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I N T R O D U C T I O N

The work reported here is primarily oriented to evaluat-
ing different functional roles of sequestered forms of 
ATP (ATP pools) that reside within the human red cell 
ghost membrane/cytoskeletal complex. This work ex-
tends our previous studies (Parker and Hoffman, 1967; 
Proverbio and Hoffman, 1977) that not only established 
the concept of a membrane-compartmented ATP, but 
also suggested that these pools of ATP were preferen-
tially used by the Na+ pump. We showed that the ATP 
pools could be loaded either by incubation with ATP it-
self or by running the membrane-bound phosphoglyc-
erate kinase (PGK) reaction forward (Proverbio and 
Hoffman, 1977). Here, we now test whether ATP gener-
ated by the membrane-bound pyruvate kinase (PK) also 
fills the membrane pools with ATP. This work also shows 
that at least a portion of the membrane Ca2+ pumps use 
these same pools of membrane ATP (compare with Pro-
verbio et al., 1988). Most of our work has been based on 
the relative formation of the Na+-dependent formation 
of the Na+ pump’s phosphointermediate, ENa-P, in porous 
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ghosts washed free of all bulk-loading media. This com-
ponent was first characterized in red cell ghosts by  
Blostein (1968, 1970), in which the ENa-P was labeled 
with [-32P] ATP. We showed that when the membrane 
pools of ATP were loaded with nonradioactive ATP, the 
formation of labeled ENa-P was inhibited until the un
labeled ATP was removed from the membrane pools 
(Proverbio and Hoffman, 1977). This, presumably, was 
due to the decrease in the specific activity of the [-32P] 
ATP upon its encountering a high concentration of un-
labeled ATP in the membrane pool. In a complemen-
tary study, Mercer and Dunham (1981) showed that in 
inside-out vesicles (IOVs), prepared from human red 
cell ghosts, compartmented ATP drove the strophanthi-
din-sensitive uptake of 22Na+, given K+ on the inside of 
the vesicles. Importantly, they also showed in their IOVs 
that the pool-sequestered ATP was insensitive to the 
bulk additions of glucose plus hexokinase. We have 
shown that this is also the case in the porous ghost sys-
tem used in this present work. IOVs were used in this 
work to see if 45Ca2+ uptake could also be driven by ATP 
contained solely in the membrane pools.
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energy source for the Na+ and Ca2+ pumps.

© 2009 Hoffman et al.  This article is distributed under the terms of an Attribution–Non-
commercial–Share Alike–No Mirror Sites license for the first six months after the publication 
date (see http://www.jgp.org/misc/terms.shtml). After six months it is available under a Cre-
ative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, as 
described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

Th
e 

Jo
ur

na
l o

f 
G

en
er

al
 P

hy
si

o
lo

g
y



352 POOL ATP, MEMBRANE PUMPS, AND RED CELL GHOSTS

ghosts exposed to ADP as well as by using the adenylate kinase in-
hibitor Ap5A (p1,p5-di[adenosine-5) pentaphosphate (Lienhard 
and Secemski, 1973) in certain experiments related to those de-
scribed below.

All of the experiments were performed three or four times with 
comparable results. The basic methods used were either those de-
scribed by Proverbio and Hoffman (1977) or by more recent pro-
tocols, with the exception of the two types of experiments 
involving ouabain, which were modified to downscale the proce-
dures that served not only to conserve resources, but also turned 
out to improve the accuracy of the various determinations. These 
later procedures are described below together with the protocols 
as used for the various types of experiments reported in Results.

It should be understood that each type of experiment involved 
pretreatment(s) of the porous ghosts, followed by washing before 
assaying the effect of the pretreatment(s) on the level of the phos-
phointermediate associated with either the ghost Na+ pump  
(ENa-P) or the ghost Ca2+ pump (ECa-P), and in some cases their 
respective ATPase activities. It is important to note that after each 
type of pretreatment, the ghosts were washed four to five times at 
0°C, each with at least 10 vol of solution, to ensure that each treat-
ment was a separate exposure with no carryover of the bulk phase 
constituents either within or outside the ghosts. The composition 
of the wash solution was 17 mM Tris Cl, pH 7.4.

Assay for ENa-P and ECa-P and their ATPase activities
The phosphointermediates were determined by use of the follow-
ing protocol. In all instances, after any pretreatment the ghosts 
were packed before use. The procedures used were based on 
those previously described by Blostein (1968) and Proverbio and 
Hoffman (1977), in which all solutions and incubations were kept 
at 0°C. 40 µl of the [-32P]ATP labeling solution plus 10 µl of ei-
ther NMDG or NaCl and/or CaCl2 was added to each Eppendorf 
tube for each time point (0 and 30 s). The final concentrations 
were 12 µM MgCl2, 2 µM Tris2 ATP, and 17 mM TrisCl, pH 7.4, at 
0°C for the labeling solution plus 2 × 105 cpm [-32P]ATP. The  
[-32P]ATP was either made by us (see Glynn and Chappell, 1964) 
or purchased commercially. The final concentrations of either 
NMDG or NaCl were 50 mM and 50 µM for CaCl2. The labeling 
procedure was initiated by adding 50 µl of the packed ghosts with 
immediate mixing and incubating for 30 s to reach maximum for-
mation of the phosphointermediates. The incubation was termi-
nated by adding 500 µl of a stop solution that contained 5% TCA, 
1 mM ATP, and 1 mM K2PO4. The precipitate was then washed 
with the stop solution at least three times before being dissolved 
in 500 µl of 1% Triton X-100 solution. Aliquots were counted in 
Optifluor. The protein concentration was determined by using 
standard Bio-Rad Laboratories reagents and procedures. After 
determining the specific activity of the labeling solution, the 
amount of each 32P-labeled phosphointermediate, i.e., ENa-P and 
ECa-P, could be quantitated.

