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An allelic variant of the ouabain-in~nsitive rat kidney Na’,K+-ATPase a,-isoform was identified by chance in a cDNA library. The variant differed 
from the wild-type rat kidney Na’,K’-ATPase by a single G-to-C base substitution in the cDNA, which on amino acid level gave rise to a glutamine 
in place of the glutamate residue G~u’*~ previously suggested as a likely donator of oxygen ligands for Na+ and K’ binding. The variant cDNA 
was transfected into COS-1 cells and the transfectants expanded with success into stable cell lines that were able to grow in the presence of a 
concentration of ouabain highly cytotoxic to the parental cells containing only the endogenous COS-1 cell Na+,K’-ATPase. Under these conditions, 
the viability of the cells depended on the cation transport mediated by the ouabain-insensitive Glu’*9+Gln variant, whose cDNA was shown by 
polymerase chain reaction ~pIi~cation to be stably integrated into the COS-1 cell genome. The maximum specific ATP hydrolysis activity of 
isolated plasma membranes of the Glu3”-+Gln variant did not differ si~ifi~ntly from that of plasma membranes containing the wild type. A 
method was established for measurement of the phosphorylation capacity of the expressed Gh_?+Gln variant and wild-type enzyme, and it was 

thereby demonstrated that the variant had a turnover number similar if not identical to that of the wild-type. 

Glutamate; Allelic variant; Na’,K+-pump; Cation site; Polymerase chain reaction 

1. INTRODUCTION 

The active transport of Na’ and K+ by the Na’,K+- 
ATPase in the plasma membranes of animal cells pro- 
vides the basis for a number of essential cell functions, 
some of which are associated with cell growth homeo- 
stasis [l]. Understanding how the free energy of hydrol- 
ysis of ATP is transduced into active exchange of 3 Na’ 
for 2 K+ across the plasma membrane requires knowl- 
edge of the structure of the ATP- and cation-binding 
sites as well as their interactions. The characterization 
of the structure of the cation sites would help to answer 
fundamental questions such as: (i) whether the same 
residues bind to Naf and K’ as proposed in the ping- 
pong sequential transport model; (ii) whether the cation 
and ATP sites are adjacent or quite separate in the 
protein structure; (iii) whether the cation sites are 
charged or neutral; (iv) which factors confer cation se- 
lectivity on the protein. 

in a rat kidney cDNA library, differed from the wild- 
type enzyme by having a glutamine in place of the glu- 
tamic acid residue at position 329. GIu~~ is highly con- 
served within the family of P-type cation-transporting 
ATPases, to which the Na’,K+-ATPase belong, and 
site-directed mutagenesis studies have shown that the 
homologous residue of another family member, the sar- 
coplasmic reticulum Ca*+-ATPase, is essential to Ca*’ 
transport [2-4]. Moreover, based on chemical modifica- 
tion studies using DCCD it was recently suggested that 
G1u329 is essential to cation occlusion and transport in 
the Na”,K’-ATPase [S]. In the present study, a stable 
COS-1 cell line expressing the Glu32g-+Gln variant was 
constructed, and surprisingly the functional analysis re- 
vealed that the negative charge of G1u3*’ is non-essential 
for overall Na’- and K+-transport and ATPase activity. 

2. MATERIALS AND METHODS 
This communication describes the cloning and func- 

tional expression of an allelic variant of the c+isoform 
of Na’,K+-ATPase. This variant, identified accidentally 

2.1. Cloning of the variant Na”,Xt-ATPase 

*Corresponding author. Pax: (45) (86) 12-9065. 

Abbreviations: DCCD, NJ’-dicyclohexylcarbodiimide; kb, kilobase 
pair; Na’,K’-ATPase, sodium plus potassium-activated adenosine tri- 
phosphatase (EC 3.6.1.3); PCR, polymerase chain reaction; T., melt- 
ing temperature, 

The construction and screening of the rat kidney outer medulla 
plasmid cDNA library has previously been described in detail [6]. 
Total RNA from the kidneys of three rats (Wistar strain, Msllegaard 
Breeding Laboratory, Denmark) was used. Approximately 3,500 colo- 
nies were screened, out of which 42 gave a positive hybridization signal 
with an oligonucleotide probe defined by the sequence S-AGTCTTG- 
TCAGAGCAGAT-3’ derived from the phosphorylation site region of 
P-type ATPases. Previously, one of these clones was sequenced 
throughout, and the deduced amino acid sequence was found to be 
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100% identical with that described as the wild-type rat qisoform of 
Na’,K+-ATPase [6]. Further examination by restriction enzyme anal- 
ysis of the clones giving positive hybridization signal revealed that 
their sequences were not all identical. A HpaII site present in the 
coding sequence in the wild-type Na’,K+-ATPase was absent in 6 of 
the clones, and by DNA sequencing it was revealed that this difference 
from the wild-type was due to a single G-to-C base substitution and 
that no other base substitutions were present. 

