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Acetyl phosphate, as a substrate of (Na++ K +)-ATPase, was further characterized by comparing its effects 
with those of ATP on some total and partial reactions carried out by the enzyme. In the absence of Mg 2+ 
acetyl phosphate could not induce disocclusion (release) of Rb + from Ez(Rb); nor did it affect t h e  
acceleration of Rb + release by non-limiting concentrations of ADP. In K+-free solutions and at pH 7.4 
sodium ions were essential for ATP hydrolysis by (N a++  K+)-ATPase; when acetyl phosphate was the 
substrate a hydrolysis (inhibited by ouabain) was observed in the presence and absence of Na +. In liposomes 
with (Na++ K +)-ATPase incorporated and exposed to extravesicular (intracellular) Na +, acetyl phosphate 
could sustain a ouabain-sensitive Rb + efflux; the levels of that flux were similar to those obtained with 
micromolar concentrations of ATP. When the liposomes were incubated in the absence of extravesicular 
Na + a ouabain-sensitive Rb + efflux could not be detected with either substrate. Native (Na + + K +)-ATPase 
was phosphorylated at 0 °C in the presence of NaCI (50 mM for ATP and 10 mM for acetyl phosphate); 
after phosphorylation had been stopped by simultaneous addition of excess trans-l,2.diaminocyclohexane- 
N,N,N ',N ' tetraacetic acid and 1 M NaCI net synthesis of ATP by addition of ADP was obtained with both 
phosphoenzymes. The present results show that acetyl phosphate can fuel the overall cycle of cation 
translocation by (Na++  K+)-ATPase acting only at the catalytic substrate site; this takes place via the 
formation of phosphorylated intermediates which can lead to ATP synthesis in a way which is indistinguisha- 
ble from that obtained with ATP. 

Abbreviations: CDTA, trans-l.2-diaminocyclohexane-N,N, 
N ', N'-tetraacetic acid; El, (Na + + K + )-ATPase free of ligands 
or in the form with high affinity for ATP; E2, (Na++  K + )- 
ATPase conformation with low affinity for ATP; E :P ,  phos- 
phorylated (Na++K+)-ATPase  with an ADP-sensitive de- 
phosphorylation rate; E2-P, phosphorylated ( N a + + K + ) -  
ATPase with a K+-sensitive dephosphorylation rate; Ez(Rb), 
unphosphorylated (Na++K+)-ATPase  with Rb + ions oc- 
cluded in it. 

Correspondence: L. Beaugt, Divisi6n de Biofisica, Instituto de 
Investigacibn Mtdica Mercedes y Martin Ferreyra, Casilla de 
Correo 389, 5000 C6rdoba, Argentina. 

Introduction 

The active N a + / K  + coupled transport is cata- 
lyzed by a membrane-bound structure which uses 
ATP as the natural substrate [1-6]. As a whole, 
the overall biochemical and transport events are 
coupled. However, when partial reactions are con- 
sidered, or under certain nonphysiological condi- 
tions, it is possible to find a translocation of ions 
which does not have a biochemical counterpart 
and biochemical reactions which do not lead to 

0005-2736/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



Na ÷ or K* transport. Although several of the 
intermediary steps and enzyme forms are known. 
their complete assembly in the cycle of active 
transport is still under debate [1-6]. On the other 
hand, the ( N a + +  K+)-ATPase can also catalyze 
the hydrolysis of non nucleotide phosphate esters; 
this phosphatase activity, whose reaction sequence 
is still more elusive, does not seem to be associ- 
ated with cation translocation, although it is re- 
lated to enzyme forms involved in the ATPase 
reaction [1,3.6]. Recently, it has been shown that 
at least one of the phosphatase substrates, acetyl 
phosphate, can also act as substrate for the ATPase 
and fuel Na + transport sensitive to ouabain in 
liposomes with ( N a + +  K +)-ATPase incorporated 
[7,8]. Therefore, with its dual substrate properties, 
acetyl phosphate may be an important tool to 
investigate the sequence ( N a + +  K+)-ATPase re- 
actions as well as the relationship(s) between 
ATPase and phosphatase activities. The evidence 
collected so far indicates that acetyl phosphate 
can form a phosphorylated intermediate [9-11] 
and induce occlusion of Na + ions whose release is 
accelerated by ADP [8]. This latter effect indicates 
the formation of an EIP(Na) intermediate; how- 
ever, as this was seen in enzyme almost completely 
inactivated with chymotrypsin it is not certain 
that the same event will take place in native 
enzyme. On the other hand, although a ouabain- 
sensitive ace@ phosphate-dependent Na + trans- 
port was observed [7,8], there are no data on the 
ability of this alternative substrate to promote the 
transport of K + in the other direction giving rise 
to a complete cycle of N a ~ / K  + coupled transloca- 
tion. The experiments described in this paper were 
designed to answer these questions and to look 
into some ATPase total and partial reactions, 
comparing the effects of ATP with those of acetyl 
phosphate. A brief account of the results has been 
given elsewhere [12]. 

Methods 

The experiments were carried out with pig kid- 
ney (Na + + K +)-ATPase partially purified accord- 
ing to Jargensen [13]. The specific activity varied 
from 13 to 20 un i t s /mg  and remained stable for 
months when stored at - 8 5 ° C  in 25 mM im- 
idazole (pH (20°C) 7.5)/2 mM EDTA/10%  

sucrose. Before use the enzyme was washed twice 
(1 : 10, v /v )  and resuspended in the same solution 
without sucrose. 