The ATPase activities, except for the studies involving ouabain 
(see below), were determined in separate experiments by using 
the same protocol as above but with the incubation time extended 
to 20 min at 0°C. The amount of liberated 32P, i.e., orthophos-
phate, was determined by counting aliquots of the supernatant 
before and after treatment with activated charcoal (see Proverbio 
and Hoffman, 1977).

The Na+, K+-ATPase activities measured in the experiments in-
volving ouabain were performed by incubation at 37°C for 30 min, 
as described by Knauf et al. (1974a), in the presence of 40 mM 
NaCl, 10 mM KCl, 1.25 mM MgCl2, 0.25 mM EDTA, 10 mM Tris Cl 
(pH 7.4 at 37°C) together with [-32P]ATP. Analysis involved the 
determination of inorganic 32P liberated before and after expo-
sure to activated charcoal. The determination of the bound 
[3H]ouabain content was performed as described by Bodemann 
and Hoffman (1976).

The human red cell Ca2+ pump was first described 
by Schatzmann (1966). The Ca2+-dependent forma-
tion of its phosphointermediate, ECa-P, was character-
ized by Knauf et al. (1974b), again using [-32P] ATP. 
As with the Na+ pump, the formation of ECa-P, as 
shown here, was inhibited when the pool had been 
filled with unlabeled ATP, but could be seen again 
once the pool ATP had been removed by running the 
Ca2+ pump forward.

Ouabain is known to be a specific inhibitor of the Na+ 
pump (Schatzmann, 1953). It has been shown that oua-
bain binding to the outside of the red cell membrane is 
promoted by inside ATP (Hoffman, 1969; Bodemann 
and Hoffman, 1976). In addition, Huang and Askari 
(1975) have demonstrated that the tightly bound oua-
bain to human red cell ghosts can be rapidly released by 
incubation with Na+ together with ATP, requiring the 
absence of Mg2+. Experiments evaluating these func-
tions of pool ATP alone are presented below.

It should be noted that the presence of compart-
mented ATP has only been characterized in ghost 
membranes. We have previously summarized work that 
indirectly supports the idea that ATP pools could exist 
in the intact red cell, but further study is necessary to 
definitively establish their presence and their role in 
the transport of Na+ and Ca2+ (Hoffman, 1997).

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

Preparation of porous ghosts
Hemoglobin-free porous ghosts were prepared as described pre-
viously (Heinz and Hoffman, 1965; Proverbio and Hoffman, 
1977) and summarized as follows. Human blood obtained by ap-
proved procedure and consent from normal adults was centri-
fuged at 20,000 g for 10 min at 4°C. After careful aspiration of the 
supernatant and buffy coat, the packed cells were transferred to a 
syringe and then rapidly injected into 20 vol of a stirred NaCl-Tris 
hemolysis/wash solution, whose composition was 15.3 mM NaCl 
and 1.7 mM Tris, which also contained 0.1 mM EDTA, pH 7.4, at 
4°C. After 5 min and after 100% hemolysis had occurred, the sus-
pension was centrifuged for 20 min at 20,000 g at 4°C. The ghosts 
were then washed four times with the same NaCl-Tris solution 
with EDTA at 15,000 g for 5 min, after which they appeared light 
pink to white. 1-ml aliquots of the packed ghosts were then frozen 
two to three times at 20°C. Before use, the thawed ghosts were 
washed three times with 20 vol of the same iced NaCl-Tris (pH 7.4 
at 4°C) wash solution to free the ghosts of Na+ and EDTA. The re-
sulting hemoglobin-free packed ghosts were then pelleted (pro-
tein concentration was 3.5 mg/ml) and used as described in the 
experiments below.

It is important to understand that the human red blood cell 
ghosts, having been frozen at 20°C and subsequently thawed 
and washed, were found to be permeable, hence porous, to all 
added constituents, such as ions, nucleotides, and the metabolic 
substrates used in the various treatments described below. In ad-
dition, these ghosts, while retaining other membrane-bound en-
zymes associated with glycolysis (Proverbio and Hoffman, 1977; 
Campanella, et al., 2005) as well as the ATPases that represent the 
Na+ and Ca2+ pumps, were nominally free of adenylate kinase ac-
tivity. This latter activity was tested by chromatographic analysis of 
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exposed to ultraviolet radiation (by use of a handheld lamp) with 
stirring for 15 min at 0–4°C. All ghosts were then transferred to 
Eppendorf tubes and washed by the usual procedure before a sec-
ond incubation at 37°C, where, in portions of ghosts, the pool of 
control and released ATP was emptied by use of Na+ plus K+. 
Again, all incubations and washings together with the assay for 
the Na pump’s phosphointermediate, ENa-P, were performed  
in the dark.

It is important to understand that the hallmark of whether or 
not the membrane pool contains ATP depends on whether or not 
the relevant phosphointermediates can be seen upon labeling 
with [-32P]ATP, as described above. ENa-P or ECa-P is not seen as 
long as unlabeled ATP is present in the membrane pool. Once 
ATP is removed, either ENa-P or ECa-P is in evidence.