2.2. Expression of the variant cDNA in CO91 cells 
The full-length cDNAs encoding wild-type or variant Na’,K’- 

ATPases, carrying EcoRIINotI adaptors, were cloned into the EcoRI 
site of the expression vector pMT2 [7l. To obtain cell lines with the 
Na’,K’-ATPase cDNA stably integrated into their chromosomes, the 
cesium chloride gradient-purified plasmids were transfected into COS- 
1 cells [8] by the calcium phosphate procedure. Following 65 h incuba- 
tion, ouabain was added to the medium at a final concentration of 5 
PM. Individual ouabain resistant colonies appeared after approxi- 
mately 3 weeks. Two colonies from each of 6 different master dishes 
were isolated by use of cloning cylinders and expanded into stable cell 
lines, which were stored in liquid nitrogen. 

2.3. Isolation of genomic DNA and amplification by PCR 
PCR was used to verify that the isolated COS-1 cell line contained 

the cDNA of the exogenous Na’,K’-ATPase stably integrated into the 
genome. Isolation of genomic DNA from the cells was carried out as 
described in [9], using an extraction buffer containing 0.1 mg/ml pro- 
teinase-K and 0.5% sodium dodecyl sulfate. The primers used in PCR 
were designed to obtain an efficient amplification of the exogenous 
stably integrated cDNA encoding the Glu329-+Gln variant or wild- 
type Na’,K’-ATPase and at the same time avoid amplification of the 
endogenous COS-1 cell genomic DNA. The sense (S-CTGTGTTG- 
AAGGAACTGCAC-3’) having a T,,, of 60°C was designed to hybrid- 
ize across the boundary between exon no. 6 and exon no. 7 in the 
cDNA. The antisense primer (5’-TCAGACATACCGTGACGGT-3’) 
having a T, of 58°C was designed to hybridize across the boundary 
between exon no. 7 and exon no. 8 in the cDNA. In this way a PCR 
product of an appropriate size of 290 bp corresponding to exon 7 was 
expected to be generated from the exogenous Na’,K’-ATPase cDNA, 
whereas the likelihood of obtaining a product from the endogenous 
genomic DNA (corresponding to exon 7 plus introns 7 and 8) was low. 
The buffer used in PCR contained 20 mM Tris-HCl @H 8.3), 50 mM 
KCl. In addition all amplification reactions included 2.0 mM MgCl,, 
200 PM of each dNTP, 50 pmol of each primer, 2 U of Taq DNA 
polymerase (Perkin-Elmer Cetus), and 40&600 ng genomic DNA. 
The 60~1 reactions were then amplified for 35 cycles in a DNA thermal 
cycler (Abacus/Hybaid). To analyze the PCR products 5-8 ~1 were 
combined with l-l.5 ~1 dye (0.25% Bromophenol blue/O.258 xylene 
cyanoU308 glycerol in water) and subjected to nondenaturing electro- 
phoresis on a 5% polyacrylamide gel in 1 x TBE (89 mM T&borate/ 
89 mM boric acid/2 mM EDTA, pH 8.0). The PCR products were 
visualized by ethidium bromide fluorescence. The single 290 bp DNA 
fragment was extracted from the gel, phosphorylated at the 5’ blunt- 
ends by use of bacteriophage T4 polynucleotide kinase (Pharmacia), 
and inserted into the SmaI site of the Bluescript vector (Stratagene, 
La Jolla, CA) by use of bacteriophage T4 DNA ligase. Sequencing was 
performed using the dideoxynucleotide chain termination method [lo] 
with Sequenase, as described previously [ll]. 

