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SUMMARY 

Endogenous phospholipids of a purified (NaK)-ATPase were displaced 
by exogenous phosphatidyl choline. If  vesicles were made from phosgha$idyl 
choline and enzyme containing only phosphatidyl choline, coupled Na -K 
transport could be demonstrated. 
ouabain. Therefore, 

This transport was inhibitab)e Qy 
the number of components necessary for Na -K transport 

has been reduced to the purified (NaK)-ATPase and one phospholipid. 

Several laboratories have recently demonstrated transport by inserting 

(NaK)- ATPase into phospholipid vesicles. In this laboratory, coupled 

Na+-K+ transport has been demonstrated using a purified enzyme from the 

dogfish shark rectal salt gland (1,2). With a purified enzyme from the 

dog kidney, Goldin and Tong (3) demonstrated Na+ transport accompanied 

by Cl- movement but no coupled transport of K+. However, vesicles containing 

partially purified enzyme preparations from brain (4) and electric organ 

(5) showed coupled Na+-K+ pumps. 

With vesicles containing purified NaK ATPase where Na+-K+ transport 

has been reconstituted, it becomes possible to study minimal requirements 

for transport. Purified (NaK)-ATPase preparations contain two major 

proteins and phospholipid. The four major phospholipids in the dogfish 

enzyme are phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl 

serine and sphingomyelin (Table I). Warren, et. al. (6,7) have developed 

a method for substituting endogenous phospholipid with exogenous phospholipid 

in membrane enzymes. A phospholipid, detergent and enzyme solution is 
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placed on a discontinuous sucrose gradient and centrifuged. The protein 

and associated phospholipid goes through the gradient while detergent 

and phospholipid not associated with protein stay at the top of the 

gradient. They have been able to obtain 98-99% phospholipid substitution 

in Ca ATPase and 90% substitution in @-hydroxylbutyrate dehydroqenase 

(6,7,8). 

In this paper, we use this technique to demonstrate that (NaK)-ATPase 

with only one phospholipid, namely, phosphatidyl choline, is capable of 

coupled Na+-K+ transport. 

MATERIALS AND METHODS 

The phosphatidyl choline was the Sigma III E brand in hexane. 
This preparation gave only one spot on two dimensional thin layer 
chromatography. Immediately before use, the hexane was removed under 
a stream of nitrogen. Other materials were as previously reported (1,2). 

Displacement of endogenous phospholipids with exogenous phosphatidyl choline. 
The endogenous phospholipids of the purified NaK ATPase were displaced by 
exogenous phosphatidyl choline using the method of Warren, et al. (6,7). 
The following solution was left on ice for one hour with frequent shaking 
using a vortex mixer: phosphatidyl choline, 20 mgm/ml; cholate, 20 mgm/ml; 
NaKATPase (stored at -70°C), 10 mgm/ml; 0.25 M sucrose; 1 M KCl: 0.12 M 
NaCl; 30 mM imidazole; 1 mM EDTA and 1 mM cysteine (pH 7). Five-tenths 
to one ml of this solution was added to a discontinuous sucrose gradient 
containing 0.7 ml 15% sucrose layered on top of 0.2 ml 50% sucrose in 
a 2 ml cellulose nitrate tube. When necessary, an overlay was placed 
above the sample to completely fill the tube. The overlay and sucrose 
solutions contained 1 M KCl, 20 mM NaCl, 30 mM imidazole, 1 mM EDTA 
and 1 mM cysteine. The tubes were capped, placed in Delrin adaptors 
and centrifuged in a fixed angle 65 rotor at 48K for 12-17 hours in a 
L2-65B centrifuge. The material at the 15-50% sucrose interface or 
the precipitate at the bottom of the tube was resuspended in dialyzing 
solution (volume equal to original sample volume) which contained 100 
mM KCl, 20 mM NaCl, 30 mM imidazole (pH 7.0), 1 mM EDTA and 1 mM cysteine. 
Part of this suspension was dialyzed against 1000 volumes of dialyzing 
solution to remove the sucrose. This dialyzed material will be referred 
to as singly substituted enzyme. The rest of this solution was treated 
again with phosphatidyl choline and cholate, layered on a sucrose gradient, 
centrifuged, resuspended and dialyzed as described above. This second 
solution will be referred to as twice substituted enzyme. The protein 
concentration was measured by the Lowry method (9) and the phospholipid 
content of the purified enzyme (control), singly substituted and twice- 
substituted enzymes were analyzed by two-dimensional thin layer chromatography 
and Pi analysis (10). 

