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The transport of Na+ and K+ against an electrochemical gradient 

is supposed to require ATP as an energy source (1). A Naf and K+ stimu- 

lat,ed ATP-ase has been shown to be related with this process (2). To 
-I- elucidate the mechanism of Na and K+ transport, the mechanism of Nai 

and K" stimulated ATP hydrolysis was studied with purified enzyme pre- 

parations. The exchange of 32P between ADP3' and AT? and observations 

with terminally labeled ATP 32 (2,3,4,5,6,7) are consistent with a 

mechanism which involves a lvlg ++ , Na+ dependent phosphorylation of an 

acceptor group of the enzyme complex (equ. 1) and a subsequent K+ de- 

pendent hydrolysis of this intermediate (equ. 2)(3,4,5,6,7). 

(1) ATP + E p Mg++, Na+ h E-P + ADP 

+ 
(2) E-P + HO 2 KE + P 

The phosphorylated intermediate could be shown to be stable against 

acid (6,7), whereas alkalinity (4,6,7) or hydroxylamine (6,7) liberate 

phosphate. The latter finding points to an acylphosphate to be an inter- 

mediate in Na + and K+ stimulated ATP hydrolysis (6,7). 

This paper concerns the effects of hydroxylamine, trinucleotides 

(ATP, GTP, ITP) and dinucleotides (ADP, CDP, IDP) on the labeling of 

purified ATP-ase preparations by ATP 32 and the effect of hydroxylamine 

and dinucleotides on the rate of ATP hydrolysis. From the differences 

* A summary of these investigations has been presented at the meeting 
of the Gesellschaft fiir physiologische Chemie, Berlin, October 1965 (8). 
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in the behaviour or' the various nucleotides as substrates in each 

system and from the inability of hydroxylamine to inhibit ATP-hydro- 

lysis it is concluded that the acid stable phosphorylated product is 

not involved in ?ia + and K + stimulated ATP hydrolysis. 

MATERIAL AND BIEXHODS ------..- - --- --.. 
Preparation of ATP-ase: The )?a+, K+ stimulated ATP-ase preparations were 

isolated by use of an coupled optical assay with pyruvate kinase and 

lactic dehydrogenase from ox brain in a particulated form by incubation 

(5 to 7 days at O" C) of crude preparations with desoxycholic acid, 

subsequent fractionation in the ultracentrifuge. chromato,graphy on Cio- 

Gel 100 and repeated dif.ferential centrifugation 1) . The specific acti- 
vities obtained by this procedure were 1.7 to 3.0 units / mg protein 

(1 unit being the amount of enzyme catalyzing the ?.Ig ++" K+ and Saf de- 

pendent hydrolysis of 1 pmole ATP / min. at 37O C). The ratios of acti- 

vities [( .,Ig++ + K+ + Na+) - !!gfi]/ :,I=++ varied from 110 to 1-a. The enzyme 
preparation was free of succinic dehydrogenase. palmityl-CoA deacylase 

(9), reducing enzyme (10) and cytochrome c reductase (11). 

Preparation of ATP 32 : Terminally labeled ATP 32 with a specific radio- 

activity of 16.3 x lo6 cpm / umole was prepared and purified according 

to Glynn and Chappell (12) with the following modification 2) : after re- 

moval of ADP from the Dowex 1 column ATP 32 was eluted with 250 ml of a 

mixture containing 0.01 n HCl and 0.2 %I LiCl, neutralized with LiOH and 

lyophilisized. The residue was dissolved in 4 - 5 ml of water and ATP 

precipitated as the barium salt by the addition of 0.2 ml saturated BaBr2 

solution. The precipitate was decomposed with Dowex 50 (II+-form). The 

supernatant was neutralized with 2-amino-2-methyl-1,3-propandiol (AXPD) 

(2). 

Preparation of the acid stable phosphorylated intermediate: ATP-ase ---- 
(5 - 7 mg protein / ml) was washed 3 times with 3 volumes 0.25 i\I sucrose 
to remove traces of K+ and Na+ and resuspended in half of the volume 01' 

0.25 hf sucrose. 

To 1 ml containing 100 rmoles imidazole buffer pH 7.5. .$moles Mg++. 
32 0.1 pmoles ATP- , 0.3 mg of ATP-ase protein were added. Both the reaction 

mixture and the enzyme were preincubated for 2 minutes at 30° C. After 

1) w. Schoner, Chr. v. Ilberg, R. Kramer and W. Seubert: in preparation. 
2) We thank Dr. G. Hartman for these suggestions. 
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0 - 50 seconds the reaction was stopped by the addition of 4 ml 4;; 

HC10 
4 

(O" C). The precipitate was isolated by filtration through milli- 

por,e filter (Millipore kilter Corporation, Bedford, Zass., 0.8 p pore 

siz,e) and washed 3 times with 0.5 n FCIOq (10 -4 :\I ATP and inorganic phos- 

phate). The dried filters were assayed in the Tricarb with J?PO/POPOP. 

Assay of ATP-ase in the presence of NH20H, ADP, GDP and IDP: After in- ___- 

cubation of the enzyme at 37O C the reaction was stopped by the addition 

of 1 ml 4'> Xl0 4’ After neutralization with K2C03 the residual ATP was 

determined according to Lamprecht (13). KI120H.HCl was neutralized with 

Ihwex 1 (CR--form). 