2.4. Isolation of plasma membranes and assay of Na’,Kt-ATPase 
A crude plasma membrane fraction was prepared as previously 

described [6]. Protein concentration was determined by the dye bind- 
ing method [12] using bovine serum albumin as standard. To open the 
vesicles, crude plasma membranes at a protein concentration of 0.25- 
0.45 mg/ml were incubated with 0.65 mg of sodium deoxycholate/ml, 
in the presence of 2 mM EDTA and 20 mM imidazole for 30 min at 
20’C. Na’,K’-ATPase activity was measured on 25 ~1 of the leaky 
membrane solution essentially as described in [13]. To determine the 
maximum specific activity the Na’,K+-ATPase measurements were 

carried out at 37°C in the presence of 130 mM NaCl, 20 mM KCl, 
3 mM MgCI,, 30 mM histidine (pH 7.4), 1 mM EGTA, and 3 mM 
ATP. The rate of ATP hydrolysis was found to be constant over the 
incubation time (l&20 min). To determine the Na+,K’-ATPase activ- 
ity specifically contributed by the transfected wild-type or variant rat 
kidney enzymes, assays were carried out as well in the presence of 10 
PM ouabain, which inhibits endogenous COS-1 cell Na+,K+-ATPase, 
as in the presence of 20 mM ouabain, which inhibits all Na’,K’- 
ATPase activity. The ouabain-resistant Na’,K’-ATPase activity asso- 
ciated with the expressed exogenous enzyme was calculated by sub- 
traction of the background ATPase activity measured at 20 mM 
ouabain from the ATPase activity measured at 10 PM ouabain. The 
background ATPase activity resistant to 20 mM ouabain comprised 
approximately 2&30% of the total ATPase activity in the crude mem- 
brane preparation. For the wild-type as well as the variant, the ATP- 
ase measurements were carried out in duplicate on each of 4 different 
clonal isolates. 

2.5. Phosphoenzyme formation 
Phosphorylation was carried out on 25 ~1 of the leaky membrane 

suspension (corresponding to a total of 10 pg protein) at 0°C in 100 
~1 of a reaction mixture containing O.l-1OpM [r-‘2P]ATP, 20 mM Tris 
(pH 7.4), 3 mM MgCl*, 1 mM EGTA, and either 150 mM NaCl or 
50 mM KCI. In some experiments the ouabain-sensitive endogenous 
Na’,K’-ATPase present in the COS-1 cell was inhibited by formation 
of a stable ouabain-bound complex. This was achieved by preincuba- 
tion of 25 ~1 of the leaky membrane suspension with 5 PM ouabain 
and 3 mM MgCl, in the absence of Na’ and K’ for 30 min at 20°C 
prior to initiation of the phosphorylation reaction under conditions 
identical to those described above except for the presence of 5 PM 
ouabain. The phosphorylation reaction was terminated after 10 s by 
addition of 1 ml of ice-cold 7% (w/v) trichloroacetic acid containing 
1 mM phosphate. The denatured protein was washed twice by centrif- 
ugation and subjected to SDS-polyacrylamide gel electrophoresis in 
7% acrylamide gels under acid conditions [1 11. After drying the gel, 
autoradiographs were produced by exposure at -70°C. Quantitation 
of the phosphoenzyme was obtained by liquid scintillation counting 
of slices of the dried gels. 

3. RESULTS 

I have previously described the isolation of a cDNA 
encoding the ouabain-resistant rat kidney qisoform of 
Na+,K’-ATPase from a plasmid cDNA library [6]. Fur- 
ther examination of the library revealed, in addition to 
this wild-type cDNA, a variant Na’,K’-ATPase cDNA 
containing a single G-to-C base substitution, which on 
amino acid level gave rise to a glutamate-to-glutamine 
substitution at position 329 within the motif 32%PEGL 
in the predicted 4th transmembrane helix. As G1u3*’ has 
recently been attributed a role in cation binding [5], it 
was pertinent to examine whether the Glu32g+Gln var- 
iant was able to carry out active transport of Na’ and 
K’ and Na+,K+-activated ATP hydrolysis. The cDNAs 
encoding either the Glu32g+Gln variant or the wild-type 
rodent Na’,K’-ATPase were therefore inserted in the 
expression vector pMT2 and transfected into COS-1 
cells, which were grown in the presence of 5 PM 
ouabain. This strategy was based on the consideration 
that 5 PM ouabain preferentially inhibits the ouabain- 
sensitive Na’,K’-ATPase endogenously present in 
COS-1 cells [6]. Thus, only COS-1 cells containing the 
exogenous cDNA encoding the ouabain-resistant ro- 
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dent Na’,K’-ATPase stably integrated in their genome 
would be able to survive under these selective condi- 
tions. On the other hand, survival and sustained growth 
of the transformed COS-1 cells would require the 
ouabain-resistant Na’,K+-ATPase to be functional. 
Failure of the modified Na’,K’-ATPase to confer 
ouabain resistance would thus indicate that the amino 
acid substitution was introduced at a critical site in the 
enzyme, while cell growth would indicate a relatively 
mild effect or the lack of effect on enzyme function. 