IOVs
22Na+ and 45Ca uptakes were measured in IOVs according to the 
methods described by Mercer and Dunham (1981). In brief, after 
preparation, the IOVs were equilibrated overnight at 4°C in a  
medium (wash solution) that contained (in mM): 10 NMDG,  
2 MgCl2, 0.25 EDTA, and 10 mM Tris (pH 7.3 at 23°C). The IOVs 
were then centrifuged and resuspended in the same composition 
solution ± 1.5 mM Tris ATP and incubated for 30 min at 37°C. 
This first incubation served to load ATP into the membrane pools 
of IOVs. Those IOVs incubated without ATP served as controls. 
The IOVs were washed four times at 0–4°C, with minimal, if any 
loss of ATP (see Proverbio and Hoffman 1977), and then incu-
bated a second time for 15 min at 37°C in the original solution 
(without ATP) in the absence or presence of 8 mM NaCl, 0.5 mM 
KCl, and 1 µM valinomycin. This latter incubation with Na+ plus 
K+ served to run the Na+ pump forward, removing in IOVs the 
ATP from their previously filled pools, but not from ATP-free con-
trol ghosts. The IOVs were again washed four times at 0–4°C, 
again with minimal loss of ATP, with the original wash solution 
before final suspension in media in which the uptake of either 
22Na or 45Ca was measured, as explained in the Table I legend. 
The 22Na and 45Ca uptakes were measured over a 2-min period at 
23°C before being stopped by immediate filtering and washing 

Presentation of the phosphointermediate and associated 
ATPase results
We have previously shown (Proverbio and Hoffman, 1977) and 
confirmed in the present work that in all conditions studied, the 
size of the phosphointermediate formed in the presence of Mg 
plus NMDG (EMg-P) was the same and invariant for each of the 
conditions in any one experiment. For instance, for all condi-
tions in Experiment A of Fig. 1, the values for the Na-insensitive 
component ranged ±SEM, from 0.41 to 0.51 ± 0.04. This invari-
ance in EMg-P was also documented in Proverbio and Hoffman 
(1977). Thus, for the purposes of clearer presentation, we have 
subtracted the Mg plus NMDG component from each of the  
results (except those in Fig. 7, D and E), such that only the Na+-
sensitive or the Ca2+-sensitive (or in some cases the Na+ plus Ca2+-
sensitive) component of the phosphointermediate is presented. 
This also applies to the measured associated ATPase activities. 
The bars in all the figures represent ±SEM, where n = 2–4 unless 
otherwise stated.

Loading and emptying the membrane pool of ATP
The membrane pools of porous ghosts were loaded as described 
previously (Proverbio and Hoffman, 1977) by incubation for 30 
min at 37°C in 5 vol of solution that contained 1–1.5 mM Tris ATP, 
1.5 mM MgCl2, 0.25 mM EDTA, and 10 mM Tris Cl, pH 7.5 at 
37°C. The ghosts were then washed with 17 mM Tris Cl, pH 7.4, 
before use in the various experiments. The filled pool of ATP was 
unloaded either by further incubating the washed ghosts at 37°C 
in the presence of 40 mM NaCl, 20 mM KCl, and 10 mM Tris Cl 
(pH 7.5 at 37°C), or by substituting 50 µM CaCl2 for the NaCl plus 
KCl constituents.

For the experiments involving caged ATP (NPE-caged ATP: 
[Na2P3-(1-(2-nitrophenyl/ethyl) ester]), the protocol described 
above was modified as follows. 1 mM of caged ATP was substituted 
for Tris-ATP, and the solutions were placed in quartz vials and 
kept in the dark at 0–4°C. After the addition of porous ghosts, 
some vials were kept in the dark at 0–4°C for 45 min, whereas 
other vials were incubated in the dark at 37°C for 30 min and 
then returned to 0–4°C. Portions of the latter vials were then  

Figure 1.  ATP, photoreleased from pool-en-
trapped caged ATP, is a substrate for the Na+ 
pump. As described in Materials and methods, 
the protocol was modified by the substitution 
of caged ATP for Tris-ATP. All manipulations 
were performed in the dark, except for the 
exposure of some ghosts to ultraviolet light. 
Thus, porous ghosts were loaded at 37°C ei-
ther with Tris-ATP (far left columns, A) or 
with caged ATP (columns A–D, above “Caged 
ATP”). All ghosts were put through two in-
cubations, the first for filling the membrane 
pool with either Tris-ATP or caged ATP. After 
loading and washing, portions of the ghosts, 
where indicated, were irradiated with ultra-
violet light for 15 min in the cold. The sec-
ond incubation was used to empty the pool 
of ATP in portions of ghosts by running the 
Na+ pump forward, at 37°C, with Na+ plus K+ 
before determining in the dark the level of 
the Na-sensitive (i.e., the Na+) components 

of the phosphointermediate, ENa-P. The results of four experiments (A–D) are shown. On the far left side, control ghosts (A) were filled 
with Tris-ATP and exposed to UV light, with the pool being emptied in one set before assay for ENa-P. It was found that the Na+ compo-
nent of ghosts harboring pool ATP is less than that of ghosts in which the pool has been emptied. Importantly, the same pattern is seen 
in the group of ghosts with entrapped caged ATP. Importantly, it is evident that the Na+ component is low in ghosts containing photore-
leased ATP (A, B, C, and D, middle group, above “YES-NO”) and high in those ghosts in which either ATP was not released (A and B, left 
columns, above “NO-NO”) or was removed (A, C, and D, far right columns, above “YES-YES”) by running the Na+ pump forward.
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the far left side, the ghosts were either filled or emptied 
of pool ATP. It is evident that ENa-P reflects the pool’s 
contents in that ENa-P is low in the former and high in 
the latter group of ghosts. But the important results 
shown in this figure are those in which the ghosts are 
filled with “caged ATP,” a protected and inactive form 
of ATP (Kaplan et al., 1978). The levels of ENa-P appear 
relatively unaffected until ATP, per se, is released by 
photolysis by exposure to ultraviolet radiation. The re-
sults of four different experiments (A, B, C, and D) are 
shown in Fig. 1. In each case, the formation of ENa-P is 
essentially unaffected with entrapped caged ATP (A and 
B, left, above “NO-NO”) but inhibited upon the release 
of nascent ATP in each of the groups (groups A, B, C, 
and D, middle, above “YES-YES”). Removing released 
ATP, by running the Na+ pump forward with Na+ plus 
K+, provides for the recovery of ENa-P to control levels 
(groups A, C, and D, right, above “YES-YES”). The re-
sults of the two left-hand columns, A, indicate that both 
the pool and Na+ pumps are unaffected by exposure to 
ultraviolet radiation.