Ion Transport in Vesicles Made From Enzyme of Differing Phospholipid 
Compositions. Vesicles were formed from the three different forms of 
enzyme by a modification of previously published methods (1,2). A 
solution containing phosphatidyl choline, 30 mgm/ml; cholate, 15 mgm/ml; 
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TABLE I 

Phospholipid composition of purified NaK ATPase 

singly and twice substituted with phosphatidyl choline 

number of substitutions 

none once I twice 

Uw % of !E!!?! % of wm % of - - 
mgm protein total mgm protein total mgm protein total 

I I 
I 

phosphatidyl choline 192 49 
I 

358 90 480 100 
5 I  - 

phosphatidyl ethanolamine 122 31 23 6 

phosphatidyl serine 43 11 

sphingomyelin 29 81 8 21 

all other phospholipids 6 2 7 2 

total phospholipid 392 101 396 100 480 100 

Purified NaK ATPase (control) was prepared as described by Hokin, et-al. (11). 
The endogenous phospholipids of this enzyme were replaced by phosphatidyl choline 
and analyzed for phospholipid content as described in Materials and Methods. 
The singly substituted enzyme was derived from the control enzyme. The twice 
substituted enzyme was derived from the singly substituted enzyme. A typical 
experiment is shown. 

and enzyme, 0.5 mgm/ml was prepared so that the final concentrations 
were 100 mM KCl, 95 mM NaCl, 30 mM imidazole, 1 mM EDTA and 1 mM cysteine 
(pH 7) and dialyzed for 2 days at 4'C against 100 mM "$3, 20 mM NaCl, 

;yT, i;;p"s le, 1 mM EDTA and 1 mM cysteine (pH 7). Na (0.5 to 0.7 
K (25 to 50 PC/ml) were added to this vesicle solution and 

left overnight at 4Oc. These vesicles preloaded with isotope were then 
incubated at 25'C for 10 m'nutes 
Tris ATP. 

+ 
Transport of Na and K 

in the presence of 5 mM MgC12 + 5 mM 
was measured as described previously 

Cl,21 - 

RESULTS 

Substitution of endogenous phospholipid with exogenous phosphatidyl choline. 

Table I reports phospholipid content of the original enzyme, enzyme which 

had gone through one phospholipid substitution and enzyme which had gone 
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TABLE II 

Ion transport by vesicles made from 

control enzyme, singly and twice substituted enzyme 

enzyme 

control 

isotope 

22 Na 

isotope content-(%) net transport-(%) 

+ATP -ATP in out 

0.75 0.19 0.56 

42K 0.84 1.02 0.18 

singly-substituted 22 Na 1.56 0.20 1.36 
enzyme 

421z 1.02 1.38 0.36 

twice-substituted 
enzyme 

22Na 1.35 0.22 1.11 

42K 0.86 1.29 0.43 

Vesicles were prepared as described in Materials and Methods. 
After incubation in the presence or absence of ATP, vesicles were passed 
over a Sephadex G-50 column to separate vesicles from free 
Isotope content (%) is the percent of the total counts of 4$;iy22Na 

which elutes in the void volume in the vesicles. Net transport is the 
difference between the isotope content of vesicles incubated in the presence 
of ATP (ie. transporting vesicles) and the isotope content of vesicles 
incubated in the absence of ATP (ie. non-transporting vesicles). 

through two phospholipid substitutions. After the first substitution, 

there was no detectable phosphatidyl serine. After two substitutions, 

the only detectable phospholipid was the exogenous phospholipid, phosphatidyl 

choline. There was no detectable phosphatidyl serine in any twice- 

substituted enzyme which was analyzed. In one of three preparations, 

there was detectable phosphatidyl ethanolamine (2%). 