Surprisingly, it was found, that the Glu32g+Gln vari- 
ant of the ouabain-resistant rodent Na’,K’-ATPase 
was able to confer ouabain resistance to COS-1 cells, as 
revealed by the appearance of ouabain resistant colo- 
nies after approximately 2-3 weeks of growth in the 
presence of 5 PM ouabain. By contrast, no ouabain- 
resistant colonies were formed, when the COS-1 cells 
were mock-transfected with the expression vector with- 
out insert, demonstrating that resistance was not con- 
ferred in the absence of the exogenous Na+,K+- ATPase 
cDNA. 

Although the growth-rate of the transfectants carry- 
ing the G1u32g+Gln variant was similar to the growth- 
rate of the transfectants expressing wild-type enzyme, 
the number of ouabain resistant colonies appearing on 
each of the different master dishes was only around 10% 
that observed on master dishes containing COS-1 cells 
transfected with wild-type Na’,K’-ATPase cDNA. A 
possible reason is that the Glu32g-to-Gln amino acid 
substitution resulted in partial inactivation of the 
Na+,K’-pump function, so that the viability of COS-1 
cells expressing the variant enzyme was critically de- 
pendent on the expression level. The latter depends on 
an optimal cDNA copy number and a favorable loca- 
tion in the chromosome, conditions fulfilled only in a 
fraction of the cells with stably integrated cDNA. 

The relatively small number of stable colonies formed 
when COS-1 cells were transfected with cDNA encod- 
ing the Na’,K’-ATPase G1u32g-+Gln variant raised the 
question whether the application of a strong selection 
pressure during months might have induced the forma- 
tion of functional revertants in which Gln32g was resub- 
stituted back to Glu or another residue by natural mu- 
tations. It was therefore important to verify that the 
base substitution encoding the G1u32g+Gln replace- 
ment was still present in the cDNA stably integrated 
into the chromosome of the isolated ouabain-resistant 
COS-1 cells, after these had been expanded into stable 
cell lines. To this end, genomic DNA was isolated from 
the stable cell lines and the polymerase chain reaction 
(PCR) was applied to amplify the genomic 290 bp 
cDNA fragment spanning the nucleotide region corre- 
sponding to residues CYSTS to Leu33g (exon 7 in the 
genome), which contains the replaced residue. Informa- 
tion about the location of exon-intron boundaries was 
used to design primers that permitted selective amplifi- 
cation of the stably integrated cDNA free of contamina- 
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Fig. 1. PCR amplification and restriction enzyme analysis of the 290 
bp cDNA fragment corresponding to exon 7 of the exogenous stably 
integrated Na’,K’-ATPase cDNA. The amplification of genomic 
DNA isolated from COS-1 cells transfected with cDNA encoding the 
Glu’29+Gln variant or wild-type Na’,K’-ATPase was carried out as 
described in section 2. The PCR products were analyzed on a 5% 
polyacrylamide gel. Lane 1, HpaII digestion of the PCR product 
amplified from genomic DNA isolated from COS-1 cells transfected 
with cDNA encoding the Glu’r9-+Gln variant Na’,K’-ATPase; lane 
2, &a11 digestion of the PCR product amplified from genomic DNA 
isolated from COS-1 cells transfected with cDNA encoding the wild- 
type Na+,K+-ATPase; lane 3, HaeIII-digested PhiX174 RF DNA mo- 
lecular size standard. The arrows point at the 310 bp fragment of the 
standard, and the 36 bp fragment produced by HpaIII digestion of the 

wild-type. 