The metabolism of red blood cells is almost com-
pletely characterized by glycolysis in which glucose is 
converted to lactate. The only two enzymes in the gly-
colytic cycle that synthesize ATP are PGK and PK. Both 
of the enzymes have been found bound to the ghost 
membrane (Schrier, 1966). We have shown that the 
ATP that is generated by running the PGK reaction 
forward is another way by which the membrane pool 
can be loaded (Proverbio and Hoffman, 1977). We 
therefore wanted to test if the PK reaction, i.e., ADP + 
PEP   ATP + pyruvate, could also deposit ATP in the 
membrane pool. The results presented in Fig. 2 show 
that this is the case. The results of two similar experi-
ments (A and B) are shown. The first two columns of 
each set are controls in which the pool is either empty 
or filled by preincubation with ATP. The third column 

with the original iced wash solution. The filters were then pro-
cessed for counting and protein determinations. It should be 
noted that because the IOVs have resealed during their prepara-
tion, valinomycin is used to allow the penetration of K+ to the  
inside (i.e., the external surface of the pump) for activation of 
Na+/K+ exchange. Also, the cardiotonic aglycone strophanthidin 
was used to inhibit the pump because the IOVs are impermeable 
to ouabain.

Material sources
All metabolic substrates were purchased from Sigma-Aldrich. 
Phosphoenolpyruvate (PEP) is the tri(cyclohexylammonium) salt 
of phospho(enol)pyruvic acid. All chemicals used were of reagent 
grade or of the highest purity available. The NPE-caged ATP was 
obtained from Invitrogen. [-32P]ATP, [3H]ouabain, Optifluor, 
and 22NaCl were purchased from PerkinElmer, and 45CaCl2 was 
from GE Healthcare.

R E S U LT S

Previous work (Proverbio and Hoffman, 1977) estab-
lished by using porous ghosts that ATP can be entrapped 
within a membrane/cytoskeletal compartment (e.g., 
pool) that is preferentially used by the Na+ pump. La-
beling the Na+ pump’s phosphointermediate with trace 
amounts of bulk-added [-32P]ATP only occurs when 
the pool is empty of ATP. If the pool is prefilled with un-
labeled ATP, the formation of the phosphointermediate 
is not seen until the pool’s ATP is removed. Presumably, 
this is because the specific activity of the [-32P]ATP is 
markedly reduced when it mixes with pool ATP, so that 
significant labeling of the phosphointermediate cannot 
take place. Because the formation of the Na+ pump’s 
phosphointermediate, ENa-P, is dependent on the pres-
ence of Na+, the measurement is performed (refer to 
Materials and methods) in the presence and absence of 
Na+, with the results expressed as the Na+-sensitive or 
Na+ component of the 32P bound to the membranes.

The results presented in Fig. 1 show these basic char
acteristics. For instance, in the two columns labeled A on 

Figure 2.  ATP synthesized by membrane-
bound PK can fill the membrane pool of 
porous ghosts. Because human red cell PK 
is known to be unstable, these experiments 
were completed in <4 h from the time of he-
molysis to the use of the stop solution in the 
determination of the phosphointermediates. 
The synthesis of ATP by membrane-bound PK 
is performed by the reaction: ADP + PEP   
ATP + pyruvate. Thus, washed porous ghosts 
were incubated for 15 min at 37°C in a solu-
tion that contained (in mM): 2 MgCl2, 70 KCl, 
40 NMDG, and 10 Tris Cl (pH 7.3 at 37°C) to-
gether with 0.2 Tris-ADP and ± 2.0 PEP. Con-
trol ghosts in each set were also included and 
were prepared as usual by incubation with ei-

ther NMDG or ATP. The ghosts were then washed at 0–4°C before being assayed for the determination of ENa-P. The results of two similar 
experiments are shown (A and B). The left two columns of each set show, as controls, the usual characteristics of the Na+-sensitive 
component when the pool is either empty or loaded with ATP. The two right columns of each set show the important result that without 
PEP in the reaction mixture, the pool is empty in comparison to when the pool is filled with ATP that was synthesized by the full PK reac-
tion. This is reflected in the relative levels, respectively, of the Na+ component of these paired columns.
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Fig. 3 shows the time course by which the membrane 
pool can fill with ATP. Here, porous ghosts are incubated 
in the standard way (refer to Materials and methods) 
in the presence of ATP. Two different protocols were 
used, as noted in the legend. The results show that in 
both cases, the halftime for filling is 10–15 min. The 
leakage rate of ATP from the membrane pool is much 
slower than the filling time because it takes some  
90 min to empty the once-filled pool by incubation at 
37°C in the presence of Mg2+ and choline (or NMDG); 
pool ATP can be depleted in 15 min by running the 
Na+ pump forward with Na+ plus K+ (Proverbio and 
Hoffman, 1977).

of each set shows that the pool is empty if PEP is left 
out of the reaction mixture. The important result, as 
shown in the fourth column of each set, is that the 
pool is filled with ATP when both substrates are pres-
ent. It should be mentioned that because PK is known 
to be labile (Gutmann and Bernt, 1974), these results 
could only be seen by using fresh ghosts <4 h old. A 
serendipitous finding is that seen in the third column 
of each set where the ghosts were incubated in the 
presence of ADP alone. The fact that the pool remained 
empty is consistent with our previously mentioned 
finding that adenylate kinase activity is absent in these 
preparations of porous ghosts.

