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Summary. A vesicular microsomal fraction isolated from hog fundic mucosa demon- 
strates the capacity to take up equal amounts of RB + and C1-. The amount of the 
Rb + uptake is sensitive to the extravesicular osmolarity, and rate of uptake is sensitive 
to temperature. S6Rb+ effiux is dependent upon the cation composition of the diluting 
solution. ATP, but not /~-7 methylene ATP, induces a reversible effiux of SeRb + from 
loaded vesicles, and this is dependent upon a functional K+-ATPase. The ATP induced 
effiux is not affected by CCCP (carbonyl cyanide m-chlorophenylhydrazone)-or TCS (tet- 
rachlorosalicylanilide) nor by lipid soluble ions or valinomycin. Nigericin inhibits the efflux 
by 40%. Uptake of the lipid soluble ion 14C-SCN- has been demonstrated and is enhanced 
by ATP only in the presence of valinomycin. The results are consistent with a neutral 
or isopotential exchange of H + for Rb + mediated by K +-ATPase. 

The availability of  a vesicular preparat ion from hog gastric mucosa 
has allowed an experimental approach to the role of  K § in gastric acid 

secretion due to the capacity of  the vesicles to take up H § in the presence 

of ATP, in a K + dependent fashion. 
Work  on the intact amphibian mucosa has shown that K § is essential 

for acid secretion (Davis et al., 1965). R b  + and Cs +, but  not Na  + or 

Li +, can partially substitute for K + (Forte, Forte  & Saltman, 1967). 
In K+-free solutions with complete inhibition of  the acid rate, the in- 
tracellular K + content remains high, falling only by 10 to 20% (Davis 
et al., 1965). This has been interpreted as evidence for a K + compar tment  
necessary for H § secretion. In intact dog stomach, insulin inhibition 
is also reversed by injection of  K § or R b  +, and results of  flux studies 
have also been interpreted as providing evidence for a K § compar tment  

(Hirschowitz & Sachs, 1967). In contrast, high K + levels in the serosal 

solution of  frog mucosa reduce active C1- secretion significantly (Hogben, 
1968). Measurement  of K § movement  across gastric mucosa showed 
that the unidirectional K § flux is considerably less than the H § rate 
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(Sachs et al., 1969) and this K + flux was inhibitied by SCN- as was 
the H + rate. In CI- free, SO42- containing solutions, high mucosal 
[K+] results in a significant increase in H + rate as well as in an inversion 
of the potential difference from mucosal positive to mucosal negative 
(Davis, Rutledge & Rehm, 1963). Passage of current to produce the 
same P.D. change as produced by K + in SO42- solutions also stimulates 
H + secretion. 

The discovery of a K + p-nitrophenyl phosphatase (Forte et al., 1967) 
K+-acetyl phosphatase and K +-ATPase activity (Forte et al., 1975; Sachs 
et al., 1966; Saccomani et al., t975) in fundic mucosa of various species 
suggested that the role of K + might be as an activator of a proton 
transporting ATPase (Sachs & Hirschowitz, 1968). The demonstration 
of H + transport by dog microsomes (Lee, Simpson & Scholes 1974) 
or hog gastric membrane fractions (Sachs etal . ,  1975, 1976) allowed 
a direct test of  the transport functions of  these preparations and the K +- 
ATPase in particular. It was established that K + (or Rb + and Cs § 
was necessary for H + uptake (Sachs et al., 1976). In this work we establish 
that the role of  K + in the vesicle is not only as an activator of the 
K+-ATPase but that K + (or Rb +) is transported in exchange for H + 
by the K § 