ATPase activity was determined as in Ref. 14 
following the release of [32PIP i from [~,-32p]ATP. 
Labelling of [~,-32p]ATP was done according to 
Glynn and Chappell [15] as modified by de Meis 
[16]. The hydrolysis of acetyl phosphate was mea- 
sured as in Ref. 17 by the hydroxylamine method 
of Stadtman [18]. In both cases the reported val- 
ues are the difference between those observed in 
the absence and presence of 10 -4 M ouabain. 

Protein was usually determined by the method 
of Lowry et al. [19] except in Rb + occlusion 
experiments where we used Peterson's [20] modifi- 
cation of that method. 

Enzyme phosphorylation and dephosphoryla- 
tion from [~,-32p]ATP and acetyl [32p]phosphate 
was carried out incubating the enzyme at 0 ° C ;  
the reaction was stopped at different times, and 
after interacting with different ligands, by the 
addition of 20% trichloroacetic acid/1 mM ATP 
(or 50 mM acetyl phosphate) /50 mM inorganic 
phosphate (all final concentrations). The mixture 
was allowed to stand for 15 min at 0 ° C  and the 
denatured protein was collected on a Whatman 
G F / F  glass fiber filter; the filter was then washed 
with 30 ml of 5% trichloroacetic ac id /10  mM 
inorganic phosphate and counted in a liquid scin- 
tillator counter using a toluene-based scintillator. 
The composition of solutions is described in the 
legend of the corresponding figure and tables. The 
acetyl [ 32 P]phosphate was synthesized as proposed 
by Stadtman [18] with [32pIP i purified as in Ref. 
21. 

Release of occluded Rb + from unphosphory- 
lated ( N a + +  K+)-ATPase was followed as 
described by Glynn et al. [22] using two syringes, 
the contents of which were mixed immediately 
prior to the passage through a cation exchange 
resin column. Syringe A contained 0.1 mg enzyme 
protein suspended in 0.5 ml of a medium contain- 
ing 100/~M [86Rb]RbC1, 100 mM Tris /Tris-HCl,  
(pH 7.4 at 20°C)  and 1 mM trans-l,2-diamino- 
cyclohexane-N, N, N ' ,  N '-tetraacetic acid (CDTA). 
Syringe B contained an equal volume of a similar 
solution with no enzyme plus the addition of 
acetyl phosphate a n d / o r  ADP at twice the desired 
final concentration. At 0.3 s following mixing, the 



enzyme suspension went through a Dowex 50-X 
8-400 cation exchange resin; the contact time in 
the resin was 0.7 s. The protein content of the 
column effluents was assayed by Lowry et al. [19] 
as modified by Peterson [20]. 

The experiments on ATP- or acetyl phosphate- 
promoted Rb + transport were performed follow- 
ing Rb + efflux from liposomes with (Na + + K+) - 
ATPase incorporated. The general technique is 
described in detail in Ref. 7. Loading of 86RbC1 • 
KC1 took place during enzyme incorporation by 
sonication; total efflux times ranged from 1 to 35 
rain at 20 ° C. In all cases 2.5 mM phosphocreatine 
and 5 units of creatine phosphokinase were pre- 
sent in the extravesicular solution. The ATP 
regenerating system was included to offset ATP 
consumption at 0.002 mM ATP but was present as 
a control in all experimental conditions. The total 
composition of intra- and extravesicular solutions 
is given in the corresponding table and table 
legends. 

Net synthesis of ATP was investigated at 0 ° C  
exposing (Na + + K+)-ATPase phosphorylated 
from 'unlabeled' ATP and acetyl phosphate to 
media containing [laC]ADP. Phosphorylation took 
place in 50 mM (ATP) or 10 mM (acetyl phos- 
phate) NaC1, 50 mM imidazole (pH (20 ° C) 7.5), 1 
mM MgCI 2 and 10 ~M ATP or 5 mM acetyl 
phosphate. The exposure to 10 #M [14C]ADP 
lasted 45 s and was started together with the 
addition of 1 M NaC1 and 10 mM CDTA (final 
concentrations). The reaction was stopped with 
0.5% (final concentration) sodium dodecyl sulfate. 
Nucleotide separation was carried out by a mod- 
ification of the procedure described by Beaug6 
and Campos [23]. The modification consisted of a 
different loading of the columns; as the nucleo- 
tides were in media of high ionic strength (a little 
more than 1 M) the solutions were first diluted 
(1:10) with water and the columns were loaded 
with aliquots of 1 ml at the time. With this precau- 
tion there was no loss of radioactivity during 
loading (which was otherwise observed) and 
nucleotide separation was as effective as described 
before [23]. 

All solutions were made with de-ionized bi-dis- 
tilled water. NaCI, KC1 and RbC1 were spectro- 
metric grade; the other chemicals were reagent 
grade. ATP (vanadium-free), ADP, Tris, im- 

idazole, phosphocreatine, creatine phosphokinase 
and ouabain were from Sigma Chemical Co., 
U.S.A. Compounds containing Na + were made 
Na + free by passing them through a cation ex- 
change Amberlite column in a Tris form. [32P]P i 
was purchased from the Comisi6n Nacional de 
Energia At6mica of Argentina and [14C]ADP was 
from New England Nuclear, U.S.A. 