Figure 3.  The time course of filling the membrane pool 
of porous ghosts with ATP. Ghosts were loaded with ATP 
according to the standard procedure described in Mate-
rials and methods. However, the protocols for the timed 
sequences of sampling were different for the two experi-
ments shown. In A, ghosts were added to a large batch of 
loading medium and then sampled for the determination 
of ENa-P at time zero, 10, 20, and 30 min. Samples were 
processed according to the usual procedure after expo-
sure to the stop solution. In B, four different sets of tubes 
were prepared to contain the ATP-loading medium with 
ghosts added at zero time and at 10-min intervals up to 
30 min. All samples were then processed together for the 
determination of the Na+ component. It is evident that 
halftime (T1/2) is 10–15 min, essentially the same for the 
two protocols.

Figure 4.  Pool ATP alone promotes the 
binding of ouabain to porous ghosts with in-
hibition of the Na+, K+-ATPase. Porous ghosts 
were incubated as described in Materials and 
methods either to leave the membrane pools 
empty (paired columns, A and B) or to fill 
them with ATP (C and D). In a second incu-
bation, the pools of ATP in one set of ghosts 
(D) were removed by running the Na+ pump 
forward in the presence of Na+ plus K+. “No” 
and “Yes” refer to whether or not the pools 
are empty or filled. After the final prepara-
tive washing, each set of ghosts was incubated 
a third time for 30 min at 37°C in a solution 
that contained (in mM): 40 NaCl, 1.25 MgCl2, 
and 10 Tris Cl, PH 7.2 at 37°C. One set of 
ghosts was incubated with 1.5 mM Na2 ATP. In 

addition, all sets of ghosts were incubated with 107 M [3H]ouabain (specific activity, 2 mCi/mM) in the presence and absence of 104 M 
ouabain. Then, at the end of this incubation, the ghosts were washed and assayed for the content of bound ouabain (open bars, left ordi-
nate) and their associated Na+, K+-ATPase activity (hatched bars, right ordinate) as described in Materials and methods. Specific binding 
was taken as the difference in the binding of 107 M [3H]ouabain with and without 104 M ouabain. Groups A and B represent controls 
showing that in the absence of ATP (A), ouabain was not bound and the Na+, K+-ATPase activity was uninhibited. However, when ATP 
was present in the bulk medium (B), ouabain was bound and the Na+, K+-ATPase was inhibited. The important finding shown in group 
C is that pool ATP alone supports ouabain binding together with the concomitant inhibition of the ATPase activity. Ouabain binding is 
not supported when the ATP in the pools has been removed (D), and the Na+, K+-ATPase activity is now unaffected as well. This is one 
of three experiments with similar results. Values shown are ±SEM, where n = 3.
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ouabain is bound, the ATPase is inhibited and vice 
versa. In Fig. 4, columns A and B are controls showing 
that the presence of bulk ATP (B) supports ouabain 
binding, which does not occur in its absence (A). The 
main result is shown in C, where it is clear that the pres-
ence of pool ATP, per se, promotes the binding of oua-
bain to the ghosts, but not after the pool has been 
emptied of ATP (D).

Ouabain is known to bind with high affinity to intact 
human red blood cells and to remain bound when po-
rous ghosts are made, indicating that the dissociation 
constant is low. Ingram (1970) found that 12% of 

Figs. 4 and 5 show that pool ATP alone can function 
not only to promote ouabain binding to porous ghosts, 
but it also acts as a critical partner with Na+ to elute 
bound ouabain. It has long been known that bulk  
medium ATP acts to stimulate the binding of ouabain 
to porous (Hoffman, 1969) as well as to resealed  
(Bodemann and Hoffman, 1976) ghosts. Thus, it was of 
interest to test the role of pool ATP in this regard. Fig. 4 
shows the extent to which ouabain binding and its resul-
tant effects on Na+, K+-ATPase are dependent on pool 
ATP. Note the reciprocal relation between ouabain 
binding and its associated Na+, K+-ATPase activity. When 

Figure 5.  ATP alone entrapped 
in the membrane pool promotes 
the elution of ouabain bound 
to porous ghosts. This type of 
experiment was performed in 
an analogous fashion to those 
presented in Fig. 4. Here, in 
the first incubation, batches  
of ghosts were either left empty 
(groups A–D) or filled with ATP 
(E–G) as described in Materi-
als and methods. The ghosts 
were then exposed, in a second 
incubation for 30 min at 37°C, 
to 107 M [3H]ouabain ± 104 
M ouabain, as described in the 
legend to Fig. 4. This incubation 
was performed in the absence 
(A) or in the presence of bulk 
solution ATP (B–D). In addi-

tion, [3H]ouabain was also bound as before to washed ghosts containing only pool ATP (E–G). All ghosts (A–G) were washed and then 
incubated for 15 min at 37°C in either 40 mM Tris Cl (pH 7.2 at 37°C) for groups A, B, and E, in 30 mM NaCl plus 10 mM Tris Cl (in 
the absence of Mg2+) for groups C and G, or in 1.4 mM Na2 ATP plus 30 mM NaCl plus 10 mM Tris Cl for D. Group F was incubated in 
2 mM MgCl2 plus 30 mM NaCl plus 10 mM Tris Cl. The ghosts were then washed and processed as before for determination of bound 
[3H]ouabain and Na+, K+ -ATPase activity. It is clear that only in the conditions in D and G is [3H]ouabain eluted from the membranes 
with concomitant stimulation of the Na+, K+ -ATPase. Thus, bound and inhibitory [3H]ouabain is eluted by the combination of Na+ plus 
ATP in the absence of Mg2+. The important point is that pool ATP alone can subserve this function similarly to that of bulk solution ATP. 
See Results for further discussion. This is one of two experiments with similar results, where the values represent ±SEM and n = 3.