Materials and Methods 

Preparation of  Vesicles 

The method has been described in detail elsewhere (Saccomani et al., 1977). Fundic 
mucosa is homogenized in 0.25 M sucrose and centrifuged for 40 rain at 26000•  and 
the supernatant is centrifuged for 60 rain at 100,000 x g to provide the mierosomal pellet. 
This fi'action was further separated on a discontinuous gradient of 7% ficoll and 20% 
ficoll both in 250 mM sucrose in a Beckman Z60 zonal rotor at 60,000 rpm for 2 hr. 
The fraction at the 7% ficoll interface was free of  mitochondrial markers such as succinic 
debydrogenase, monamine oxidase or cytochrome oxidase and was 20-fold enriched in 
K+-ATPase,  K+-pNPPase and 5'-AMPase activity. Further purification of  this fraction 
was obtained by free flow electrophoresis using 8 mM tris-acetate buffer at pH 7.4, 0.1 mM 
MgATP in 0.25M sucrose as curtain buffer and 100m_.u tris-acetate pH 7.4 as electrode 
buffer. The separation was carried out at 7.5 ~ with a voltage gradient of 120 v/cm 
and a flow rate of 180 ml/hr distributed through 90 tubes. This fractionation produced 
a fraction 35-fold enriched in K +-ATPase (1:1) and another fraction enriched in 5'-AMPase 
(t7II). The 171 fraction was essentially free of 5'-AMPase or MgZ~--ATPase and contained 
essentially only 1 peptide region of 100,000 M r on SDS get electrophoresis. The zonal 
gradient or F1 fractions were used for the studied outlined as specified in the text (Table 1), 
but the majority of  transport studies were carried out on the gradient fraction. 

ATPase Assay 

ATPase assays were performed in the same incubation medium as the Rb + efflux 
studies. The incubation contained in 1 ml: ca. 170gg protein, 75mM RbCI, 50ram tris- 
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Table 1. Purification of gastric membranes 
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gmole Pi mg- 1 hr- 1 

Mg z +-ATPase K +-ATPase" 5'-nucleotidase 

Total homogenate 
Microsomal fraction 
Gradient fraction (G1) 
Electrophoretic fraction F1 
Electrophoretic fraction FI1 

6.2• 2.0• 0.5• 
15.9• 7.1• 1.5• 
6.4• 32.5• 4.6• 
2.7• 64.l• 0.6• 

16.6• 17.3• 14.7• 

(n =5) 
a The K+-ATPase activity is the difference between activity is presence and absence of K +. 

acetate or 5 mM glycylglycine buffer, pH 6.1, 125 mM sucrose, 2 mM MgClz and 2 rnu 
ATP. The reaction was carried out at room temperature for varying times between 10 sec 
and 15 min. The phosphate liberated was measured by butyl acetate extraction of the 
phosphomolybdrate complex (Yoda & Hokin, 1970) and protein by Lowry's method (Lowry 
et al., 1951). 

Transport Studies 

Uptake. For uptake studies vesicles obtained from the gradient at 

a concentration of 2-6 mg/ml protein were added to an equal volume 

of a medium containing 150 mM RbC1 containing 10 gCi S6Rb+, 80 mM 

tris-acetate or 10 mM glycylglycine buffer pH 6.12 and 4 mM MgCl2, 

to give a final volume of 400 ~tl. The pH of 6.12 was chosen so as 

to be able to compare the data with those of H + uptake. Incubation 

was carried out at varying temperature and 20 gl samples were taken 

and added to 1 ml of ice-cold " s t o p "  solution containing 150 mM choline 

chloride and 40 mM tris-acetate buffer (or 5 m i  glycylglycine) buffer 

pH 6.12. After vortexing the sample was filtered on a Millipore HAWP 

filter (0.45 ~). The filter was washed twice with 4 ml of  the stop solution, 

dried and the radioactivity measured in a LKB 8100 scintillation counter. 

As necessary osmolarity was varied by adding mannitol  to the incubation 

medium. 
Efflux. Efflux studies were performed on vesicles which had been 

equilibrated with radioisotope by incubating for 48 hr at 4 ~ in the 

uptake conditions just described. This incubation time was necessary 
to achieve equilibrium at that  temperature. High temperatures of preincu- 
bation even for times as short as 2 hr at 37 ~ resulted in vesicular 

damage. Two types ofeff lux study were performed: efflux with a gradient 

of Rb + or S6Rb+, and effiux induced by the addition of ATP with 

no initial gradient present. 



364 R. Schackmann, A. Schwartz, G. Saccomani, and G. Sachs 

For efflux with a gradient the preloaded vesicles were diluted into 
a medium containing different external cation such as choline, K + , Rb +, 

Cs +, Na + or Li + as chloride salts at 150ram with other constituents 
the same as in the equilibration solution. Sampling and washing were 

carried out as for the uptake studies. These efflux studies allowed mea- 
surement of  the cation selectivity of the exchange efflux pathway. Iono- 
phores such as valinomycin, 10-6 M, nigericin, 1 mg/ml, tetrachlorsalicyl- 
anilide (TCS), 10 .5 or 10-6M, or carbonyl cyanide m-ch!orophenyl- 
hydrazone (CCCP), 10 -4 or 10-s M, were added in 4 gl methanol. 

