ko]. 
(b) Inhibition of ouabain-sensitive ATP:ADP exchange by Ko. The rate of  
ATP:ADP exchange was determined in ghosts suspended in 100 mM NaC1, 10 
mM HEPES containing the indicated [Ko] where [KoCl] + choline Cl = 40 
raM. The differences in rates in the presence and absence of 10 -4 M ouabain at 
each [Ko] are shown. 
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but not in experiments with partially purified Na,K-ATPase from canine 
renal medulla (J. H. Kaplan, M. D. Mone, and R. J. Hollis, unpublished 
observations). A possible source of the K-activated ouabain-insensitive ex- 
change activity in red cell membranes is discussed below. 

We have observed that unlike Ko, Lio does not stimulate the ouabain- 
insensitive ATP:ADP exchange component in resealed ghosts. In the presence 
of high Nao, Lio inhibits the Na pump-mediated ATP:ADP exchange reaction 
but with a significantly lower affÉnity than Ko (Fig. 6). The biphasic nature 
of the effect of Lio has not been further investigated. More detailed investi- 
gation would be required to establish the significance of the small amount  of 
inhibition seen at low levels of Lio, apparently acting at sites of higher affinity. 

Effects of Ki 
In several experiments the effects of Ki on the ATP:ADP exchange were 
examined. In the concentration range where Ko inhibits the ouabain-sensitive 

T A B L E  nI  

T H E  EFFECTS OF H I G H  [Ko] ON ATP:ADP E X C H A N G E  IN RE SE A L E D  G H O ST S 

ATP:ADP exchange rate 

100 mM Na 
100 mM Nao 100 mM Nao + 20 mM Ko 

Experiment [ATP] [ADP] [Nail 100 mM Nao + ouabain + 20 mM Ko + ouabain 

#M #M mM mol Pi/liter ghosts/h 
X-16 24.1 19.8 3.6 109.2 34.2 66.9 66.9 
X-21 32.8 27.0 2.5 102.2 29.3 72.0 72.0 
X-29 33.5 25.4 3.6 72.0 32.5 53.3 48.6 

The effects of high [Ko] on ATP:ADP exchange in resealed ghosts. Ghost preparation, ATP:ADP exchange, 
and other procedures in these experiments were performed as described in Methods. The data (from three 
representative experiments) show the rates of ATP:ADP exchange in resealed ghosts suspended in 100 mM 
Nao in the presence or absence of ouabain and 20 mM [Ko]. 

ATP:ADP exchange rate completely (see Fig. 5b), Ki has only a small 
inhibitory effect, which is reduced or absent at high Nai concentrations (Fig. 
7). The data presented in Fig. 7 also show that at high Nai concentrations 
there is no inhibition of the rate of ATP:ADP exchange. It is also evident in 
Fig. 7 that Ki has no effect on the rate of ATP:ADP exchange in the presence 
of ouabain. 

D I S C U S S I O N  

The objective of the present studies was to characterize the sodium pump- 
mediated ATP:ADP exchange in resealed red cell ghosts so that the effects of 
Na and K ions could be unambiguously ascribed to inward- or outward-facing 
cation sites on the pump protein. 

Two aspects of our experimental approach to the problem have potentially 
wider applications for other physiological studies, and in particular, sodium 
pump studies in intact-sided systems. The gel filtration procedure used in the 
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present work produces resealed red cell ghosts with minimal retention of 
cytoplasmic enzyme activities. The very. high levels of  adenylate kinase activity 
( -5  mol/li ter cells/h) present in human red blood cells have been greatly 
reduced so that even in the absence of added inhibitor, the Na pump 
component of the ATP:ADP exchange reaction was measurable (see Table I). 
It is interesting that even though the gel procedure involves a substantial 
dilution of cytoplasm and an efficient washing procedure in situ, there are 
still significant amounts of Mg associated with the membranes. The presence 
of residual Mg associated with washed red cell membranes has been noted 
previously (see Flatman and Lew, 1980), and the levels involved ( -10  #mol /  
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FIGURE 6. Inhibition of ouabain-sensitive ATP:ADP exchange by Lio. The 
experimental procedure was the same as in Fig. 5 but here [LioCl] + choline (31 
= 5 0  mM. 