Figure 6.  The Ca2+ pump like the Na+ pump 
can use pool ATP. Three groups of porous 
ghosts (A, B, and C) were prepared in which 
the size of the phosphointermediates ENa-P 
and ECa-P was measured. Group A represents 
the control group in which the ghosts were 
incubated as described in Materials and meth-
ods for 30 min at 37°C in the absence of ATP; 
group B ghost pools were filled with ATP by 
incubation for 30 min at 37°C in which a por-
tion of the ghosts, group C, after washing, 
were emptied of their ATP by incubation for 
15 min at 37°C in the presence of Na+ and K+. 
It is evident that the phosphoproteins mea-
sured in the presence and absence of either 
Na+ or Ca2+, or both, reflect the relative ac-
tivities of their respective pumps indicated 
on the ordinate in terms of the levels of 32P 

bound for each condition. The results of similar determinations shown in group B indicate that the levels of both ENa-P and ECa-P are 
much reduced due to the ATP present in the pool. Removal of ATP (group C) results in a return to the control levels of each of the 
phosphointermediates. It should be noted, as discussed in Results, that ECa-P is larger than ENa-P, and that when the two are measured 
together they tend to be additive. Values are ±SEM, where n = 6.
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either in NMDG (E) or with Na+ plus Mg2+ (F) is with-
out effect.

A surprising and unexpected result is shown in the 
columns in C compared with the columns in G. Note 
that in C, the ghosts were incubated with ATP plus oua-
bain. Although ATP has promoted the binding of oua-
bain in this situation, ouabain has evidently prevented 
ATP from entering the membrane pool. This is because 
if ATP had been in the pool after washing, the bound 
ouabain should have been released by incubation with 
Na+ alone, comparable to that shown in G. This is con-
sidered further in Discussion.

Fig. 6 presents results of experiments in which the 
Ca2+ pump’s ECa-P parallels the behavior of the Na+ 
pump in response to the presence of pool ATP. The re-
sults in the columns of A show, consistent with previous 
results (see Knauf et al. 1974b), the levels of the phos-
phointermediates measured in the presence of Na+ or 
Ca2+, or both. Note that in the columns in B, these levels 
are inhibited when the pool contains ATP. Removal of 
pool ATP (C) results in the return to the control levels 
obtained in A. It should be noted that the two types of 
phosphointermediates tend to be additive. In addition, 

the ouabain bound to cells is lost over a period of 2 h 
and is not affected by the presence of 30 mM K+ or 
104 ouabain. Huang and Askari (1975) found that 
bound ouabain could be rapidly eluted by the incuba-
tion of ghosts in the absence of Mg2+ but in the re-
quired presence of bulk Na+ and ATP. Thus, it was of 
interest to test if pool ATP per se could function in this 
regard. Evidently, the combination of Na+ plus ATP by 
itself markedly reduces the affinity of bound ouabain 
to the Na+ pump. The results (in terms of bound oua-
bain and Na, K-ATPase activity as in Fig. 4) presented 
in Fig. 5 show that pool ATP alone acts in concert with 
Na+ to promote the rapid elution of bound ouabain. 
Columns A–D are controls, confirming Huang and 
Askari (1975), showing the circumstances in which the 
ouabain, bound to the ghosts by preincubation with 
bulk ATP (with subsequent washing), is eluted. The 
columns in D show that only with exposure to Na+ plus 
bulk ATP (without Mg2+) is the already bound ouabain 
released; incubation with NMDG ± Na+ (B and C) are 
without effect. Importantly, when the pool is already 
filled with ATP, the addition of Na+ alone results in  
the elution of bound ouabain (G), where incubation 

Figure 7.  Both the Na+ pump– and Ca2+ 
pump–associated ATPase activities are modi-
fied, like their associated phosphointerme-
diates, by pool ATP. The results of the two 
experiments (hatched and shaded bars) 
shown here parallel the conditions described 
in Fig. 6, except that the respective ATPase 
activities of the two types of pumps, rather 
than their phosphointermediates, were mea-
sured by the use of [-32P]ATP, as described 
in Materials and methods. It is evident that 
when ATP is in the pool, the Na+- and Ca2+-
stimulated ATPase activities of the ghosts in B 
are reduced relative to their respective coun-
terparts in A. In addition, when pool ATP is 
removed (by incubation with Na+ plus K+ as 

in Fig. 6) the ATPase activities of both types of pumps are stimulated (comparing B to C, and D to E), returning to essentially control 
levels. Note that in D and E the two conditions are represented by Mg2+ ± Ca2+. Similar results were obtained in two other experiments. 
The values are ±SEM, where n = 4.