RESULTS AND DISCUSSION 

In accordance with other investigators (1,3,4,5,6,7) incubating 

our ATP-ase with ATP 32 led to successively increasing labeling of the 

particles in the presence of Mg++ and big++ + Xa+,respectively (Fig. 1). 

The label disappeared upon incubation with tri- and dinucleotides 

(Fig. la and lb, equ. 3). 

(3) EdP3' 
MO ++ + 

+ ADP (GDP, IDP) F'= ' 
Na 

* E + ATP~~ (ATP, GTP, ITP) 

Most likely to this is due to an exchange of the enzyme bound phosphate 

with the terminal phosphate group of the trinucleotides and to a shift 

of the equilibrium of the equation 3 towards the right, respectively 

(ratio ATP32 / d' lnucleotide = 1 / 50). These findings suggest a broad 

specificity of the acceptor group towards purine nucleotides. 

Hokin et al. (7) reported that d' igestion of the labeled enzyme pre- 

parations by pepsin liberated radioactive peptides which migrated towards 

the cathode at acid pII. Incubation with hydroxylamine or with acyl phos- 

phatase liberated most of the label as inorganic phosphate. This result, 

which has been confirmed by this laboratory (Fig. 2), suggests an acyl 

phosphate to be the energy rich intermediate in the ?;a+ and K+ stimu- 

lated ATP hydrolysis (equ. 4 and 5)(T). 

(4) E-c0011 + ATP \ 
big++, ?!a+ PO 3 J=.Op 

+ 
(5) E-Ccp + II20 > E~O0I-I 

+ ADP 

f P 
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?is. la: EL'feFt of ATP, GTP and 

p; iy3!!; ;,“;~e,“;;~;s:““;;Po- 

150 mbl, at the time indicated 
5 rmoles Mg-ATP (iiig-GTP, Mg-ITP) 
were added in 0.1 - 0.13 ml (for 
details see methods). 

wm + ADP 

IDP 

)P 

. 
------- Y-- I- no big*+ 
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Fig. 15: Effect of ADP and IDP on 

'jp Y" - 
dependent incorporation of 

P into AT?-ase. Ka+ 150 m&l, at 
the time indicated 5 poles Mg-ADP 
or big-I3P were added in 0.12 ml 
(for details see methods). 

We tested this possibility by investigating the effect of hydroxylamine 

on the overall hydrolysis of ATP, because hydroxylamine by blocking the 

acceptor group should irreversibly inactivate the ATP-ase (equ. l+ and 6). 

(6) E-c:;p + 90 NH20H A E-C,NHOH + P 

(7) E-C:;HoH + Ii20 A E-COOH + NH20H 

If, however, the enzyme bound hydroxamic acid were unstable (equ. 7), 

NH20H should substitute for K+ In the overall reaction (equ. 5 = equ. 

6 + 7). None of the postulates agree with the experimental data: Na+ and 

Kf stimulated ATP hydrolysis is not inhibited, even at concentrations of ._ 
0.8 M NH20H (Table I). Also in the presence of NH20H optimal rates of 

ATP hydrolysis depend on Kf ions (not shown). These results exclude a 

406 



Vol. 23, No. 4, 1966 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

r6le of the enzyme bound acyl phosphate in the discussed reaction. 

A participation of the phosphorylated intermediate is doubtful also 

in view of a study of the inhibitory effect of various dinucleotides 

cpm 

i 1 

L I 
20 40 60 set 

l/V 

6 

6 - 

I . . 

‘1 ATP 

o +5mMAOP 

1 2 3 l/mM ATP 

Fi$. 3: Effect of dinucleotides on 
Na , K+ stimulated ATP hydrolysis 
(Lineweaver - Burk reciprocal plots). 
100 mM imidazole buffer OH 7.3, 3 mM 
!V1g++, 5 mM K+, 100 mM Na . Incubation 
for 5 minutes. 

on ATI? hydrolysis. According to the isotope studies (Fig. la and b) ADP, 

IDP and GDP should act as competitive inhibitors of ATP-ase by shifting 

the equilibrium of the first step of the overall reaction toward left 

(equ. 1). As shown in Fig. 3, however, only ADP fulfills this postulate. 

There may be a second phosphorylated intermediate participating 

in ATP hydrolysis, since ATP and ADP affect the labeling of ATP-ase by 
ATp3:! more strongly than other nucleotides. These differences, however, 
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Table I 

Influence of NH2011 on ATP hydrolysis by Na+, K+ - ATP-ase 

NH2OH (M) -Aumoles ATP / 15 min. 

none 1.25 

0.1 1.7 

0.2 1.45 

0.3 1.35 
0.5 1.4 

0.3 1.35 

66 mM imidazole buffer pH 7.3, 3.3 mM MgC12, 3.3 mhl KCl, 
100 mM NaCl, 2 mM ATP. 

may also be due to increased rates of the exchange and reverse reaction 

(equ. 3). A kinetic analysis of the effects of unlabeled ATP and GTP on 

the labeling over a longer period shall clarify this point. 

This work was supported by grants from the National Science Foundation 
(NSF 4% 22 107, E. Heinz). The authors thank Prof. Heinz for his en- 
couragement. 
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