Efflux in the equilibrium situation was assessed by adding ATP at 
pH 6.12 at varying concentrations directly to the vesicles in the equili- 
brated medium and sampling as usual. Ionophores as above or lipid 
permeable ions such as dimethyl dibenzyt ammonium (DDDA),  dipicryl- 
amine (DPA), or SNC-  were added as necessary at 1 or 10ram con- 
centrations. 

Control experiments to determine binding of  isotope to the filters 

were performed by solubilizing the vesicles with 1% triton X-100 in 
the stop solution, or by diluting the vesicles into H20,  rather than stop 
solution before filtration. The former procedure reduced the radioactivity 
by 95% and the latter by 85% in terms of the activity usually trapped 
on the filter. 

On occasion 22Na+ or 13~Cs+ were used; and the experiments 
were performed as for 8~Rb+. In other experiments 36C1- or 14C-SCN- 

were used, and with these 120 mN Li2SO4 was used as stop solution 
instead of choline chloride. For experiments in which SO42- replaced 

Ct- ,  75 mM Rb2SO4 replaced the 150 mM RbC1 solutions. Sucrose was 
used to adjust the SO42- medium to maintain isotonicity. 

H + Uptake Studies. Vesicles preincubated in 150 mM salt as above 
were added to a medium containing 150mM salt and 5 mM glycylglycine 
pH 6.12 in a stirred vessel at room temperature. The change of pH 
was measured by a combination pH and calomel electrode connected to 
a pr iM64 pH meter and a Radiometer  Servorecorder, with a sensitivity 
of 1 cm per 0.01 pH units. 0.3 mM ATP was added to initiate the reaction 
and ionophores were added as above in methanol. 

Results 

Uptake of  Cations 

Kinetics. Uptake of  Rb +, Cs + or Na + was temperature and time 
dependent. Little difference was noted in uptake rate between the different 



Cation Transport by Gastric H + :K + ATPase 

120' 

105 

37~ 

90 

75 21~ 

D -  

~" 60 

= 45 

_4Oc 
30 

365 

15 

I I 1 I I 1 
20 40 60 80 100 120 

time (rain) 

Fig. 1. Uptake of Rb + at three temperatures. G1 vesicles in 250 mM sucrose, 200 pl, were 
mixed with 200 pl of a solution containing 150 mM RbC1, 10 mM glycylglycine, pH 6.12, 
4mM MgCI2, x ~ x ,  37~ e - - e ,  21 ~ o - - o ,  4 ~ Sampling was performed in 
triplicate at times longer than 5 min and in duplicate up to five min. The final protein 
concentration was 1.9 mg/ml and the final levels of uptake were equal after 48 hr further 

incubation 

cations, and the final level reached was identical for the three cations 
studied. 

The uptake of 86Rb+ with time is shown in Fig. 1 for the same 
preparation at 3 different temperatures. It can be seen that the process 

is time and temperature dependent. At 37 ~ the uptake curve is fitted 
to a single exponential with a tl/2 of 16.5 rain (r =0.991). At room temper- 
ature, the equilibrium value is not reached except after several hours 
incubation, and this value is lower than that reached at 37 ~ in 2 hr, 
suggesting that some impairment of vesicular impermeability has 
occurred. This is substantiated by the finding that H + uptake is reduced 
and a greater leak of the ATP induced H + gradient is observed. The 
tl/2 using the actual equilibrium value obtained at room temperature 
had a range of 28 to 51 rain with a mean of 40_+9 min (n--5). The 
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Fig. 2. Variation of osmolarity on 86Rb+ uptake. G1 vesicles were added in 250 m~ sucrose 
to a medium containing 150 mM RbC1, 10 mg glycylglycine, pH 6.t2, 4 m~ MgClz with 
varying amounts of mannito! to vary the medium osmolarity. The samples were taken 
in triplicate 10 min after mixing. The uptake was performed at 21 ~ and the final protein 

concentration was 2.9 mg/ml 

variation from preparat ion to preparat ion is presumably due to a varying 
degree of  permeability of  the vesicles as they are prepared. Maximal 

final uptake was observed by incubating the vesicles at 4 ~ for 48 hr, 
which procedure had the least effect on H § uptake;  hence, this procedure 

was used to load the vesicles with cations. The equilibrium level at 
this temperature allowed calculation of an intravesicular volume of 