Figure 8.  The Na+ and Ca2+ pumps use the same 
pool of ATP. In the results shown here, the pools 
of porous ghosts were filled with ATP, as described 
in Materials and methods. Whereas in the previ-
ously presented results the pool was emptied by 
incubation with Na+ plus K+ (and Mg2+), here the 
ghost pool of ATP was emptied by incubation 
(for 30 min at 37°C) in the presence of Ca2+ (and 
Mg2+) before assay for ENa-P and ECa-P. The solu-
tion used for this second incubation (the ghosts 
being filled with ATP in the first incubation) was 
(in mM): 0.05 CaCl2, 2.0 MgCl2, 40 NMDG, 0.2 
EDTA, and 10 Tris Cl, pH 7.3 at 37°C. The results 
of two experiments (hatched and shaded bars) 
are shown. Comparison between their respective 
counterparts on the left-hand and right-hand 
sides indicates that both types of pumps share the 
same pool of ATP. Values are ±SEM, where n = 5.
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either bulk medium ATP or, more importantly, pool ATP. 
Experiments A, B, and C present the results on the pump-
mediated uptake (i.e., efflux) of Na+ in parallel and in 
magnitude to those previously reported by Mercer and 
Dunham (1981). The results in A show that bulk ATP,  
together with Na+ plus K+, stimulates Na+ uptake into  
vesicles, and this uptake is inhibited by strophanthidin. 
Experiments B and C show similar results with the impor-
tant difference that the energy for the Na+-mediated up-
take is provided by pool ATP alone. The important new 
finding is shown in D, where it is evident that, like Na+ 
uptake, Ca2+ uptake is driven by pool ATP alone.

Previous estimates in both porous ghosts and IOVs  
of the numbers of ATP molecules in each pool, assum-
ing one pool per Na+ pump, lies between 100 and 700 
(Proverbio and Hoffman, 1977; Mercer and Dunham, 
1981). Even so, the amount of [3H]ATP released from 
the preloaded pools in porous ghosts falls far short (see 
Table XI in Proverbio and Hoffman, 1977) of the esti-
mated ATP concentration that supports the 22Na fluxes 
in IOVs as reported by Mercer and Dunham (1981). 
Obviously, there is sufficient ATP in both systems to in-
fluence pump-related activity, but new measurements 
will be necessary to quantitatively define the ATP con-
centration in pool size in both types of preparations.

D I S C U S S I O N

The principal finding presented here is that ATP en-
trapped within the membrane/cytoskeletal complex 
functions as a proximal substrate for both the Na+ and 

it is also evident that the levels of ECa-P are larger than 
those of ENa-P, consistent with there being more Ca2+ 
pumps than Na+ pumps (see Knauf et al. 1974b). This is 
considered further in Discussion.

Fig. 7 shows the results of two similar experiments 
(columns A, B, C, D, and E) in which the Ca2+ pump 
stimulated ATPase activity, like the Na+ pump (see also 
Proverbio and Hoffman, 1977) uses pool ATP. The 
ATPase activity is high when the pool is empty (columns 
A, C, and E) compared with the inhibited activity (col-
umns B and D) when the pool has been loaded with 
ATP, indicating the preference of the pumps for unla-
beled ATP.

Fig. 8 shows that the ATP pool can be emptied by run-
ning the Ca+ pump forward, just like it was shown be-
fore that the pool can be emptied by running the Na+ 
pump forward by incubation with Na+ plus K+. The re-
sults of two different experiments are shown (hatched 
and plain bars). The group on the left shows the levels 
of ENa-P and ECa-P when the pool contains ATP. The 
group on the right indicates the recovery of each of the 
phosphointermediates after the pool has been emptied 
by the Ca2+ pump’s ATPase activity. This result also indi-
cates that the same membrane pools of ATP are used by 
both the Na+ and Ca2+ pumps.

The studies considered so far indirectly examine the 
effects of pool ATP on the relative activities of the Na+ 
and Ca2+ pumps through the lens of either their respec-
tive phosphointermediates or their ATPase activities. The 
results presented in Table I use IOVs to measure the 
membrane transport of both Na+ and Ca2+ as driven by 

Table     I

Pool ATP alone can drive the uptake of 45Ca++, like that of 22Na+, into IOVs made from human red blood cells

Experiment Pool condition incubation ATP in pool Medium assay condition Uptake into IOVs

