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Summary 

The K inhibition of ouabain-sensitive ATPase activity of LK goat red cell 
membranes is greatly reduced at high pH. This effect is reversible, and specific, 
since the apparent affinities for ATP, ouabain or external K do not  alter. Anti- 
L-treated membranes show a similar, alkali-induced affinity change, but have a 
lower pH optimum. 

Introduction 

The sodium pump in low potassium (LK) red cells of ruminants differs in 
certain kinetic properties from the normal sodium pump found in most other 
cells. In particular, whilst experiments with human cells have shown that  the 
internal ion-binding aspect of the sodium pump can be described kinetically in 
terms of 3 equivalent sites with about a 45-fold higher affinity for Na than K 
at each of  the sites (i.e. K sa = 0.2 mM; K K = 9 mM) [1], in contrast LK goat 
red cells show a 6-fold higher internal affinity for K than Na (i.e. K~ a = 20 mM; 
K K = 3 mM), [2,3]. This kinetic modification is related to the presence on the 
cells of a specific antigen, designated L, since reaction of the anti-L antibody 
with the cells alters the internal affinities in favour of sodium [2--6]. 

In this paper we demonstrate a significant change in the apparent internal af- 
finity for K in LK cells at a high pH, mimicking the effect of anti-L. Ouabain- 
sensitive (Na + K)-activated ATPase activity was chosen as the most convenient 
experimental situation for demonstrating these effects, since although it 
removes the asymmetry of the ion distribution in intact cells (which could be 
preserved by using the p-chloromercuribenzene sulphonate or nystatin methods) 
it allows more convenient manipulation of the assay conditions, and yields es- 
sentially similar results (e.g., compare ref. 3 with ref. 6). 
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Methods 

Bl ood  
Blood was taken from 2 LK Saanen goats (cell K = 29 and 34 mmol/1 cell 

water -1) by jugular venepuncture into heparinized containers. The cells were 
washed 3 times by centrifugation (3000 × g for 5 min) and stored in a medium 
containing 150 mM NaC1, 10 mM glucose, 15 mM Tris, pH 7.6 at 20°C. 

A TPase measurements  
Fragmented ghosts were prepared by lysing washed red cells in 15 volumes 

of 10 mM Tris, 1 mM EDTA, pH 7.4 at 4°C, followed by 2 washes by centrifu- 
gation (25 000 X g for 30 min). The pellet was washed twice more in 10 mM 
Tris, pH 7.4, at 4°C, and stored quick-frozen at --20°C, at a volume equivalent 
to the original packed cell volume. 

ATPase activity was assayed in 1.2 ml of a solution containing (usually) NaC1 
150 mM, KC1 5 mM, MgC12 2 mM, ATP 2 mM, with 20 mM buffer. The ghost 
concentration was 10% packed cell equivalent, with incubations for 1--2 h at 
37°C. Samples were run in triplicate, with parallel incubations in the presence 
of ouabain (0.15 raM). The reaction was stopped by the addition of trichloro- 
acetic acid to a final concentration of 5%, and the inorganic phosphate liber- 
ated was assayed by the method of Fiske and Subbarow [7], modified to use 
amidol as reducer. Where K concentrations were varied no adjustment was 
made for ionic strength, since preliminary experiments using isosmotic choline 
chloride replacement revealed no effect. Where ATP varied, MgC12 levels were 
also altered to keep the Mg : ATP ratio at 1. The buffers normally used were 
2-(N-morpholino)ethanesulphonic acid (MES) (pH 6--7), N-Tris-(hydroxymeth- 
yl)methyl-2-aminoethane-sulphonic acid (TES) (pH 7--8) or Tris (pH 8--10). 
The pH of the incubation was checked just before terminating the incubation. 
The ouabain-sensitive fraction of ATPase activity was normally 50--70% of the 
total when assayed at Na 150 mM, K 5 raM, pH 7.5, with normal values for the 
ouabain-sensitive component  in the range 0.4--0.8 pmol/ml packed cells per h. 