2.0 +0.3 gl per mg protein (n=23) .  
Binding. Variation of  medium osmolarity results in alteration of Rb  + ' 

uptake as shown in Fig. 2. It can be seen that there is minimal binding 
of  Rb  § , since there is no apparent uptake predicted at infinite osmolarity. 
The mannitol  used as a nonpermeant  species does, however, slowly pen- 
etrate the vesicles (tl/2 > 2 hr), hence only short exposures to the mannitol  

medium were used. 
A Scatchard plot of  the Rb + taken up at varying initial Rb + concen- 

trations (Fig. 3) showed that above 10 mM a zero slope was observed 
as would be expected of  uptake into a nonsaturating intravesicular 
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Fig. 3. Scatchard plot for equilibrium uptake of Rb +. Uptake was performed at 4 ~ 
for 72 hr with varying Rb + concentrations with 2 mM MgC12, 40 mM trisacetate, pH 6.1. 
Isotonicity was maintained by varying the sucrose concentration. Ordinate: nmoles Rb + 
trapped/nmoles Rb + in the aliquot. Abscissa: nmoles Rb + trapped rag-1. The sampling 
was performed in quadruplicate at 21 ~ The final protein concentration was 0.82 mg/ml 

volume. Below l0 m g  the slope of the line suggests that some binding 
may occur. Subtraction of the uptake of Rb + allows calculation of the 
total number of binding sites to be approximately 5 nmoles/mg protein. 
This value may be neglected when dealing with the usual uptake of 
150 nmoles or so. 

Nature o f  Vesicle. Uptake of Rb + into the F1 and F l l  fractions 
showed similar levels compared to the GI fraction (Table 2). The com- 
bined uptake of Rb + in FI and Fl i  in this experiment was 191 nmoles/mg 
based on 72% of G1 as F1 and 28% F l l  (Saccomani etal., 1977). 
This level compares within experimental error to the 181 nmoles/mg 
uptake by the G1 fraction implying that during free flow etectrophoresis 
little vesicular damage occurs. 

Table 2. S6Rb+ uptake and ATP-stimulated efflux from GI and G1 free-flow electrophoresis 

Fraction Percentage of GI Equilibrium uptake ATP (2 raM) 
as protein nmole/mg protein induced effiux 

nmole/mg protein 

G1 100 181 79 
G1-F1 72 199 115 
G1-Fll  28 171 15 

Efflux was measured 10 min after the addition of ATP 
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Effect of  A TP. The addition of 2 mg ATP to the uptake medium 
reduces the uptake in the first 30 rain by 50%. 

Uptake of  Anion 

Chloride. The uptake of C1- at room temperature is similar to that 
of Rb + and reaches the same equilibrium level as Rb +. The mean tlj2 
was 36 rain. The ratio of the tl/2 shows that the permeability ratio of 
Rb § to C1- is approximately equal. However, addition of nucleotide 
is without effect on C1- uptake or distribution under any of the conditions 
of study. 

Thiocyanate. SCN- shows a much more rapid uptake (tl/2= 2 min). 
This is probably due to the presence of an additional uptake path for 
SCN-,  i.e., a lipophilic route (Scarborough, 1976). In the presence of 
valinomycin the uptake is further increased. This enhancement of uptake 
is independent of the initial K + gradient. 

The presence of valinomycin and a K + gradient would be expected 
to induce a potential which would increase SCN- uptake and result 
in a potential-dependent SCN- concentration gradient. This gradient 

would then dissipate at the same rate as the K § gradient. This expectation 
is contrary to the experimental findings. Thus the enhanced uptake in 
the presence of valinomycin is present even in vesicles equilibrated in 
KC1 prior to S l 4 C N  - addition. The interpretation of the increase uptake 
of SCN- in the presence of valinomycin is problematic. It could be 
due to binding of SCN- to the membrane that is dependent on the 
presence of the lipophilic valinomycin-K § complex. ANS shows a similar 
enhanced binding (Lewin et al., 1977). This binding could then obscure 
a transient due to the K § gradient dependent potential. Alternatively, 
the combination of a lipophilic anion and the lipophilic valinomycin 
K § complex could result in rapid equilibration of K § 