Counting was performed in a liquid scintilla- 
tion counter with automatic quenching correction 
for times long enough to give a standard error of 
counting of about 1%. 

To estimate ionized Mg 2+ concentrations the 
following dissociation constants were used (mM): 
ATP-magnesium, 0.091; acetyl phosphate-mag- 
nesium, 10 [8,14]. 

Results 

Interaction site of acetyl phosphate with (Na ++ 
K +)-A TPase enzyme during the A TPase cycle 

The evidence accumulated so far suggests that 
acetyl phosphate can interact with the high-affin- 
ity catalytic site of the (Na + + K+)-ATPase. Thus, 
acetyl phosphate competitively antagonizes phos- 
phorylation by ATP at the same time that it itself 
is able to phosphorylate the enzyme [10,11] and to 
sustain a ouabain-sensitive Na + transport in lipo- 
somes with ( N a + +  K+)-ATPase incorporated 
[7,8]. However, it must be noted that phosphory- 
lation is just a partial and early reaction in the 
whole ATPase cycle; in addition, although the 
acetyl phosphate-promoted Na + transport seems 
to go through the E1P(Na)-E2PNa intermediates 
[8] it has not yet been proven that it proceeds 
following the complete reaction sequence of the 
coupled N a + / K  + translocation. On the other 
hand, the fact that in the presence of 'extracellu- 
lar' K + the levels of Na + fluxes in liposomes with 
( N a + + K + ) - A T P a s e  incorporated were similar 
with 5-10 mM acetyl phosphate and micromolar 
concentrations of ATP [7,8] suggests that if the 
Ez(K)-E 1 transition takes place with acetyl phos- 
phate it is not accelerated by this compound. This 
is supported by experiments where acetyl phos- 
phate did not prevent the formation of the E 2 
(Rb) occluded conformation [8]. There are two 
ways to account for these results: (i) acetyl phos- 
phate does not bind to the low affinity ATP site, 
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TABLE I 

LACK OF ACETYL PHOSPHATE EFFECTS ON T HE  RE- 
LEASE OF  Rb + F R O M  R b + - O C C L U D I N G  U N -  
P H O S P H O R Y L A T E D  ( N a * + K + ) - A T P a s e  IN THE AB- 
SENCE AND PRESENCE OF N O N - S A T U R A T I N G  CON- 
CENTRATIONS OF ADP AS D I S O C C L U D I N G  A G E N T  

The release of occluded Rb ÷ from unphosphorylated ( N a + +  
K + )-ATPase was determined using two syringes, the contents 
of which were mixed before the passage through a Dowex 50 
X8-400 cation exchange resin [221. Syringe A contained 0.5 ml 
of enzyme (0.1 mg protein) equilibrated with 100 ttM 
[S6Rb]RbC1, 100 mM Tris-HCl, pH (20°C)  7.4 and 1 mM 
CDTA;  syringe B contained an equal volume of a similar 
solution without the enzyme plus the addition of the ligands 
indicated in the table at twice their final concentration. Tem- 
perature was 20 o C. Each entry is the mean _+ S.E. of triplicate 

determinations. 

Ligand in final Rubidium remaining in effluent 
enzyme suspension (nmo l / mg)  

total total minus 
that at 2 mM  A D P  

- -  2.96_+0.12 2,71 +-0,16 

2 mM ADP 0.25 +- 0.10 - 
l mM Acetyl phosphate  2.93+-0.15 2.68+-0.18 
3 m M  Acetyl phosphate  2.88+_0.15 2.63+_0.14 
5 mM Acetyl phosphate  2.91 ±0.11 2.66 +-0.15 
0.02 mM ADP 1.61 +-0.11 1.36+_0.15 
5 mM Acetyl phosphate 

plus 0.02 m M  ADP 1.65 +_ 0.10 1.40 +_ 0.14 

or (ii) it does bind but there is no detectable effect 
due to the binding. If the second alternative is 
true, one could expect that in the presence of 
acetyl phosphate the binding of ATP (or its ana- 
logues) to the ' regulatory site' would somehow be 
impaired. We approached this problem following 
the effects of acetyl phosphate on the release of 
occluded Rb + from unphosphorylated enzyme in 
the absence and presence of limiting ADP con- 
centrations. 

These experiments, one of which is illustrated 
in Table I, showed that acetyl phosphate does not 
accelerate the release of Rb + from unphosphory- 
lated (Na + + K+)-ATPase;  at the same time, even 
at 5 mM concentration, it does not interfere with 
the release of Rb + induced by an unsaturating (20 
/tM) concentration of ADP. The most logical con- 
clusion is that the inability of acetyl phosphate to 
influence the events related to the E2-E ~ transition 
is due to the fact that this compound does not 
bind to the ' regulatory '  ATP site. 