liter cells; Welt, 1964) are similar to those inferred to be present in the ghosts 
prepared by gel filtration. The gel filtration procedure makes possible the 
independent manipulation of ATP and ADP concentrations uncomplicated 
by the presence of kinase activities converting ADP to ATP. The use of caged 
ATP to initiate photochemically the intracellular exchange reaction enabled 
us to make initial rate measurements in a controlled manner,  which would 
have been extremely difficult without this approach. Since ATP is used by a 
variety of endogenous enzyme activities, the ability to retain an intracellular 
supply of ATP in a protected form during the ghost preparation makes 
possible several types of experiment that otherwise would be less straightfor- 
ward. The use of ATP-regenerating systems was not appropriate in the present 
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experiments, and in other types of studies on the sodium pump the associated 
accumulation of phosphate ions from an ATP-regenerating system might 
complicate the experiments. Essentially, the properties of caged ATP recom- 
mend its use when either (a) a stable source of ATP is required in ghosts or 
vesicles which themselves contain endogenous ATP-consuming enzymes, or 
(b) the rapid release of ATP and initiation of ATP-dependent  processes in a 
closed compartment  is desired. 

Effects of Na Ions 

Previous studies in partially purified microsomal preparations of the Na,K- 
ATPase have revealed a complex dependence of the rate of  ATP:ADP 

250 

.._.- 

i f _  150 
0 

::k 
v 
® I 0 0  

g 5 o  
e.- 

e -  

X 

w ~ 5.14 

o 
I Ouoboin 0 
I (raM) 

I 

.L 

5.14 

0 

0.1 

5.49 

14.40 

0 

5.49 115.9 115.9 I01.1 I01.1 

14.40 0 0 17.14 17.14 

0.1 0 0.1 0 0.1 

t~i~rt~) 

Ki(rnM) 

Ouoboin 
(rnM) 

FxouRr 7. The effect of Ki on the rate of ATP:ADP exchange. Resealed ghosts 
were prepared containing the indicated concentrations of Na or Na + K ions. 
The rate of ATP:ADP exchange was subsequently measured, as described in 
Methods, when the ghosts were suspended in 150 mM NaCI, 10 mM HEPES, 
pH 7.6, in the presence or absence of 10 -4 M ouabain. The range of duplicate 
measurements of rate is indicated by the bars. 

exchange on Na ion concentration (Wildes et al., 1973; Beauge and Glynn, 
1979; Kaplan et al., 1981). The same complex pattern is also seen in studies 
using porous human red cell membranes (Kaplan and Hollis, 1980). In the 
range 0-5 m M  Na, the ATP:ADP exchange rate is stimulated; between 5 and 
15 mM Na, an inhibition is observed, followed by an activating effect of  Na 
ions that saturates beyond the physiological range. In the present work we 
have shown that the sites for Nai have a high affinity for and are saturated by 
~1.5 mM Na. This is in keeping with the high affinity for Na (<1 mM) in 
supporting phosphorylation of the enzyme (from various sources) by ATP 
(e.g., Post et al., 1965; Foster and Ahmed,  1976; Flashner and Robinson, 
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1979; but ef. Mardh and Post [1977], who obtained a value of 5-8 mM at 
21 °C). This suggests that the first activating limb of the curve relating Na ion 
concentration and ATP:ADP exchange rate in porous preparations is due to 
intracellular sites for Na. We had previously inferred this sidedness on the 
basis of studies on the effects of Nao on ATP:ADP exchange rates in resealed 
red cell ghosts (Kaplan and Hollis, 1980). Although the internal sites for Na 
ions in the present work are saturated at suitably low levels, it would be 
unwise to directly compare these values with those obtained from phosphor- 
ylation studies. In the present work a fairly complex multistep reaction is 
being considered; in phosphorylation studies, although the reaction is simpler, 
Na ions potentially have simultaneous access to sites on both sides of the 
membrane. Recent work has shown that Nao as well as Nai, at 37°C, may 
affect phosphoenzyme levels (Blostein, 1979). Also, in one of the recent studies 
of phosphorylation, using a rapid mixing apparatus, an effect of Na at low 
concentrations (1-8 mM) has been observed on the level of phosphoenzyme 
as well as on phosphorylation rate (see Fig. 5 of Mardh and Post, 1977). It 
would be expected that increased [Na] should increase the initial rate of 
phosphorylation without affecting the maximum level of phosphoenzyme. 
The high affinity ofintracellular sites for Na has previously been demonstrated 
by Karlish and Glynn (1974) in their studies of Na-ATPase activity in resealed 
red cell ghosts, and by Blostein (1979) using inside-out red cell membrane 
vesicles. 