The addition of ATP has no effect on the equilibrium level of SCN- 
in the absence of valinomycin, as for 36C1-. In contrast to C1- however, 
in the presence of a valinomycin there is an enhanced SCN- uptake 
(Fig. 4). From the data presented below, there is a K § gradient in- 
duced by ATP, which in the presence of valinomycin would induce 
a positive potential inside the vesicles. This is the simplest interpretation 
of the ATP induced redistribution. The ATP dependent SCN- uptake 
is osmotically sensitive, hence is not due to binding. Since the fraction 
of transporting vesicles is not known, calculation of the potential differ- 
ence gives a minimal value, assuming all vesicles are transporting equally 
(i.e., have an identical K § gradient), of approximately 18 inV. 
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Fig. 4. Uptake of  S14CN . G1 vesicles in 250 m~  sucrose, 200 ml were mixed with 200 pl 
of  a solution containing 150 mM KC1, 80 mM tris-acetate, 4 mM MgC12, and 1.8 mM NaSCN 
(4 ~tCi 14C). Valinomycin was added in 4 ptl methanol to give 10 -6 M. ATP was added 
(arrows) to give a final concentration of 2 raM. x - - x ,  -S14CN uptake with or without 
ATP;  o - - o  -SI~CN uptake with valinomycin; o - - o  -Sa4CN uptake with valinomycin 

and ATP added after 15 min 

Efflux of Cation 

Dilution Efflux 

This was performed as detailed in Materials and Methods. The rate 

of  efflux of  86Rb+ was influenced by the cation composi t ion of  the 

external medium. The sequence of  effectiveness of  various cations (Ta- 

ble 3) in terms of  the inverse of  the t~/2 of  efflux was, with the rate 
in the presence of K § set arbitrarily at 100, K § 100; Rb § 82; Cs § 

64; Na § 20; Li + 11; choline 2. This efflux seems to be due, therefore, 

Table 3. Exchange effiux of 86Rb+ 

External cation tl/2 (rain) 

K + 1,8 
Rb + 2.2 
Cs + 2.8 
Na  + 9 
Li + 16 
Choline 80 

The mean of three experiments. 
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Fig. 5, Exchange efflux of 86Rb+ in the presence of ionophores. Vesicles were equilibrated 
with 86Rb+ in 75 mM RbC1, 125 mM sucrose, 2 mM MgCI2, 5 m~i glycylglycine, pH 6.12 
for 72 hr at 4 ~ The efflux of S6Rb+ was initiated by diluting 200 pl of the vesicles 
into 800 lal of solutions containing 150 mM MC1, 2 mu MgCI2, 5 mu glycylglycine, pH 6.12. 
e - - e ,  M=Na + ; o - - o ,  ~=Na  + with 10 6 M valinomycin; x - - x ,  M=Na + with I lag/ 
ml nigericin; zx--•  M=Rb + with 10 6~ valinomycin. The experiment was performed 

at 21 ~ and the final protein concentration was 2 mg/ml 

to a ca t ion /ca t ion  exchange  process,  the selectivity of  this exchange  corre-  

sponding  to the sequence o f  ac t iva t ion  of  the A T P a s e  or  H + up take  

(Sachs et al., 1976). It  seems possible,  therefore ,  tha t  the p a t h w a y  is 

due  to p u m p  sites. 

Add i t i on  o f  i onopho re s  affects the d i lu t ion efflux accord ing  to  their  

k n o w n  selectivities. Thus  va l inomyc in  (Fig. 5) enhances  efflux o f  Rb  + 

with R b  + or K + as external  cat ion,  bu t  does not  affect  effiux with 

Na  + as external  cat ion.  Nigericin also s t imulates  effiux in the presence  

o f  Na  +. The  permeabi l i ty  in up t ake  studies was ca lcu la ted  to be 10-9 cm 

sec-1  and  for efflux with external  K +, 2 • 10-8  cm sec-1  at RT.  