Hydrolysis of A TP and acetyl phosphate in the 
presence and absence of Na + 

In its capacity as alternate ATPase substrate, 
acetyl phosphate leads to a ouabain-sensitive 
transport of Na +, presumably through a biochem- 
ical route similar to that seen with ATP [7,8]. 
Within the errors of measurement, the Na + fluxes 
fueled by acetyl phosphate in liposomes with 
(Na + + K +)-ATPase incorporated were not differ- 
ent from those obtained with micromolar con- 
centrations of ATP. On the assumption that phos- 
phorylation by neither phosphate is rate limiting, 
if the A T P / N a  + and the (acetyl p h o s p h a t e ) / N a  ~ 
ratios (tool of phosphate compound hydrolyzed 
per mol of Na + translocated) are the same, one 
would expect a rate of ouabain-sensitive acetyl 
phosphate hydrolysis via the ATPase cycle similar 
to that of ATP in K+-free Na+-containing media. 
Experimentally this could be verified, provided 
that the ouabain-sensitive hydrolysis of acetyl 
phosphate in K+-free Na + goes only via the 
ATPase pathway. 

The ouabain-sensitive rates of ATP and acetyl 
phosphate hydrolysis under different ionic condi- 
tions are compared in Table II. The results are 
very interesting in the sense that some go as 
predicted, whereas others are completely unex- 
pected. Thus, in K+-free 130 mM Na + the hydrol- 
ysis of ATP (Na+-ATPase activity) is within the 

TABLE 11 

EFFECTS OF M O N O V A L E N T  CATIONS COMPOSITION 
ON OUABAIN-SENSITIVE HYDROLYSIS OF ATP OR 
ACETYL PHOSPHATE BY PIG KIDNEY ( N a + + K  ~ )- 
ATPase 

The incubation solutions contained in addition 1 8 0 - ( N a  ~ + 
K + ) mM Tris-HCl, 3 m M  MgC12, 0.1 mM EGTA and 3 mM 
ATP or 5 m M  acetyl phosphate. The experiments were per- 
formed at 3 7 ° C  and each entry is the mean+_the S.E. of 
triplicate determinations, The specific activity of the enzyme 
was 12.8 uni ts / rag.  

Monovalent Ouabain-sensitive hydrolysis 
cation ( ~ m o l / m g  per min) 

(raM) ATP acetyl phosphate 

130 Na+-20 K + 12.8 +_0.03 5.3 +_0.10 
130 Na +- 0 K + 0.385+_0.005 0.229_+0.010 
0 Na +- 10 K + 0.007_+0,005 8.7 +0.14 
0 Na +- 0 K + 0.010+-0.006 0.237+__0.015 
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TABLE III 

EFFECT OF BUFFER COMPOSITION ON OUABAIN-SENSITIVE HYDROLYSIS OF ACETYL PHOSPHATE BY (Na + + 
K + )-ATPase INCUBATED IN K+-FREE SOLUTIONS INT HE PRESENCE AND ABSENCE OF Na + 

The incubation solutions had in addition the following composition: 5 mM acetyl phosphate, 3 mM MgCI 2, 0.1 mM EGTA; when 
present, the concentration of Tris-HC1 was 180-(NaC1) raM, that of choline chloride was 150-(NaC1) mM and that of imidazole 
was 30 raM. The experiments were carried out at 37 °C and pH 7.4. Each entry is the mean_+ the S.E. of triplicate determinations. 
The (Na + + K + )-ATPase specific activity of this preparation was 12.5 units/mg. 

NaCI 
(raM) 

Ouabain-sensitive hydrolysis of acetyl phosphate (~ mol/mg per rain) 

Tris/Tris-HCl choline chloride/ difference 
(pH 7.4) imidazole (pH 7.4) imidazole - Tris 

0 0.244 +_ 0.024 0.275 ± 0.026 0.031 ± 0.035 
130 0.226 _+ 0.010 0.239 ± 0.011 0.013 ± 0.015 
Difference (0 Na + - 130 Na + ) 0.018 ± 0.026 0.036 ± 0.028 

expected range (3% of the maximal); the rates of 
acetyl phosphate hydrolysis are lower (close to 2% 
of the maximal ( N a + +  K+)-ATPase activity) but, 
assuming they are the expression of an 'ATPase'  
reaction, they fall within the possible range given 
the values and precision of Na + fluxes measured 
in liposomes [8]. Also as expected, in the absence 
of Na + and with 10 mM KC1, conditions where 
only the phosphatase pathway should be available 
[1,3,6], there was no detectable hydrolysis of ATP, 
whereas the hydrolysis of acetyl phosphate was 
within the values seen before for phosphatase 
activity with this substrate [24]; interestingly 
enough, these high rates of acetyl phosphate hy- 
drolysis were also seen in the concurrent presence 
of 130 mM Na + and 20 mM K +, where the 
maximal rate of ATPase activity was detected. On 
the other hand, and in agreement with previous 
observations (see Ref. 25) in the absence of both 
Na + and K +, and with normal ionic strength, 
there was no detectable ouabain-sensitive ATP 
hydrolysis; however, under these conditions a 
ouabain-sensitive hydrolysis of acetyl phosphate, 
not significantly different from that seen in K +- 
free 130 mM Na +, was observed. The ability of 
partially purified ( N a + +  K+)-ATPase to hydro- 
lyze acetyl phosphate in the absence of Na + and 
K + is also shown in Table III. In addition, this 
table shows that a similar rate of hydrolysis takes 
place in 180 mM Tris/Tris-HC1 as well as in 30 
mM imidazole/150 mM choline chloride solu- 
tions. It should be stressed that the Na + con- 

centrations in solutions nominally free of that 
cation checked by atomic absorption spectropho- 
tometry were not higher than 10/tM. 