tion with endogenous COS-1 cell Na’,K’-ATPase 
genomic DNA (see section 2). This strategy worked, 
since the PCR product was detected as a single ethidium 
bromide-stained band on the electrophoretic gel, and 
this DNA fragment displayed exactly the size (290 bp) 
predicted from the target sequence. Not even traces 
were observed of the larger fragment (introns 7 and 8 
plus exon 7) expected if endogenous genomic COS- 1 cell 
DNA had been amplified. Since an endogenous HpaII 
site was removed by the single G-to-C base substitution 
in the Glu32g+Gln variant, digestion with HpaII could 
be used to reveal the presence of the base substitution. 
Fig. 1 shows that the 290 bp-fragment obtained by PCR 
amplification of genomic DNA isolated from COS-1 
cells transfected with cDNA encoding the G1u32g+Gln 
variant was resistant to digestion with the HpaII en- 
zyme (lane l), whereas HpaII digestion of the PCR- 
amplified 290 bp fragment obtained with genomic DNA 
from cells transfected with cDNA encoding the wild- 
type led to formation of fragments of size 254 bp and 
36 bp (see arrow), in accordance with the wild-type 
sequence (lane 2). These results tentatively demon- 
strated that the base substitution encoding the GIu~~~- 
to-Gln replacement was retained in the cDNA stably 
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Fig. 2. O~bain-~nsitivity of Na+,K+-ATPase activity of plasma 
membranes isolated from COS-1 cells mock-transfected with the 
PMT2 expression vector without insert and from COS-1 cells trans- 
fected with the expression vector containing cDNA encoding the 
Glu329+Gln variant. The Na+,K+-ATPase measurements were carried 
out in duplicate as described in section 2 in the presence of varying 
[ouabain]. The average values are presented as percentage of the total 
Na’,K’-ATPase activity measured in the absence of ouabain, as calcu- 
lated after subtraction of ba~k~ound ATpase activity measured at 20 
mM ouabain. The differences between the duplicate measurements 
were smaller than the size of the symbols. Measurements for 3 differ- 
ent clonal isolates of the Glt?+Gln variant (0, A, 0) and one prep- 
aration of endogenous COS-1 cell enzyme (A) are shown. The specific 
Na’,K’-ATPase activities measured in the absence of ouabain (100% 
values) were as follows. Endogenous COS-1 cell enzyme in plasma 
membranes from m~k-transf~t~ cells grown in the absence of 
ouabain (A), 378 nmollminfmg; plasma membranes from COS-1 cells 
transfected with the Glu329+Gln variant cDNA and grown in the 
presence of ouabain, 175 nmol/min/mg (0), 154 nmol/min/mg (A), 91 

nmol/min/mg (0). 

integrated into the chromosome of the COS-1 cells. The 
definitive proof was obtained by sequencing the 290 bp 
PCR-fragment throughout after insertion into the 
Bluescript vector. The sequence showed the expected 
single G-to-C base substitution corresponding to re- 
placement of G~u~*~ by Gln. 

The Na’,K+-ATPase activity was measured in plasma 
membranes isolated from the stable COS-1 cell lines 
expressing wild-type rat kidney Na’,K’-ATPase or the 
Glu329+Gln variant, as well as in plasma membranes 
from cells which had been mock-transfected with the 
expression vector without insert, so that only the en- 
dogenous COS-1 cell Na+,K+-ATPase was expressed. 
Fig. 2 shows titration of the ouabain concentration de- 
pendence of the Na+,K+-ATPase activity in 3 different 
clonal isolates of the Glu3*‘+Gln variant and in the 
membranes containing only endogenous enzyme. The 
data for the wiid-type rat kidney enzyme are not shown, 
since they have been presented before [6]. The ouabain 
titration results obtained with the Glu329-+Gln variant 
were almost superposable on those obtained with the 
wild-type rat kidney enzyme. Both of these rat kidney 