Equi l ib r ium Efflux 

Effect of  ATP. Most  o f  the studies were p e r f o r m e d  on  efflux f r o m  

an equi l ib r ium si tuat ion.  This  t r an spo r t  m ay  be p r im a ry  active, bu t  cou ld  

be secondary  active due to coupl ing  to a po ten t ia l  of  an e lect rogenic  

p u m p  or due to  con t r ac t i on  of  the vesicles. Th e  f i l t ra t ion  t echn ique  

can  detect  a t rans ient  efflux due to  var ious  possibilities. First,  the treat-  

ment  with A T P  cou ld  resul t  in a sudden  increase in Rb  + permeabi l i ty .  
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Fig. 6. Typical ATP stimulated efflux of Rb + from equilibrated vesicles. G1 vesicles were 
incubated in 75 m~ RbC1, 125 m~ sucrose, 2 mM MgC12, 5 mM glycylglycine, pH 6.12 
for 48 hr at 4 ~ ATP (2 raM) was added in 6.5 gl to initiate the efflux at 21 ~ Sampling 

was performed in triplicate at times over five rain. and in duplicate up to five rain 

Such vesicles placed in the stop solution would lose Rb + more than 
untreated controls. However, there are several findings which exclude 
this possibility. Proton uptake studies show that the vesicles do not 
become extremely permeable to either H + or K +. With the addition 
of ATP Rb + uptake is decreased by ATP. The effect of valinomycin 
on SCN- uptake and ANS fluorescence engendered by ATP can be 
most easily explained by the development of a K + gradient (Lewin et al., 

1977). 36C1- efflux or S14CN - efflux would be expected with an increased 

leakiness and is not observed. Contraction of the vesicles would likewise 
enhance C1- or SCN- efflux. A reduction of ATP induced efflux in 
the presence of nigericin occurs and this would not be expected of an 
increased wash out phenomenon. 

Alternatively, an actual concentration gradient develops in the solu- 
tion to which the ATP is added, and with loss of ATP due to hydrolysis, 
the previous equilibrium is reestablished. Fig. 6 shows the typical time 
course of the Rb § efflux and reequilibration with ATP addition to the 
G1 fraction. 

Kinetics .  The efflux produced by ATP is rapid and the maximum 
effiux obtained is a function of the ATP concentration used. The KM 
calculated from the Eadie-Hofstee plot was 2.5x 10 -4 M. This value is 

similar to the K~t for the ATPase and H + uptake activities of the vesicles 
(Sachs et al., 1976). 
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Table4. a6Rb+ Efflux as a function of high energy phosphates 

Nucleoside nmole/mg nmole/mg Percentage of ATP 
phosphate (2 mM) uptake a effiux b induced efflux ~ 

ATP 187 91 100 
CTP 168 56 87 
GTP 194 10 17 
ITP 182 16 28 
UTP 198 0 0 
,8- 7 methylene ATP 134 0 0 
Acetyl phosphate 1 l 8 8 15 
pNitrophenyl phosphate 117 1 2 

a Differences in uptake levels are due to the different preparations used. 
Maximal efflux taken 10 rain after the addition of the nucleotide. 

~ Percentages were based on the average ATP induced effluxes for the preparations used. 

Varying the ATP concentration also changes the initial rate of  Rb + 

efflux, but with the filtration technique used, the initial 15 sec values 

are close together and could not be adequately analyzed. 
The maximal efflux observed is a function of passive influx and 

passive efflux as well as of active efflux. The finding of a correspondence 

between the KM of the efflux process with respect to ATP and the H + 

uptake and ATPase activity suggests that the active efflux is predominant.  

The long tl/2 values for both efflux and influx as compared to the 

ATP effect substantiates this suggestion. 

With increasing ATP the gradient is maintained for longer periods 

of time, as would be expected. The H § gradient is similarly affected 

(Sachs et al., 1976). 
The efflux of Rb + was relatively specific for ATP. Of the other 

nucleoside triphosphates tested (GIP, UTP, TTP, CTP) only CTP was 

capable of  inducing Rb + efflux, but at a slower rate (Table 4). /~-7 meth- 
ylene ATP shows no transport activity though known to compete with 

ATP for the hydrolysis site (Saccomani et al., 1977). pNPP also shows 
no transport  though hydrolyzed by the enzyme in the presence of K § 

The average maximum efflux obtained for the G1 fraction was 44 + 7% 

of the initial level of Rb § . The pH curve from 6.0 to 7.4 of the maximum 

transported Rb § activity corresponded to the K § curve. Inhib- 

itors of K +-ATPase activity such as Zn + +, F -  (Forte et aI., 1975) and 
DCCD at 1 mM (Sachs et al., 1976) completely inhibited Rb § efflux. 