The present studies confirm our earlier observations indicating the existence 
of at least two classes of sites for Na ions at the extracellular surface of the Na 
pump; an inhibitory site of relatively high affinity (inhibition being observed 
in the range 0-5 mM Na~) and a site that stimulates the reaction with a much 
lower affinity for Na ions. The mechanism by which increasing Na ions 
stimulate the exchange reaction can be interpreted on the basis of earlier 
work, which has shown that the proportion of total phosphoenzyme that is 
sensitive to ADP (E1P) is increased by high concentrations of Na ions (Kuriki 
and Racker, 1976; Taniguchi and Post, 1975; Hara and Nakao, 1981). The 
way in which lower concentrations of extracellular Na ions inhibit the 
exchange reaction is less clear. In the absence of K ions the rate of decompo- 
sition of the phosphoenzyme is probably rate-limiting for the overall ATPase 
activity and the major portion of the phosphoenzyme (in the presence of low 
Na ions) is ADP insensitive (E2P). This means that the ADP-insensitive 
phosphoenzyme is out of commission for the ATP:ADP exchange reaction 
until it has been dephosphorylated and returned to the ADP-sensitive form 
(E1P) after rephosphorylation. Na ions at low concentration have been 
observed to decrease the rate of dephosphorylation of the phosphoenzyme 
(Beauge and Glynn, 1979), and this effect might account for the inhibition of 
ATP'ADP exchange by Nao in the range 0-5 mM seen in the present studies. 
If this interpretation is correct, we might expect to observe a relief by low 
concentrations of I~  of the inhibition caused by low Na~, since K~ stimulates 
the breakdown rate of phosphoenzyme and low concentrations of Ko have 
been reported to relieve the inhibition of Na-ATPase caused by low Nao 
concentrations (Beauge et al., 1979). We have attempted in a series of 
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preliminary experiments to test this prediction but were unable to detect a 
reproducible stimulation by Ko of the rate of ATP:ADP exchange in the 
presence of 5 m M  Nao. 

It should be borne in mind that the interpretations of the effects of Na ions 
on ATP:ADP exchange rates in resealed ghosts rely heavily on extrapolations 
from data obtained in studies of enzyme isolated from a variety of sources. 
Although it is clear that Na pump enzymes from different sources behave in 
a similar fashion, it is also clear that differences do exist. In particular, the 
proportion of phosphoenzyme that is ADP-sensitive under comparable exper- 
imental conditions seems to vary when enzymes from different sources are 
examined (Kuriki and Racker, 1976; Fukushima and Nakao, 1980; Hara and 
Nakao, 1981). The major difference seems to be in the effects of Na ions on 
the distribution of phosphoenzyme between ADP-sensitive and ADP-insensi- 
tive forms. Although increasing Na ions increase the former, the "affinity" for 
Na in influencing this distribution varies with the source of enzyme. The 
interpretation of the effects of Na ions on ATP:ADP exchange in resealed 
ghosts offered in the present work will be placed on a firmer basis when the 
Na dependence of the distribution of phosphoenzyme between the EtP and 
E2P forms in red blood cell Na pump protein has been obtained. It seems 
likely that the red cell enzyme in this regard more closely resembles the kidney 
enzyme than the brain enzyme. This can be inferred by the continual shallow 
increase in ATP:ADP exchange rate observed in the present work with Nao 
(up to 140 mM Nao), which more closely resembles the Na dependence of E1P 
levels in kidney (Hara and Nakao, 1981) than brain (Fukushima and Nakao, 
1980). 