First Second 22Na+ 45Ca++

nmol/mg protein × min

A
Control  

(NMDG only)
Control  

(NMDG only)
No

Na+ + ATP 14.4 ± 0.72

—Na+ + K+ + ATP 21.4 ± 2.5

Na+ + K+ + ATP + Stroph. 14.4 ± 2.0

B

ATP NMDG Yes

Na+ 8.9 ± 0.5

—Na+ + K+ 12.0 ± 0.3

Na+ + K+ + Stroph. 7.9 ± 0.3

C

ATP

Na+ + K+ No
Na+ 9.1 ± 0.3

—
Na+ + K+ 8.0 ± 0.4

NMDG Yes
Na+ 9.6 ± 0.4

Na+ + K+ 17.4 ± 3.5

D
ATP

Na+ + K+ No Ca++ — 4.7 ± 0.1

NMDG Yes Ca++ — 7.1 ± 0.2

IOVs were prepared and the fluxes were performed as described in Materials and methods. The ATP pool of IOVs was manipulated as indicated 
in separate incubations. After the final washing, the fluxes were measured over a 2-min period at 25°C by suspending the IOVs in a solution that 
contained, when present, (in mM): 8.0 NaCl, 0.5 KCl, 1 µM valinomycin, 1 µM strophanthidin, and 2.5 glycylglycine, pH 7.4, ± 0.1 CaCl2. It is evident 
in experiments A, B, and C that the uptake of 22Na+ is stimulated when ATP is present in the pool together with K+. The pool-driven uptake of 22Na+ is 
also inhibited by the cardiotonic aglycone, strophanthidin. These results, as indicated in Results, are similar to those presented by Mercer and Dunham 
(1981). Importantly, as shown in experiment D, pool ATP alone stimulates the active transport of 45Ca++ across the plasma membrane. Values are ±SEM, 
where n = 3–4.
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lar insight into ouabain’s effect on ATP pool loading, 
stemming from the known structural analyses of the  
Na+ pump (see Morth et al., 2009). Obviously, it will be 
instructive to know the location of these pools and their 
relation to the Na+ pump, as well as the identity of the 
cytoskeletal components that provide the corrals for the 
entrapped ATP. Preliminary evidence (unpublished data) 
implicate that the pools, determined by using both 
chemical and immunological means, in porous ghosts, 
are associated with the junctional (4.1) complex con-
taining adducin, 4.1, and spectrin, rather than the an-
kyrin complex of the red cell cytoskeleton (see Salomao, 
et al., 2008 and Anong, et al., 2009). This indicates that 
the ATP pools exist separately from the ensembles of 
glycolytic enzymes (metabolons) that bind to the N ter-
minus of the red cell Band 3 protein (Campanella et al., 
2005, 2008). The junctional complex appears to be present 
in IOVs (see Mercer and Dunham 1981), even though 
the spectrin contents are markedly reduced. Quantita-
tive comparison of pool constituents in the corrals of 
IOVs and porous ghosts should provide insight into 
pool function. But it is not clear as yet what the location 
is of the membrane-bound forms of PGK and PK. This 
is important because it is only these two enzymes that 
not only generate ATP within the mature red blood cell, 
but also supply the substrate to the Na+ and Ca2+ pumps 
via the pools.

Red blood cells are not the only cell types that indi-
cate that certain physiological functions show a depen-
dence upon ATP compartmentation. Thus, ATP that is 
produced via aerobic glycolysis in contrast to ATP pro-
duced by oxidative processes has been shown, for in-
stance, to stimulate the Na+ pump in vascular smooth 
muscle (Lynch and Paul, 1987: Campbell and Paul, 
1992), in brain (Lipton and Robacker, 1983), in Ehrlich 
ascites tumor cells (Balaban and Bader, 1984), in MDCK 
cells (Lynch and Balaban, 1987), in cardiac myocytes 
(Weiss and Lamp, 1987), and in astrocytes (Pellerin and 
Magistretti, 1994). It should be understood that the types 
of structures/compartmentation that underlie these 
separate sources of ATP production are at present un-
known as well as their relationship to the type of ATP 
pools that have been characterized in red blood cells. 
Evidence for the presence of possible ATP compart-
mentation and glycolytic metabolons that effect mem-
brane transport processes in a variety of other cell types 
has been reviewed by Dhar-Chowdhury et al. (2007) 
and by Saks et al. (2008).
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Ca2+ pumps. This was shown by the use of ATP and its 
caged form (Fig. 1), where manipulation of the pool 
contents coincided with the labeling of the Na+ pump’s 
phosphointermediate. We also showed that pool ATP  
in IOVs supports the pumped efflux of Na+ and Ca2+ 
(Table I). It should be understood that the results with 
IOVs are qualitative in showing that transport of Na+ 
and Ca2+ are supported by pool ATP, complimenting 
the results obtained by measuring ENa-P and ECa-P. 
Quantitation of relative pool activities is precluded be-
cause of the differences in ghost versus IOV prepara-
tions. It was further found (Fig. 2) that the membrane 
pool of ATP could be filled by running the pyruvic ki-
nase reaction forward. In addition, it was demonstrated 
that the binding of ouabain to and its release from ghost 
membranes could be controlled by pool ATP alone 
(Figs. 4 and 5). Finally, as characterized in Figs. 6 and 7, 
it is evident that the same pool of ATP is used by mem-
brane-bound Ca2+ and Na+ pumps (Fig. 8).

This latter point raises an interesting question about 
the relation of the number of Ca2+ pumps to Na+ pumps. 
The number of Na+ pumps/single human red cell is 
400, estimated from the values of ouabain-binding 
sites or from values of ENa-P (see Joiner and Lauf, 1978). 
In contrast, estimates of the number of Ca2+ pumps 
ranges from 1,000, based on ECa-P levels in the absence 
of La+++ (Knauf et al., 1974b), to between 4,100 and 
4,500 based on the number of calmodulin-binding sites 
(Jarrett and Kyte, 1979; Graf et al., 1980). A further com-
plication is that red cell membranes contain two iso-
forms (types 1 and 4) of the Ca2+ pump, with type 4 
being the predominant one (Strehler et al., 1990). The 
membrane locus of either type is not known. Neverthe-
less, it would seem likely that the membrane pool of ATP 
is used by all of the Na+ pumps but only a portion of the 
Ca2+ pumps. It should be noted that a form of compart-
mented ATP, glycolytically produced, has been shown  
to be used by the Ca2+ pump in smooth muscle plasma 
membrane vesicles (Hardin et al., 1992), but whether 
the form of this sequestered ATP is analogous to that in 
the red cell membrane has yet to be determined.

It was mentioned before that ATP promotes the bind-
ing of ouabain to porous ghosts. But, as noted in con-
nection with Fig. 5, ATP was prevented from entering 
the pool when ghosts were incubated with ATP and oua-
bain together. We have seen this action of ouabain be-
fore under a different experimental protocol (Proverbio 
and Hoffman, 1977). We have no explanation for this 
effect, although future experiments should test that the 
formation of ENa-P was unaffected in this circumstance. 
Other cross-membrane effects on the Na+ pump are 
also known (see Hoffman, 2004). For instance, Eisner 
and Richards (1981) showed that there were reciprocal 
effects on the affinities of outside K+ and internal ATP. 
Regardless of this and other types of cross-membrane 
effects, there does not appear to be, as yet, any molecu-
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