K inf lux 
Ouabain-sensitive K influx was measured by incubating cells at 3.5% haema- 

tocrit  in a medium containing NaC1 130 mM, KC1 (including 42K) 7.5 mM, glu- 
cose 10 mM, buffer 25 mM, + 0.15 mM ouabain for 1 h at 37°C. The reaction 
was stopped in an ice-bath, the cells washed 4 times in 15 volumes of ice-cold 
107 mM MgC12, 10 mM Tris, pH 7.5 at 4°C in a microcentrifuge (10 000 × g 
for 15 s), lysed in 5% trichloroacetic acid and the supernatant counted for 
Cerenkov radiation. The haematocrit  was estimated by measuring A s4J of lysed 
cell suspensions. 

A n t i - L  t rea tmen t  
Anti-L was prepared as previously described [8], and purified by absorptions 

and Na2SO4 precipitation [9]. Cells were sensitized by incubation at a haemato- 
crit of 5% with ant ibody at a concentration of 10 mg/ml total IgG at 32°C for 
30 min. This was followed by a single wash. When assayed as ouabain-sensitive 
ATPase activity, the anti-L-treated membranes did not always show an increased 
activity at K = 5 mM, but were stimulated 1.6- to 2.4-fold at K = 20 mM. 
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Results 

Fig. 1 shows the pH optimum for the ouabain-sensitive ATPase activity of  
LK goat red cells, before and after sensitization with the anti-L antibody. The 
data are for a single incubation condition (K 5, Na 150),  chosen for optimum 
activity at the usual pH, 7.5. Results have been expressed as a percentage of the 
highest activity achieved. It will be seen that LK cells (the solid line) have a 
maximum in the region of pH 8--8.5, and show significant activity at higher 
pH values. In contrast, anti-L-treated membranes (the broken line) show an op- 
timum at pH 7.5, and are 90% inhibited by pH 9. Three different buffers, MES, 
TES and Tris were used to cover the range of  this experiment. To control for 
possible specific effects of  a particular buffer both MES and TES were com- 
pared at pH 7, and TES and Tris at pH 8, for the solid line in Fig. 1. Since essen- 
tially identical results were achieved, no major specific buffer effect seems 
likely. 

(Na + K)-activated ATPase is a complicated multi-ligand enzyme, and it is 
therefore important to assess whether this pH effect is on the maximum veloc- 
ity of the reaction, or rather involves a change in the affinity for a particular 
ligand (Na or K inside or out; ATP; Mg; ouabain). 

Fig. 2 shows the effect of  increasing K concentrations on the ouabain-sensi- 
tive ATPase activity measured at three different pH values. Again the data are 
expressed as a fraction of  the activity obtained at K = 5 mM. It is clear that in- 
creasing pH has a marked effect on the apparent K affinity with pH 9 showing 
a greatly reduced K inhibition. At K > 5 mM, the principal site at which K is 
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Fig. 1.  The  e f f e c t  o f  pH on  the  ( N a  + K)-act ivated•  ouabain-sens i t ive  ATPase  act iv i ty  o f  LK goat  red cel l  
m e m b r a n e s .  - - ,  normal  cel ls;  . . . . . .  • ant i -L-treated cells ,  e ,  MES: o,  N - 2 - h y d r o x y e t h y l p i p e r a z i n e -  
N f - 2 - e t h a n e s u l p h o n i c  acid (HEPES);  A• Tris. Maximal  measured  act iv i ty  ( = 1 0 0 % )  co ntro l  0 . 7 0 0 ,  anti-L- 
treated  0 . 5 7 7 •  ouabain- insens i t ive  0 . 8 3  ~ m o l  P i /ml  cel ls  per  h. Error bars are S.E.M. 