Effects of K and Li Ions 

At high (100-140 mM) Nao, K ions in the external medium clearly inhibit the 
exchange reaction. The K1/a for the effect of Ko is ~ 1 m M  in the presence of 
100 mM Nao. This estimate agrees with the affinity of the enzyme for K sites 
in activating Na,K-ATPase in red blood cell membranes (Post et al., 1960). 
Since Lio did not stimulate the ouabain-insensitive component,  the effect of 
Lio was studied over a wider range of concentrations. It is apparent that Lio, 
like Ko, inhibits the ATP:ADP exchange rate. We have not systematically 
investigated the basis of the apparent biphasic inhibitory action of Lio on the 
ATP:ADP exchange reaction (see Fig. 6). The rate of ATP:ADP exchange is 
reduced to one-half of its value in the absence of Lio by 50 m M  LiD. Similar 
effects of Ko and Lio in red cells have been observed before, and the poorer 
affinity for Lio is well documented (Sachs and Welt, 1967; McConaghey and 
Maizels, 1962). 

Internal K ions were without significant inhibitory effect on the ATP:ADP 
exchange reaction in the range of concentrations tested. 

Effects of Mg Ions 

The affinity for Mg in supporting ATP:ADP exchange activity in resealed 
ghosts is high. Because of the low concentrations of nucelotides and Mg and 
the complex composition of the intracellular compartment,  we have not been 
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able to obtain a precise value for the K1/2 for free Mg. However, it is apparent 
that only low concentrations (micromolar) of Mg ions are sufficient to support 
the exchange activity and that increased Mg levels inhibit the exchange rate. 

The inhibition could be due to Mg ions or Mg-nucleotide complexes. In 
studies on the purified Na,K-ATPase enzyme where the effects of a range of 
Mg concentrations on the ATP:ADP exchange were investigated, both inhib- 
itory and activating effects were observed that could not be unambiguously 
assigned to free Mg ions or Mg-nucleotide complexes (Robinson, 1976; Beauge 
and Glynn, 1979). In recent work we have found that the inhibition of 
Na,ATPase activity caused by the addition of K, in the presence ofmicromolar 
levels of ATP, is not observed if Mg is also present in the micromolar 
concentration range. The inhibition by K ions is dependent upon the presence 
of elevated Mg concentrations. Our interpretation of these observations is that 
Mg is involved in stabilizing E2 or EzK forms of the enzyme (M. D. Mone, 
L.J. Kenney, and J. H. Kaplan, manuscript in preparation). The stabilization 
of E2 forms of the enzyme by Mg ions might account for the inhibition of 
ATP:ADP exchange activity observed in the present work and noted previ- 
ously by others in studies using partially purified enzyme preparations (Ro- 
binson, 1976, 1977; Banerjee and Wong, 1972). 

Ouabain-insensitive A TP:ADP Exchange 

The activity observed in the presence of 10 -4 M ouabain can reasonably be 
attributed to activities other than the Na pump. The inhibitory effects of K 
on the ouabain-sensitive ATP:ADP exchange reaction were unaffected by 
preincubation of the ghosts in the presence of ouabain (with or without Ko), 
so we are confident that the effects we observe are not caused by any 
interaction between K and ouabain that would cause a slow (and limiting) 
rate of ouabain binding. The total ouabain-insensitive activity is probably 
composed of several components, but several phenomena lead us to speculate 
that a contributing activity may be the Ca,Mg-ATPase or Ca pump of the 
red cell membrane. In summary, the activity is stimulated by Ko but not by 
Ki, is present in red cell membranes, but not in purified Na,K-ATPase from 
canine renal medulla, and is not stimulated by Lio. 