Transport by enzyme containing only phosphatidyl choline. The singly- 

and twice substituted enzymes were used to prepare vesicles. Table II 

shows that both the singly-and twice-substituted enzymes were capable 

524 



Vol. 69, No. 2, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE III 

Ouabain inhibition of transport by vesicles made 

with control or twice substituted NaK ATPase 

enzyme 

control 

ouabain isotope 

22 Na 

isotope content-(%) net transport-(%) 

+ATP -ATP in out 

0.75 0.19 0.56 

42K 0.84 1.02 0.18 

+ 22 Na 0.10 0.10 0.00 

42 K 0.24 0.20 0.04 

twice 
substituted 

enzyme 

22 Na 1.35 0.22 1.11 

42K 0.86 1.29 0.43 

+ 22Na 0.15 0.14 0.01 

42 K 0.20 0.21 0.01 

Vesicles were prepared in media + 10v4M ouabain. Other procedures are 
described in Materials and Methods. The enzyme used in making these vesicles 
is the same as that used in Table II. 

of both Na + and KS transport. In fact, transport by the substituted 

enzymes was higher than transport by the control enzyme. Net transport 

of 1.11% by the twice-substituted enzyme is equivalent to 400 nmol 

Na+/mgm/lO min. Transport by the control vesicles is low compared 

to previously reported results (1,2). Net transport by control vesicles 

of 0.56% is equivalent to 224 nmol Na+/mgm/lO min which compares to 

our previously reported value of 1090 nmol/mgm/lO min (2, Table IX), 

when vesicles were prepared with a more complex egg lecithin. 

Table III shows that transport by the control enzyme and the twice- 
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substituted enzyme is ouabain-inhibitable. In order to inhibition 

transport in vesicles, it is necessary to have ouabain inside the vesicles, 

which is accomplished by preparing vesicles in the presence of 10 -4 M 

ouabain. 

DISCUSSION 

These experiments reduce the number of components necessary for 

coupled Na+-K+ transport. Previous studies used vesicles with a more 

complex phospholipid preparation or a less pure enzyme. In earlier 

papers from this laboratory, we demonstrated coupled transport in vesicles 

made from purified (NaK)-ATPase and a crude preparation of egg lecithin. 

Endogenous phospholipids were not removed. Coupled Na+-K+ transport 

has also been demonstrated in vesicles containing a simple phospholipid, 

endogenous phospholipids, and a partially purified (NaK)-ATPase from 

brain or electric organ (4,51. This paper shows that vesicles containing 

a purified (NaK)-ATPase and only one phospholipid (phosphatidyl choline) 

are capable of transport. This system may not be the minimal system 

capable of transport, since no function has been demonstrated yet for 

the glycoprotein of the purified (NaK)-ATPase, although antibodies against 

the glycoprotein partially inhibit (NaK)-ATPase activity (12) and 

reconstituted Na+-K+ transport in vesicles containing the purified 

(Na+-K+)-ATPase (13). 

The conclusion of this paper is in conflict with many but not 

all studies which suggest that phosphatidyl serine is essential for 

(NaK)-ATPase activity in native membranes (14). In most of the former 

studies, reactivation of the (NaK)-ATPase by phosphatidyl serine followed 

inactivation by detergents or phospholipase treatment. Perhaps the 

specificity for phosphatidyl serine was not for (NaK)-ATPase activity 

but for some other process such as combination of dilipidated protein 

and phospholipid in aqueous solution. Evidence against the essentiality 

of phosphatidyl serine was provided by de Pont et-al. (15), who converted 
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more than 99% of the original phosphatidyl serine to phosphatidyl ethanolamine, 

by treating the (NaK)-ATPase with phosphatidyl serine decarboxylase without 

affecting enzyme activity. 
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