enzymes displayed an apparent affinity for ouabain 
which was about 500-fold lower than that of the en- 
dogenous COS-1 cell Na’,K’-ATPase. The specific ac- 
tivities of four different clonal isolates of the 
Glu329+Gln variant and the wild-type measured at 10 
PM ouabain are compared in Table I. At this ouabain 
concentration the ATPase activity of the ouabain-in- 
sensitive rat Na’,K’-ATPase is still near maximal, and 
under these conditions the relative contribution of the 
endogenous enzyme to the Na+,K+-ATPase activity 
measured with the plasma membranes of the transfec- 
tants could be estimated to be no more than 5% (see [6]). 
It is seen from Table I that the specific activities corre- 
sponding to different clonal isolates of the same enzyme 
form varied considerably, suggesting variability of the 
expression level. The difference between the specific ac- 
tivities of clonal isolates of the Glu329+Gln variant and 
the wild-type rat kidney Na’,K+-ATPase fell within this 
variation range. To determine whether the molecular 
turnover numbers of the wild-type and the Glu32g-+Gln 
variant differed, the concentrations of active Na+,K+- 
ATPase sites present in the membrane preparations 
containing wild-type and Glu329+Gln variant were 
measured for the different clonal isolates (Table I). This 
was accomplished by phospho~lation experiments with 
radioactive [Y-~“P]ATP under conditions where the 
dephosphorylation rate is low and phosphorylation 
therefore nearly stoichiometric (O’C, 150 mM Na+ pres- 
ent, absence of I(+). Since the expressed Na’,K’-ATP- 
ase constitutes such a minute fraction of the total pro- 
tein present in the COS-cell plasma membranes, an ac- 
curate determination of the amount of phosphorylated 
Na’,K’-ATPase required separation of the phos- 
phorylated Na”,K’-ATPase from other phosphorylated 
proteins. To this end the acid SDS-polyacrylamide gel 
electrophoresis procedure previously applied to the 

Table I 

Clonal isolate Specific activity Phospho~lation Turnover 
(nmol ATP hydro- (pmolfmg crude number 
lyzedlminfmg crude membrane (min-‘) 
membrane protein) protein) 

cvild-type 

no. 1 137 4.81 28,500 
no. 2 107 3.80 28,200 
no. 3 52 1.98 26,300 
no. 4 42 1.71 24,600 

G~u(zp+ Gin 
no. 1 160 5.15 31,100 
no. 2 140 4.86 28,800 
no. 3 119 4.39 27,100 
no. 4 83 3.05 27,200 

All measurements were carried out as described in section 2, and the 
turnover number was calculated as the ratio between the specific 

activity and the phosphorylation. 
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Fig. 3. Phosphorylation from ATP of plasma membranes isolated 
from COS-1 cells mock-transfected with the PMT2 expression vector 
without insert and from COS-1 cells transfected with the expression 
vector containing cDNA encoding either wild-type or the Glu3*‘+Gln 
variant Na’,K’-ATPase. Phosphorylation was carried out at 0°C for 
10 s in the presence of 20 mM Tris (pH 7.4), 3 mM MgCl,, 1 mM 
EGTA, 4 ,uM [r-“P]ATP, and either 150 mM NaCl without K’ (pan- 
els A and C) or 50 mM KC1 without Na’ (panel B). The acid-quenched 
samples were subjected to SDS-polyacrylamide gel electrophoresis at 
pH 6.0, and the autoradiograms of the dried gels are shown. Each lane 
was loaded with 7 pg of plasma membrane protein. (A and B) Lanes 
1 and 2, plasma membranes of cells expressing wild-type rat kidney 
Na’,K’-ATPase; lanes 3 and 4, plasma membranes of cells expressing 
Glu329-+Gln variant Na+,K’-ATPase; lanes 5 and 6, plasma mem- 
branes of mock-transfected COS-1 cells grown in the absence of 
ouabain. Prior to phosphorylation the samples were preincubated for 
30 min at 20°C with (lanes 1, 3 and 5) or without (lanes 2, 4 and 6) 
5 PM ouabain in the presence of 3 mM MgCl, and absence of Na’, 
K’ and ATP. The maximum specific Na+,K’-ATPase activities of the 
samples were the following: wild-type, 133 nmol/min/mg; GluSZ9+Gln 
variant Na’,K’-ATPase, 137 nmoYmin/mg; plasma membranes of 
mock-transfected COS-1 cells grown in the absence of ouabain, 378 
nmol/min/mg. (C) Phosphorylation was carried out with 4 different 
clonal isolates of the wild type (lanes l-4) and the Glu329+Gln variant 
(lanes 5-8) after preincubation with ouabain as described for (A). The 
quantitation of the phosphorylations in (C) is presented in Table I. 