A TP and acetyl phosphate-promoted rubidium 
transport 

If the ouabain-sensitive Mg+-dependent Na + 
transport promoted by acetyl phosphate in lipo- 
somes with ( N a + +  K+)-ATPase incorporated [8] 
follows the complete cycle of ATPase reaction and 
cation translocation it should be possible to de- 
tect, under the conditions of those experiments, an 
acetyl phosphate dependent K(Rb) transport tak- 
ing place in a direction opposite to that of Na + 
ions. In addition, these K(Rb) fluxes should have 
a magnitude around that seen for the fluxes of 
Na +. Furthermore, this approach could be used to 
analyze the behaviour of K + transport in the 
absence of cytoplasmic Na + comparing them with 
the ouabain-sensitive acetyl phosphate hydrolysis 
observed in ( N a + +  K+)-free conditions (see 
above). 

Table IV summarizes these experiments. In the 
presence of extravesicular (intracellular) Na +, ATP 
and acetyl phosphate can promote an efflux of 
Rb + which is abolished in liposomes containing 
ouabain. The levels of fluxes with 0.002 mM ATP 
are the same as with 10 mM acetyl phosphate, and 
represent about 5% of those observed with 3 mM 
ATP. On the other hand, in the absence of ex- 
travesicular (intracellular) Na + both substrates fail 
to sustain any ouabain-sensitive K + transport. 
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FABLE IV 

ATP AND ACETYL PHOSPHATE-STIMULATED K + (S6Rb-LABELLED) EFFLUX FROM LIPOSOMES WITH (Na + + K ~ )- 
ATPase INCORPORATED 

The extravesicular (intracellular) media contained in addition 100 mM Tris-HC1, pH (20°C) 7.0, 3 mM MgCI 2, 2.5 mM 
phosphocreatine, 5 units of creatine phosphokinase and 5,10 -4 M ouabain, The intravesicular (extracellular) solution consisted of 
200 mM KC1 labeled with [S6Rb]RbCt, 25 mM imidazole, pH (20 ° C) 7.0 and 1 mM EDTA. The assays were started by adding 0.1 
ml of vesicle suspension to 0.3 ml of incubation solution. Efflux times lasted t min for 3 mM ATP and 5 min under all other 
conditions, Temperature was 20 ° C. Each entry' is the mean -+ S.E, of quadruplicate determinations. The basal efflux in the absence of 
ATP or acetyl phosphate averaged 0,006_+ 0,004 nmol per 10 p,l of initial vesicles per rain (n = 20). 

Expt. Extravesicular I ntravesicular K + ( s6 Rb-labelled) efflux 
ouabain (nmol/10 gl original 

No. ATP acetyl NaCl 
(mM) phosphate (mM) (mM) vesicles per rain) 

(raM) 

1 3 - 100 - 0.943 ± 0.035 
0.002 - 100 - 0,045 ± 0.012 
- 10 100 - 0.033 ± 0.007 

2 3 - 100 - 0.898 ± 0.028 
0.002 - 100 - 0.032 ±_ 0.009 
- 10 100 - 0.038 ± 0.008 

3 3 - 1 O0 - 1.040 __+ 0.043 
- 10 100 - 0.048 + 0.014 
- 10 - - 0.020±0,013 

4 0.002 _ - 0.014 +_ 0.009 
- 10 _ - 0.021 +__ 0.010 

5 0.002 - - 0.002 ± 0.010 
- 1 0  _ _ 0 . 0 1 1  ± 0 . 0 0 8  

6 - 10 - - 0.006 ± 0.009 

_ - 0.008 _+ 0.012 7 0.002 - 
- t0 _ _ 0.025_+0.012 

8 3 - 100 0,1 0,019 _+ 0,0t4 
0.002 - 100 0.1 -- 0.006 + 0.01 l 
- 10 100 0.1 0.007 +0.009 

- 0.1 - 0.006 + 0.011 9 0.002 - 
- 10 - 0.1 0.007 +_ 0.009 

Reactivity to ligands of (Na + + K +)-ATPase phos- 
phorylated from A TP and acetyl phosphate 

O n e  of  t he  s t r o n g e s t  a r g u m e n t s  in f avo r  o f  the  

i dea  tha t  ( N a + + K + ) - A T P a s e  p h o s p h o r y l a t e d  

f r o m  ace ty l  p h o s p h a t e  a n d  A T P a s e  p h o s p h o r y -  

l a t e d  f r o m  A T P  ( b o t h  in  the  p r e s e n c e  o f  M g  2+ 

a n d  N a  +) w e r e  d i f f e r e n t  was  t h e  i n a b i l i t y  t o  d e -  

tec t  e i the r  ace ty l  p h o s p h a t e - a c e t a t e  o r  ace ty l  

p h o s p h a t e - A D P  p h o s p h o r y l  g r o u p  e x c h a n g e  

[11,26]. O n  t h a t  bas i s  it  w a s  s u g g e s t e d  tha t ,  w h e r e a s  

w i t h  A T P  the  e n z y m e  w e n t  t h r o u g h  t h e  E I P - E z P  

t r a n s i t i o n ,  w i th  ace ty l  p h o s p h a t e ,  p h o s p h o r y l a t i o n  

gave  r ise  d i r ec t ly  a n d  i r r eve r s ib ly  to  E 2 P  b y p a s s -  

ing  the  E I P  f o r m  [9,11]. T h e  sens i t iv i ty  to  A D P  o f  

t he  acetyl  p h o s p h a t e - d e p e n d e n t  N a  + o c c l u s i o n  in 