Fig. 2.  The  e f f e c t  o f  pH on  the  K inhibi t ion  o f  ouabain-sensi t ive  ATPase  act iv i ty  o f  LK goat  red ce l l  
m e m b r a n e s ,  e ,  MES; o,  HEPES;  X,  Tris, pH 6 .0•  7 .5•  and 9 . 0  respect ive ly .  Measured m a x i m a l  activi-  
t ies  (= 1 0 0 % )  0 . 1 4 3 •  0 . 7 3 5  and 0 . 5 0 8  ~ m o l  P i /ml  cel ls  per  h at PH 6,  7 .5  and 9.  Error bars are S.E.M. 
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Fig.  3 .  C o n c e n t r a t i o n  d e p e n d e n c e  o f  o u a b a i n - s e n s i t i v e  K i n f l u x  in L K  g o a t  r ed  ce l l s  m e a s u r e d  at  p H  7 . 5  
a n d  9 .  o ,  p H  7 . 5 ;  o ,  p H  9 . 0 .  D a t a  p r e s e n t e d  as  S / V  v e r s u s  S p l o t .  L i n e  d r a w n  b y  e y e .  

acting is internal,  s ince the  external  K site has an apparent  KKm of  ~ 2.0 mM 
under  these  condi t ions .  However ,  to  conf irm this point ,  Fig. 3 presents data for 
the  ouabain-sensit ive K inf lux into  LK cells at pH 7.5 and 9, p lo t ted  in the  
form S/V against S. Since the  t w o  lines give essential ly the  same intercept  on 
the  X-axis, it can be seen that  tl~ere is no  s ignicant change in the  external  K 
aff inity  over this pH range. 

Fig. 4 a and b direct ly  compares  the  effect  o f  increasing concentrat ions  o f  K 
on the  ouabain-sensit ive  ATPase activity in normal  and anti-L-treated LK mem- 
branes at pH 7.5 and 9. It will be seen that  at both  pH values anti-L still causes 
a shift in the  aff ini ty  away from K, and again LK membranes  at pH 9 also s h o w  
a decreased aff inity  for K. These data have been  normal ized to 100% = K 5 mM 
to  compare  the  shapes of  the  curves. The actual activities measured are given in 
the  legend to  Fig. 4 and s h o w  that  a l though the  K inhibi t ion  has been removed,  
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Fig .  4 .  T h e  e f f e c t  o f  a n t i - L  o n  t h e  K i n h i b i t i o n  o f  t h e  o u a b a i n - s e n s i t i v e  A T P a s e  a c t i v i t y  o f  L K  g o a t  r e d  
ce l l  m e m b r a n e s  at p H  7 . 5  (a)  a n d  9 ( b ) .  o ,  c o n t r o l ;  o ,  an t i -L .  M e a s u r e d  m a x i m a l  a c t i v i t i e s  c o n t r o l  0 . 8 4 7  
(a)  0 . 4 3 7  (b )  a n t i - L  0 . 7 2 4  (a)  0 . 1 5 3  ( b )  t t m o l  P i / m l  ce l l s  p e r  h. E r r o r  b a r s  are  S . E . M .  
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Fig.  5. A T P  c o n c e n t r a t i o n  d e p e n d e n c e  o f  ouabain-sensi t ive  ATPase  act iv i ty  o f  LK goat  red-cel l  m e m -  
branes  m e a s u r e d  at pH 7 .5  and 9 . 0 .  o ,  p H  7 .5 ;  o ,  p H  9 .0 .  Data  presented  in the  f o r m  1IV versus 1/S. 
Lines drawn by  eye .  

the absolute activity of  the anti-L-treated enzyme at pH 9 is only 20% of  that 
at pH 7.5 (cf. Fig. 1). 

Further experiments at varying ATP concentrations showed that no signifi- 
cant change in the apparent ATP affinity for the pH change 7.5 to 9 occurred 
in this system (Fig, 5). A further important control experiment was to estab- 
lish that the ouabain-sensitivity of  the preparation was not altering with increas- 
ing pH, since we rely on this as the index of  ATPase inhibition. Table I presents 
data for 3 different ouabain concentrations at the two relevant pH values: and 
confirms that the inhibition seems maximal, and does not  alter over this pH 
range. 

One question of  interest was whether this pH effect was reversible. An exper- 
iment in which cells were preincubated at pH 7.5 or 9 for 30 min and then 
washed and assayed at the complementary pH was therefore carried out  (Table 
II). It can be seen (upper half of  Table II) that the results were identical irre- 
spective of  the preincubation conditions. A further finding of  this experiment 
(lower half of  Table II) was that anti-L could successfully bind at pH 9, i.e. the 
action of  high pH in mimicking anti-L with regard to the internal K affinity was 
not removing the anti-L binding site. 