Ca”-ATPase [l l] proved useful. All the phosphopro- 
tein migrating corresponding to 100 kDa on the gel was 
Na’,K’-ATPase as judged from its disappearance upon 
addition of K’ (compare Fig. 3A and B). To estimate 
the fraction of the phosphoenzyme contributed by the 
ouabain-sensitive endogenous Na’,K’-ATPase present 
in the COS-1 cells, the reaction with radioactive ATP 
was carried out with and without preincubation with 
ouabain (Fig. 3A). As expected, phosphorylation was 
completely prevented by preincubation with ouabain in 
membranes isolated from cells which had been mock- 
transfected with the expression vector without insert 
and maintained in the absence of ouabain, since these 
cells expressed only the endogenous ouabain-sensitive 
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enzyme. By contrast, the preincubation with ouabain 
was without significant effect on the phosphoenzyme 
levels in the membranes isolated from cells expressing 
the rat kidney wild-type enzyme or Glu329+Gln variant. 
This indicates that the endogenous enzyme was inactive 
or not present at all in these membranes. A likely expla- 
nation is that the ouabain-sensitive endogenous enzyme 
had already formed a stable ouabain-bound complex 
during propagation of the COS-1 cells in the presence 
of ouabain in the cell culture. Another possible explana- 
tion is that only minute amounts of active endogenous 
Na’,K’-ATPase were expressed due to competition 
with the exogenous a-chains for the assembly with en- 
dogenous&subunits required for functional maturation 
and transport of the pumps to the plasma membrane 

[141. 
By titration of the ATP concentration dependence it 

was found that the G1u329+Gln variant displayed an 
apparent affinity for ATP in the phosphorylation assay 
which was almost indistinguishable from that of the 
wild-type (Fig. 4). Both the wild-type and the variant 
were saturated at 4 PM ATP, and this condition was 
used for determination of site concentrations. 

As seen in Fig. 3C the phosphorylation capacity var- 
ied among the differential clonal isolates of the same 
enzyme form indicating variation of the expression 
level. Quantitation of the phosphorylation was obtained 
by liquid scintillation counting of gel slices. The calcu- 
lated site concentrations varied in parallel with the cor- 
responding specific activities, so that the calculated 
turnover number was independent of the expression 

25 

I I I I 

0 1 2 3 4 

[ATPI (d-f) 
Fig. 4. ATP concentration dependence of phosphorylation from ATP 
of the wild-type (0) or the Glu329-1Gln variant (0) Na’,K’-ATPase. 
Phosphorylation was carried out at 0°C for 10 s in the presence of 20 
mM Tris (pH 7.4), 3 mM MgCl,, 1 mM EGTA, 150 mM NaCl, and 
varying concentrations of [y-“P]ATP as indicated on the abscissa. The 
acid-quenched samples were subjected to SDS-polyacrylamide gel 
electrophoresis at pH 6.0, and the phosphoenzyme was quantitated by 
liquid scintillation counting of slices of the dried gels. 100% values 
correspond to 4.22 pmol/mg crude membrane protein (0) and 4.60 

pmol/mg crude membrane protein (0). 
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level (Table I). Importantly, there was no significant 
difference between the turnover numbers calculated for 
the wild-type enzyme and the G1u329+Gln variant. 

4. DISCUSSION AND CONCLUSIONS 

The establishment of ouabain resistance in COS-1 
cells transfected with cDNA encoding the Glu329+Gln 
variant clearly indicated that the expressed G1u329+Gln 
modified enzyme was functional in Na+,K+-transport. 
By polymerase chain reaction amplification and DNA 
sequencing it was unambiguously documented that the 
Glu329-to-Gln substitution was still intact in the nucleo- 
tide sequence of the genome of the transfectants after 
several months of maintenance in the presence of 
ouabain. This represents the first time PCR has been 
used to confirm the stable integration of the Na+,K+- 
ATPase cDNA into the genome of transfectants. 

In the presence of saturating substrate concentra- 
tions, the plasma membranes harvested from the cell 
lines expressing the variant displayed a specific Na+,K+- 
ATPase activity very similar to that of the wild-type 
enzyme, and the measurement of site concentration by 
phosphorylation with ATP permitted the calculation of 
similar molecular turnover numbers of the G1u329+Gln 
variant and the wild-type. Hence it may be concluded 
that the negative charge of G1u329 is non-essential to 
enzyme function at saturating substrate concentrations. 