( N a + +  K + ) - A T P a s e  t r e a t ed  w i t h  c h y m o t r y p s i n  

c o n t r a d i c t s  the  v iew s t a t ed  ab o v e ;  h o w e v e r ,  it 

c o u l d  be  a r g u e d  tha t  f o l l o w i n g  c h y m o t r y p s i n  di-  

ges t ion ,  w h e r e  t he  E 2 P  s t a t e  is n o t  r e a c h e d  [8,28] 

the  e n z y m e  is ' f o r c e d '  i n t o  an  E ~ P ( N a )  f o r m  w h i c h  

is d i f f e r e n t  f r o m  tha t  a t t a i n e d  in  i ts  na t ive  s ta te .  

T h e  use  o f  p h o s p h o r y l  e x c h a n g e  r e a c t i o n s  to  d e -  

tec t  an  E 1 P ( N a )  in  n a t i v e  ( N a + +  K + ) - A T P a s e  

p h o s p h o r y l a t e d  b y  ace ty l  p h o s p h a t e  is n o t  an  easy  
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task: on the one hand, acetate ions have been 
shown not to interact with the ADP binding site 
[8], and on the other the extremely high affinity 
differences of the catalytic site for ATP (less than 
1 /~M [1-6]) and acetyl phosphate (about 2-3 
raM) (Refs. 10, 11, and Campos, M., unpublished 
results) would result in competitive inhibition of 
the forward reaction (phosphorylation by acetyl 
phosphate) even with micromolar concentrations 
of synthesized ATP. For these reasons we decided 
to attack the problem by following the net synthe- 
sis of ATP during a single dephosphorylation 
cycle; the idea was to allow phosphorylation of 
native enzyme, which is expected at least with 
ATP to go mostly into EzP form [1-6] and then 
force it back into E~P(Na) by increasing the con- 
centration of Na + (see Ref. 29) in the presence 
and absence of ADP. 

In a preliminary experiment we studied the 
feasibility of this approach by looking into the 
sensitivity to ADP of the phosphoenzymes formed 
with [~,-32P]ATP and [32p]acetyl phosphate. The 
procedure used to detect newly synthesized ATP 
was designed to take account of: (i) the need to 
produce as little ADP as possible during the pre- 
liminary phosphorylation with ATP (this turned 
out to be about 1 /~M); (ii) the need to form 
enough phosphoenzyme initially, and (iii) a high 
sensitivity to ADP of both phosphoenzymes. Pre- 
vious experiments had shown that at 0 ° C, 1 s 
phosphorylation with ATP and 30 s with acetyl 
phosphate yielded enough phosphoenzyme; that 
phosphoenzyme was sensitive to K + but insensi- 
tive to ADP (results not shown). An unexpected 
observation was that increasing NaCI concentra- 
tion progressively inhibited the rate of E-P forma- 
tion, and that this was much more pronounced 
when acetylphosphate was the phosphorylating 
substrate (not shown); for that reason the con- 
centration of NaCI was 50 mM during phosphory- 
lation from ATP and 10 mM during phosphoryla- 
tion from acetyl phosphate. When this protocol 
was followed it was seen that stopping E-P forma- 
tion with 10 mM CDTA plus 1 M NaC1 (final 
concentrations) drastically changed the reactivity 
of the phosphoenzymes which now became highly 
sensitive to ADP; this was the case when phos- 
phorylation was produced with ATP (Fig. 1A) or 
with acetyl phosphate (Fig. 1B). Roughly, the rates 

of dephosphorylation increased about 3-fold upon 
the addition of 10 t~M ADP (final concentration). 

The experiments on net ATP synthesis followed 
in general the protocol outlined in Fig. 1. Aliquots 
of 0.5 mg (Na ÷ + K+)-ATPase were incubated in 
0.5 ml with unlabeled ATP or acetyl phosphate in 
the presence and absence of ionized magnesium 
(CDTA was added to the Mg2+-free solutions). 
After the indicated times (1 s for ATP and 30 s for 
acetyl phosphate) 10 mM CDTA/1 M NaC1/10 
I~M [14C]ADP (all final concentrations) were ad- 
ded and the reaction was stopped 45 s later with 
0.5% SDS (see Methods). Chelation of Mg 2÷ dur- 
ing dephosphorylation was expected not only to 
stop further phosphorylation but to prevent the 
hydrolysis of the newly formed ATP as well as 
accumulation of ADP. The labeled ADP and ATP 
were separated as indicated in Methods. In Table 

TABLE V 

NET SYNTHESIS OF ATP BY (Na++ K + )-ATPase PHOS- 
PHORYLATED FROM ATP OR ACETYL PHOSPHATE 
AND DEPHOSPHORYLATED IN THE PRESENCE OF 10 
#M ADP AND 1 M NaCI 