Following efflux there is reuptake of Rb + to the same level as found 
before ATP addition to the equilibrated vesicles. The reuptake can be 
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described by a single exponential with a tl/2 of 53 rain which is to be 
compared to the tl/2 of 40 rain under gradient conditions. This reuptake 

therefore presumably occurs by a single pathway into  one type of  vesicle. 
Stoichiometry. The stoichiometry of the Rb + and H + transported 

and ATP hydrolyzed, as well as a direct comparison of the moles H § 
taken up as compared to Rb § extruded have implications as to the 
electrogenicity of the pump mechanism. Since the only added ions are 
Rb + (or K +) and CI- maintenance of electroneutrality of the H § uptake 
process requires cotransport  of CI- or countertransport  of Rb + (or 

K+). Since no C1- movement  could be shown, the ratio of H + and 
Rb § transported is likely to be unity. Measurement  of Rb § efflux, H § 
uptake, and ATP hydrolysis on the same preparations gave a value 
for Rb + efflux of 6.5 gmole per mg per hr and an ATPase activity of 
3.6gmole Pi per mg per hr in the presence of  Rb § and 1.8gmol~ Pi 
per mg per hr in the absence of Rb § The calculated ratio of Rb § 
transported to ATP hydrolyzed is therefore 1.6 _+ 0.2 using total ATPase 
acti'vity and 3.5 +0.4  ( n = 4 )  using only the cation activated component.  
These studies were done at room temperature at pH 6.1, and this accounts 

for the relatively large contribution of ~"basal" ATPase activity. The 
same conditions, using the cation activated ATPase activity for the calcu- 
lation, the H § t ransported to ATP hydrolyzed ratio was 4.1 _+ 0.2 (n = 10) 
(Sachs et al., 1976). It should be noted however, that the H + measurement  
is electrometric, as compared to the filtration method for Rb +. The 
relative ratio obtained is reasonably close to one, as was predicted. This 
does not prove that the pump is nonelectrogenic. As discussed in more 
detail elsewhere, however (Sachs, et al., 1976; Lewin et al., 1977), the 
results with ionophores and probes of  vesicle potential strongly suggest 
that the transport  mechanism is different from the H § ATPase of mito- 
chondria or neurospora, for example (Scarborough, 1976). 

Effects o f  Ionophores. Ionophores  have variable effects on ATP 
induced Rb § efflux from preloaded vesicles (Table 5). Valinomycin and 
TCS did not affect Rb § efflux but valinomycin accelerated the reuptake 
phase of Rb + movement.  Nigericin reduced Rb + efflux by 40% at 1 ~ /  
ml. Lipid permeable ions such as DDA,  DPA or SCN-  had no effect 

on the level of Rb + efflux at concentrations up to 10 mM, alone or 
in combination. 

Effect o f  Rb + Concentration. Variation of  Rb + concentrat ion does 
not alter the steady state ratio of Rb § between vesicles and medium 
achieved by the addition of  ATP. Moreover,  it appears that the quantity 
of  Rb § t ransported is a linear function of the Rb + concentrat ion below 
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75 mM (Fig. 7). In contrast, ATPase activity is a saturable function of 
cation concentration, the apparent K A for Rb  + being 15 mM at pH 
6.1 at room temperature. 

Two interpretations may be suggested for these data. If the Rb  + 

movement  were in response to electrogenic H + uptake, then the final 

ratio would be independent of Rb  + concentration, and also the quantity 

Table 5, 86Rb+ Efflux in the presence of ATPase inhibitors and ionophores ~ 

Efflux stimulus and concentration Total nmole/mg nmole % ATP 
uptake efflux stimulated 

efflux b 

A T P + T C S  (0.9 x 10-6M) 154 
ATP + valinomycin (10 - 6 M) 152 
ATP + SCN (10 raM) 155 
ATP + nigericin (1 g/ml) 151 
A T P + F  (1 raM) 162 
A T P + Z n  2+ (1 mN) 161 
A T P + D C C D  (1 raM) 159 
A T P +  10ram D D A +  1 mM NaSCN 152 
A T P +  10ram D D A +  10mM NaSCN 192 
ATP + 10- 5 M DPA 146 
ATP + I mM NaSCN + 1 mM D D A  174 