The asymmetric effects of K ions imply that the protein mediating the 
activity has sided affinities for cations across the membrane and that it 
penetrates the membrane (since the exchange reaction occurs in the intracel- 
lular compartment) with nucleotide sites at the inner surface. These are clearly 
minimal requirements for a cation ATPase transport system. The stimulation 
of Ca,Mg-ATPase in red cell membranes by K has been observed and, 
significantly, Li ions are without effect (Bond and Green, 1971; Larocca et al., 
1981). The stimulation of ouabain-insensitive ATP:ADP exchange activity by 
K ions is observed in experiments using washed porous red cell membranes, 
but is not observed in experiments using purified Na,K-ATPase enzyme from 
renal outer medulla. This suggests to us that the stimulation by K is neither 
an artifact of the procedure used to prepare resealed ghosts nor a property of 
the sodium pump when ATP:ADP exchange activity is measured. To establish 
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whether the Ca pump is involved, it will be necessary to repeat the current 
observations in a situation where nucleotide levels are significantly elevated 
and Ca and Mg levels can be independently altered. The usual diagnostic 
tool for Ca pump activity, inhibition by La 3+ ions, was not observed on K- 
stimulated ouabain-insensitive ATP:ADP exchange activity in resealed red 
cell ghosts (J. H. Kaplan, unpublished data). The observations of Schatzmann 
and Burgin (1978) indicate that although La 3÷ blocks the Ca,Mg-ATPase 
activity, it might not be expected to inhibit the ATP:ADP exchange reaction 
mediated by the enzyme (see Fig. 12 of Schatzmann and Burgin, 1978), since 
it blocks breakdown of phosphoenzyme and enhances its ADP sensitivity. The 
actions of La s+ on the Ca,Mg-ATPase appear to be similar to those of 
oligomycin or N-ethylmaleimide on the Na pump. 

The Relationship of Na, A TPase to A TP:ADP Exchange 

These two partial reactions are both activated by Na ions in the absence of K 
ions and show similar complex Na-activation curves (Mardh and  Post, 1977; 
Glynn and Karlish, 1976; Beauge and Glynn, 1979; Kaplan et al., 1981; 
Kaplan and Hollis, 1980; Kaplan, this work). The corresponding transport 
modes have been observed in red blood cells; they are uncoupled Na efflux for 
Na,ATPase and Na:Na exchange for ATP:ADP exchange. However, it is not 
clear that previous observations satisfactorily account for the relationship 
between these Na-dependent activities. Both enzymatic activities are stimu- 
lated by external Na at sites with low affinities (Glynn and Karlish, 1976; 
Kaplan and Hollis, 1980). However, for Na,ATPase it is difficult to see how 
the observed change in spontaneous breakdown rate of phosphoenzyme when 
Na ions are increased from ~20/~M to 150 mM during dephosphorylation 
can account for the observed threefold increase in Na,ATPase activity over 
the same range of Na ion concentrations (Beauge and Glynn, 1979, Fig. 8, el. 
Fig. 2) if dephosphorylation is assumed to be the slowest step in the Na,ATPase 
reaction. By 150 mM Na, the dephosphorlyation rate is only ~40% of its value 
at 20 ~M Na. It has also been suggested, to account for the effect of high 
concentrations of Na ions in stimulating ATP:ADP exchange, that the equi- 
librium E1P ~--- E2P is driven by high Na ions to the left-hand side, i.e., in the 
direction of more ADP-sensitive phosphoenzyme (Beauge and Glynn, 1979). 
If E2P is involved in the Na,ATPase activity then we must assume that the 
effects of high Na ions in driving ExP ~--- E2P in favor of EIP are compensated 
for by increasing the rate of E2P breakdown, or perhaps both EaP and E2P 
breakdown contribute to Na,ATPase activity. Uncertainties in interpretation 
also exist in accounting for the characteristics of the transport reactions. The 
effects of high external Na ions on Na influx or Na effiux in ghosts containing 
low ATP but without ADP have not yet been reported, so that although 
Na,ATPase activity is stimulated by high Nao (Glynn and Karlish, 1976), we 
do not know if uncoupled Na effiux is also stimulated. Previous studies using 
human red cells or ghosts containing ATP and ADP do not enable us to 
distinguish between Na:Na exchange and uncoupled Na effiux contributions 
to the total transport. When only Na efflux is measured in the presence of 
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Nao, uncoupled Na efflux and Na:Na exchange could contribute to the 
movements; when only Na influx is measured, uncoupled Na efflux would 
not be detectable. 