Aliquots of 0.5 mg (Na + +K + )-ATPase were incubated at 
0 ° C  in 0.5 ml of media with 50 or 10 mM NaCl, 30 mM 
imidazole, pH (20°C) 7.4, 0.1 mM EGTA and 10 #M ATP or 
5 mM acetyl phosphate. One half of the ATP- and acetyl 
phosphate-containing tubes had also 1 mM MgCl2; in the 
other half MgC12 was excluded and 5 mM CDTA was added 
instead. After 1 s (ATP) or 30 s (acetyl phosphate) a mixture of 
10 #M [14C]ADP/1 mM NaC1 was added to all tubes and the 
reaction was stopped 45 s later with 0.5% sodium dodecyl 
sulfate (all final concentrations). Nucleotide separation was 
performed by mean of a step pH and concentration gradient in 
columns made with 1.4 ml Eppendorf tubes containing 0.4 ml 
of Dowex 1-X8-400 resin. The table summarizes the results of 
two experiments. Each entry is the difference of means (with 
and without MgCIE)_+S.E. of triplicate determinations. The 
radioactivity found in the 250 mM HC1 eluent solution in the 
absence of MgCI2 was similar to that found in blank tubes 
without enzyme. For details see Methods. 

Expt. ATP or acetyl Mg2+-dependent net 
No. phosphate ATP synthesis 

concn. (nmol/mg 
protein per 45 s) 

1 0.01 mM ATP 1.030_+0.055 
5 mM acetyl phosphate 0.860_+ 0.046 

2 0.01 mM ATP 0.909 _+ 0.048 
5 mM acetyl phosphate 0.760 + 0.036 
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Fig. 1. Effects of ADP on the rate of dephosphorylation of (Na" + K ÷ )-ATPase phosphorylated from ATP (A) or acetyl phosphate 
(B). Aliquots of 0.05 mg enzyme protein were incubated at 0 ° C in a total volume of 0.3 ml containing 50 or 10 mM NaCI, 30 mM 
imidazole pH (20 ° C) 7.4, 1 mM MgCI 2, 0.1 mM EGTA and either 10 ~M [~'-32p]ATP or 5 mM acetyl [32p]phosphate. After 1 s 
IATP) or 30 s (acetyl phosphate) in one group of tubes the reaction was stopped with 20% trichloroacetic acid/1 mM ATP (or 50 
mM acetyl phosphate)/50 mM inorganic phosphate (all final concentrations). The rest of the tubes were used to estimate the 
phosphoenzyme remaining after phosphory|ation was interrupted (at 1 and 30 s as before) adding 10 mM CDTA/1 M NaCI with (e) 
and without (©) 10 ~M ADP (final concentrations); at the times indicates by the experimental points, the reaction was stopped in 
the same way as for enzyme phosphorylation. The denatured membrane fragments spent 15 min in an ice-cold bath and were then 
retained in Whatman G F / F  glass fiber filters; the filters were washed with 30 ml of 5% (w/v) trichloroacetic acid/10 mM inorganic 
phosphate and counted in a liquid scintillation counter using a toluene-based scintillator. Blank tubes consisted of acid-denatured 
enzyme or native enzyme without Mg 2+ in the incubation solutions; the values of phosphorylation were identical in both groups 
representing less than 2% of the maximal  [32pIP i incorporation. The levels of phosphoenzyme at zero time (100% phosphorylation) 
were 1.9 nmol/mg in A and 1.49 nmol/mg in B. The rate constants for dephosphorylation, estimated from the linear portions of the 
graphs, were: (A): 0.025 s-1 and 0.072 s -7 without and with ADP; (B): 0.022 s-7 and 0.064 s z without and with ADP, 

respectively. Each point in the graphs represents the mean of duplicate determinations. 

V the  resul ts  of  two  e x p e r i m e n t s  are  s u m m a r i z e d  

as the  d i f f e rences  in A T P  synthes i s  b e t w e e n  m e d i a  

wi th  and  w i t h o u t  M g  2+ d u r i n g  the  ' p h o s p h o r y l a -  

t ion  phase ' .  It  c an  be  c lear ly  seen  in the  T a b l e  tha t  
w i t h  A T P  as wel l  as w i th  ace ty l  p h o s p h a t e  the re  is 

a M g Z + - d e p e n d e n t  synthes is  o f  A T P ;  tha t  syn the -  

sis, wh ich  is a l i t t le  smal le r  w i th  ace ty l  p h o s p h a t e ,  

fal ls  c lose to the e x p e c t e d  va lues  (see Di scuss ion ) .  

Discussion 

T h e  resul ts  p r e s e n t e d  in this p a p e r  p r o v i d e  new 

i n f o r m a t i o n  r e g a r d i n g  the  i n t e r a c t i o n s  of  ace ty l  

p h o s p h a t e  wi th  the  ( N a  ÷ + K + ) - A T P a s e  w h e n  the  

f o r m e r  acts as subs t ra te  of  the  A T P a s e  reac t ion .  

O n  the  o the r  hand ,  the ev idence  conc lus ive ly  indi -  

ca tes  tha t  on ly  the  h igh  a f f in i ty  ca ta ly t i c  s i te  is 

i n v o l v e d  in tha t  i n t e r ac t ion ,  whe rea s  the  regu-  

l a to ry  site is u n a b l e  to accep t  ace ty l  p h o s p h a t e ,  at 

least  at the  c o n c e n t r a t i o n s  tes ted  ( T a b l e  I). O b v i -  

ous ly  then,  s o m e  i m p o r t a n t  s t ruc tu ra l  d i f f e r ences  

m u s t  exist  b e t w e e n  these  sites for,  in a d d i t i o n  to 

wha t  was s h o w n  here,  there  is an i n d i c a t i o n  that  

p - n i t r o p h e n y l  p h o s p h a t e ,  a n o t h e r  p h o s p h a t a s e  

subs ta te ,  c a n n o t  i n t e rac t  wi th  the  ca ta ly t i c  m o i e t y  

[30], whe rea s  it c an  rep lace  A T P  in acce l e r a t i ng  



the release of Rb + from occluded E2(Rb) pushing 
the enzyme into the E 1 state [14]. This leads to 
another important conclusion which is that a 
nucleotide structure is not an absolute require- 
ment to mimic either the catalytic or regulatory 
functions of ATP. 