T A B L E  I 

T H E  E F F E C T  O F  p H  O N  T H E  O U A B A I N - S E N S I T I V I T Y  O F  L K  G O A T  R E D - C E L L  M E M B R A N E  
A TPase 

Ouabain 
c o n c e n t r a t i o n  
( m M )  

A T P a s e  act iv i ty  ( p m o l  P i /ml  cel ls  per  h )  

pH 7 . 5  pH 9 . 0  

0 1 . 4 4 8  -+ 0 . 0 1 6  1 . 3 2 2  +_ 0 . 0 0 5  
0 . 0 1 4  0 . 7 0 3  +- 0 . 0 0 3  0 . 7 2 5  +_ 0 . 0 0 1  
0 . 1 4  0 . 7 0 0  +- 0 . 0 0 3  0 . 7 2 2  _+ 0 . 0 0 7  
1 .4  0 . 7 0 6  -+ 0 . 0 0 0  0 . 7 2 2  _+ 0 . 0 0 2  
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T A B L E  II 

T H E  E F F E C T  OF P R E - I N C U B A T I O N  A T  p H  7.5 OR 9.0 ON T H E  (Na ÷ + K+)-ATPase A C T I V I T Y  OF 
L K  G O A T  R E D - C E L L  M E M B R A N E S  S U B S E Q U E N T L Y  A S S A Y E D  A T  pH 7.5 OR 9.0 

Pre- Assay 
i n c u b a t i o n  pH 
p H  

Ouabain-sensi t ive  ATPase  act ivi ty  ( p m o l / m l  per  h) 

K5 K20  

Cont ro l  

Ant i -L 

7.5 0 . 7 4 ± 0 . 0 2  0 . 3 5 ± 0 . 0 2  
7.5 

9.0 0 . 6 7 ± 0 . 0 1  0 . 3 4 ± 0 . 0 1  

7.5 0 . 4 9 ± 0 . 0 1  0 . 4 6 ± 0 . 0 1  
9.0 

9.0 0 . 4 6 ± 0 . 0 1  0 . 4 1 ± 0 . 0 1  

7.5 1 . 1 3 ± 0 . 0 2  0 . 8 9 ± 0 . 0 2  
7.5 

9.0 0 . 9 2 ± 0 . 0 1  0 . 7 0 ± 0 . 0 2  

7.5 0 . 5 5 ± 0 . 0 3  0 . 6 7 ± 0 . 0 1  
9.0 

9.0 0 . 4 2 ± 0 . 0 2  0 . 4 6 ± 0 . 0 1  

Discussion 

The sodium pump in LK cells is uniquely different from the normal pump in 
showing a high internal affinity for K. This effect is due to the presence of the 
L antigen on the cells, associated w' th the pump. Although the antibody-binding 
site is only accessible from the outside surface, anti-L has virtually no effect on 
the external Na and K affinities, but exerts its effect internally by changing the 
ratio of K Na : K K from 6 to 2 [2,3]. In the present work we have demonstrated 
an equivalent effect by increasing the pH from 7.5 to 9. This appears to be spe- 
cific for the internal Na-loading site since there are no marked changes in the 
affinity for K0, ATP or ouabain. 

Very little is known of  the chemistry of the L antigen which has so far eluded 
at tempts to isolate or purify it [e.g., see ref. 10]. Preliminary radiation inactiva- 
t ion studies indicate that  L is separate from the pump itself, and has an appar- 
ent molecular size in the range 3--7 • 10 s daltons (Ellory, J.C., unpublished ob- 
servations). Degradation studies with proteolytic enzymes on whole cells have 
revealed that  the external anti-L binding site can be removed by trypsinization 
[ 11 ], but we have recently shown (Ellory, J.C. and Beauge, L., unpublished ob- 
servations) that  internally, trypsin can have the same effect as high pH or anti- 
L, e.g., can decrease the internal K affinity. The conclusion at the present must 
be that  the L antigen is a large molecule spanning the membrane and interact- 
ing with the internal binding site of the sodium pump. The active inhibitory 
group can be reversibly ti trated by high pH to reduce the effectiveness of the 
L antigen. 
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