To identify within the tryptic fragments of Na+,K+- 
ATPase the residues essential for cation occlusion, 
Karlish and coworkers combined selective tryptic diges- 
tion with chemical modification using the hydrophobic 
carbodiimide DCCD [5,15]. It was observed that Rb’ 
and Na’ occlusion was inactivated by DCCD with iden- 
tical rates, and the inactivation was equally well pro- 
tected by Rb’ with high affinity and Na’ with lower 
affinity. Moreover, it was found that each mol of a- 
subunit bound 2 mol of DCCD. One labeled residue 
was located in a cyanogen bromide fragment of appar- 
ent M, 4 kDa, and [r4C]DCCD incorporation was found 
to be associated almost exclusively with G1u953 [5]. The 
role of G1u953 was, however, tested in a recent mu- 
tagenesis study, and it was shown that cation stimula- 
tion of Na’,K+-ATPase activity was unaffected by sin- 
gle amino acid substitutions of G1u953 [16]. It was not 
possible to determine the exact location of the second 
DCCD binding site, but peptides corresponding to the 
transmembrane hairpin loop Mr plus M, or M, plus M, 
appeared to be labeled, and GIu~*~ was suggested as the 
residue most likely labeled by DCCD [5]. This was 
based on assumption that DCCD labeling occurs at a 
carboxyl group and on extrapolation to the Na+,K+- 
ATPase of the mutagenesis data obtained with the ho- 
mologous residue in the Ca*‘-ATPase. 

While the present study shows that Na’ and K’ bind- 
ing take place in the Glu329+Gln variant, it does not 
exclude that the residue modified with DCCD in [5] was 

G~u~*~. The bulky DCCD molecule might have dis- 
turbed ion binding and occlusion, even if the modified 
residue were located at the periphery of the cation-bind- 
ing pocket without being an essential component. In the 
Glu329+Gln variant the apparent affinities for Na’ and 
K’ measured by Na+ and K’ titration of ATPase activ- 
ity were moderately decreased (i.e. 2- to 6-fold), relative 
to affinities of the wild-type (results to be presented 
elsewhere). 

The present findings indicating that enzyme function 
is compatible with the G1u329+Gln substitution con- 
trast with the results obtained by mutagenesis experi- 
ments with the sarcoplasmic reticulum Ca2+-ATPase, 
which showed that the residue G1u3@‘, homologous to 
G1u329 in Na’,K’-ATPase, is essential to Ca2+-trans- 
port. The replacement of G1u309 in Ca2’-ATPase with 
Gln resulted in a more than lOOO-fold reduction in ap- 
parent Ca*’ affinity for one of the two bound Ca2’ ions 
[224]. The reason for this major difference between the 
two closely related cation pumps is not clear, but it may 
possibly be related to the fact that the Ca2’-pump binds 
and transports two calcium ions, i.e. four negative 
charges, while the Na’,K’-pump binds and transports 
only three Na’. 

Finally, one should consider the possibility that the 
binding site for one of the three sodium ions was dis- 
rupted in the G1u329-+Gln variant without seriously dis- 
turbing the binding and transport of the remaining two 
sodium ions. That this might be realistic is indicated by 
experiments demonstrating transport stoichiometries of 
2H’/2K’ and (lNa’+ lH+)/2K’ instead of the usual 
3Na’/2K’ stoichiometry at very low Na’ and high H’ 
concentrations [17]. These and other data show that the 
Na’,K’-ATPase can adapt to variable cation conditions 
by different modes of exchange [18]. It is plausible that 
protonation reduces the number of Na’ ions bound to 
the cation sites, and one might speculate whether pro- 
tonation of the enzyme is imitated by the removal of a 
negative charge in the G1u329+Gln variant. The data 
obtained with the Glu329+Gln variant cannot exclude 
the possibility that the variant catalyzed an electroneu- 
tral 2Na’/2K’ exchange or an electrogenic 2Na’/lK’ 
exchange. Hence, in the future it would be of interest to 
investigate whether the G1u329+Gln variant mediates 
an altered charge transfer relative to the wild-type en- 
zyme. 
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