The fact that acetyl phosphate can promote a 
ouabain-sensitive Rb + transport (Table IV) sup- 
ports the notion that, regardless of the structure of 
the phosphate donor molecule, once the enzyme 
has been phosphorylated in the presence of Na + 
and Mg 2+, the complete events of Na + and K + 
translocation are triggered; therefore, with the in- 
tracellular environment exposed to Mg 2 + and Na + 
and the extracellular environment to K +, acetyl 
phosphate can catalyze an active N a + / K  + cou- 
pled transport. Unfortunately, the errors involved 
in flux determinations (see also Ref. 8) do not 
allow an accurate estimate of the N a + / K  + cou- 
pling ratio but, within those errors, there is no 
indication that the ratio will be different from that 
with ATP. 

The hydrolysis of acetyl phosphate sensitive to 
ouabain observed in ( N a + +  K+)-free solutions 
was independent of the buffer (Tris or imidazole) 
and occurred at pH 7.4 and normal ionic strength 
(Tables lI and III), conditions under which an 
ouabain-sensitive hydrolysis of ATP was unde- 
tected (Table II). On the other hand, a significant 
fraction of ouabain-inhibitable ATP hydrolysis 
was seen when the ionic strength [25,31] or the pH 
[32-35] were lowered; in the latter case, the effect 
was observed with imidazole but not with Tris 
[33,34]. The experiments on K(Rb) transport in 
liposomes could have elucidated the mechanism of 
this hydrolysis of acetyl phosphate (ATPase or 
phosphatase reaction) only if they had been posi- 
tive; the failure of acetyl phosphate to sustain K + 
transport without Na + in the cytosol (Table IV) 
does not settle the point because the rest of the 
ionic composition (200 mM K + inside and some 
likely K + accumulation outside due to leak) is 
different from that of the experiments on hydrol- 
ysis. Therefore, the question remains an open one. 
On the other hand, in the presence of 130 mM 
Na +/20 mM K +, all or almost all of the high rate 
of acetyl phosphate hydrolysis must be an expres- 
sion of phosphatase activity. The rationale of this 
assertion comes from the fact that if it were due to 
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the ATPase reaction, considering the Na + fluxes 
observed in K+-containing liposomes [8] it would 
require an (acetyl phosphate) / (Na +) ratio far be- 
yond the values seen for ATP. 

Finally, the experiments on dephosphorylation 
and net synthesis of ATP indicate that the phos- 
phoenzymes produced from ATP and acetyl phos- 
phate in the presence of Na + and Mg + have 
similar properties. In both cases, the prevailing 
form in a steady state appears to be E2P, since 
dephosphorylation is ADP insensitive but is accel- 
erated by K + (result not shown). In addition, both 
phosphoenzymes can be taken into an ADP-sensi- 
rive state by high concentrations (1 M) of NaCI 
(Fig. 1); as ADP not only increases the rate of 
dephosphorylation but leads to net synthesis of 
ATP (Table V), the most logical explanation is 
that the conformation upon which ADP acts is 
E~P(Na) [29]. Actually, the amounts of ATP 
synthesized are close to the expected on the basis 
of the levels of phosphoenzymes attained (1.9 
n m o l / m g  with ATP and 1.49 n m o l / m g  with 
acetyl phosphate), the total dephosphorylation in 
45 s (about 96%) and the fraction of that dephos- 
phorylation that was sensitive to ADP (0.65-0.66). 
This predicts 1.19 n m o l / m g  of ATP synthesized 
with the phosphoenzyme obtained from ATP and 
0.94 n m o l / m g  with that from acetyl phosphate. 
The observed values averaged 0.97 n m o l / m g  and 
0.81 nmol /mg,  respectively. A phosphoenzyme 
susceptible of being converted into an ADP-sensi- 
tive form by 1 M NaC1 concentration could also 
result from phosphorylation by contaminant in- 
organic phosphate [29]. However, there are two 
reasons that make this a rather unlikely event in 
the conditions of our experiments [36]: (i) phos- 
phorylation was carried out in the presence of 
Na + and with no K + in the media, and (ii) the 
dephosphorylation rate of that phosphoenzyme 
was increased by K + (not shown). One last consid- 
eration calls for comments. The present results 
show that the phosphorylation step with acetyl 
phosphate is not irreversible, for the phosphoen- 
zyme formed, like that formed from ATP, can be 
forced into an almost pure E1P state. This does 
not necessarily prove that when going in the for- 
ward direction the phosphoenzyme formed with 
acetyl phosphate also follows the sequence E~P- 
E2P, but it makes that likely [8]; recent data on 



16 

fluorescence experiments [37,38] are also con- 
sistent with this view. 
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