The relationship between ATP:ADP exchange and Na,ATPase at moderate 
to high Na ion concentrations (25-150 raM) points to another area of 
uncertainty, viz., the number of classes of Na sites at the outside surface of the 
pump protein. If Nao stimulates Na,ATPase by enhancing E2P breakdown 
and simultaneously stimulates ATP:ADP exchange by increasing the E1P/ 
E2P ratio, do two sets of sites exist? If the latter are normally unloading sites 
for Na, then what are the former? One possibility is that stimulation of 
Na,ATPase occurs via Nao acting at what are normally Ko sites. An alternative 
explanation is that the same sites are involved in both effects and that at these 
sites Na has a "Na-like effect" (stimulating ATP:ADP exchange) and also a 
"K-like effect" (stimulating Na ATPase). 

Garay and Garrahan (1973) have reported that as Ki is progressively 
replaced by Nai, the rate of Na:Na exchange falls. They suggested that this 
was due to a stimulation of Na:Na exchange by Ki (Garay and Garrahan, 
1973). Recent studies by Sachs (1981) have shown that intracellular K ions 
affect the Na pump via predominantly metabolic effects resulting in changes 
of nucleotide levels. In the present studies, metabolic effects are absent in the 
ghosts and simple saturation effects of internal Na ions are observed. 

The Relation between A TP:ADP Exchange and Na:Na Exchange 

To what extent do the results presented here support the idea that ATP:ADP 
exchange occurs while the pump is carrying out a 1:1 exchange of intracellular 
and extracellular Na ions? The effects of Nao clearly show the same biphasic 
curve as that seen when the effect of Nao on ouabain-sensitive Na efflux is 
studied in human red cells (Garrahan and Glynn, 1967a; Garay and Garrahan, 
1973): It seems reasonable to conclude that the same sites are involved in Na 
uptake and stimulation of ATP:ADP exchange. The effects of Ko also support 
this conclusion; Ko inhibits ATP:ADP exchange with a suitable affinity 
compared with the inhibition by Ko of ouabain-sensitive Na uptake in red 
cells (Garrahan and Glynn, 1967b), so presumably the external K sites that 
inhibit Na:Na exchange (and stimulate Na:K exchange) also inhibit 
ATP:ADP exchange. Garay and Garrahan (1973) have shown that in red cells 
with low Ki, Nai activates Na:K exchange and Na:Na exchange with a rather 
high affinity, KI/~ of ~0.2 raM. In our studies Nai saturates at low concentra- 
tions. 

It is apparent that many characteristics of the ATP:ADP exchange reaction 
also pertain to the Na:Na exchange transport process. However, observations 
made in several studies suggest that these two processes are not tightly coupled 
with a constant stoichiometric relationship between their rates. In the presence 
of oligomyein, the transport process, Na:Na exchange, is inhibited (Garrahan 
and Glynn, 1967c; Sachs, 1980), whereas the ATP:ADP exchange is not 
inhibited and is perhaps stimulated slightly (Blostein, 1968, 1970). In experi- 
ments using resealed red cell ghosts in the absence of Nao, where Na:Na 
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exchange transport cannot take place, significant rates of ATP:ADP exchange 
are observed (Kaplan and Hollis, 1980; Kaplan, this work). There exist then 
situations where ATP:ADP exchange can take place without Na:Na exchange 
and one form of Na:Na exchange takes place in the absence of ADP (see Lee 
and Blostein, 1980). In order to define the biochemical events associated with 
ion movements through the sodium pump apparatus, more detailed studies 
are required where ion transport and biochemical events are measured simul- 
taneously. 

Conclusion 

Photolysis of caged ATP inside red cell ghosts has enabled the measurement 
of ATP:ADP exchange mediated by the Na pump. The asymmetric charac- 
teristics of the Na:Na exchange transport are reflected in similar asymmetries 
in the ATP:ADP exchange reaction. It is likely that the cation binding sites 
that mediate these processes are identical. If Na entry is coupled to phosphor- 
ylation of ADP by the pump phosphoprotein it remains to be seen whether 
the processes are tightly coupled with fixed stoichiometries. 
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