72 98% 
70 92% 
66 106% 
39 63% 

3 5% 
1 1% 

0 O% 
75 90% 

117 127% 
75 77% 
85 88% 

a Efflux measured 10min after the addition of ATP. 
b Based on ATP stimulated effluxes for same preparation. 
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Fig. 7. ATP stimulated Rb + efflux as a function of Rb + concentration G1 vesicles were 
incubated at 4 ~ for 48 hr in X mM RbC1, 125 mM sucrose, 2 mM MgCI2 5 mM glycylglycine, 
pH 6.12 and (75-X) m~a choline chloride. Efflux was initiated at room temperature with 
2 m~  ATP and measured ten rain after ATP addition. Samples were taken in triplicate 
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transported would be a linear function of Rb + concentration. The distri- 

bution ratio would then suggest a value of 18 mV for the vesicular 
potential. 

However, there are many suggestive lines of evidence that argue 
against the idea that Rb + is acting as a passive counterion for an electro- 
genic H + ATPase. Thus increasing the conductance of the vesicular 
membrane to Rb +, by the addition of valinomycin would be predicted 
to increase Rb + effiux rate, which does not happen. The provision of 
alternate conductance paths, such as with lipid permeable cations and 
anions such as DDA + and SCN- should reduce Rb + effiux, which 

again does not occur (Table 5). If a potential does develop during ATP 
hydrolysis, then ATP hydrolysis should be stimulated by increasing mem- 

brane conductance. In general this does not occur, unless K + selective 
ionophores are used (Ganser & Forte, 1973b). The activation of K + 
stimulated ATPase by these ionophores is due to increased levels of 
intravesicular K +, since vesicular disruption abolishes the ionophore 
effect and NH4 + activation is not enhanced by valinomycin (NH3 being 
highly permeable) (Saccomani et al., 1977). 

An alternative interpretation of the final steady state ratio is that 
only a fraction of the vesicles transport as a function of the addition 
of ATP. This fraction then achieves a similar internal level of Rb + 
independent of the initial level of ATP. Separation of the density gradient 

fraction by free flow electrophoresis produced two vesicular fractions 
which trap approximately the same quantity of Rb + (Table 1). However, 
only the anodic fraction demonstrates Rb + efflux with ATP addition, 
and a higher level of efflux (58%) is obtained as compared to the original 
zonal fraction (44%). If there is a random orientation of the ATPase 
in the fraction, only half of this fraction will actually transport. Hence 
the approximate 3 : 1 steady state ratio achieved may be misleading. When 
ANS was used as a probe of intravesicular potential, the initial rate 
of change of fluorescence with the addition of ATP in the presence 
of valinomycin was a linear function of the log of the added K + concen- 
tration (Sachs et al., 1976; Lewin et al., 1977). This implies that the 
internal cation reaches a fixed value. Hence the Rb + ratio of the fraction 
of the vesicles transporting is likely to be greater than 3 : 1. 

H + Uptake." Fig. 8 shows the H + uptake induced with the addition 
of 0.3 mM ATP in vesicles equilibrated with RbC1 as for the Rb + trans- 
port studies. The addition of a protonophore such as tetrachlorsalicylanil- 
ide (TCS) only partially dissipates the H + gradient and the further addi- 
tion of valinomycin is required. This suggests the apparent absence of 
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Fig. 8. The uptake of H + when 0.3 mM ATP was added to vesicles equilibrated with 
RbC1 in 5 mN glycylglycine buffer pH 6.1 and the effect of addition of tetrachlorsalicylanilide 

(TCS) and valinomycin (val) 

sufficient K + or C1- conductance to adequately dissipate the gradient 
even with an added H + conductance. This is further evidence against 
potential dependent redistribution of Rb § In this particular experiment 
the initial 10 sec uptake rate of H + was equivalent to 21.2 gmole per 
mg per hr, and the initial hydrolysis rate corresponded to 8.16 gmole 
Pi per mg per hr giving a ratio of  H + transported to ATP hydrotyzed 
of  2.9. Correcting for basal ATPase activity in this particular experiment 
gave a ratio of  4.2 lamole H + transported per mole ATP hydrolyzed. 
The sensitivity of H + uptake to ATPase inhibitors is identical to that 
of  the Rb + efflux. 

It should be noted that the maximal H § gradient is developed at 
about 30 sec under these equilibrated conditions as compared to about 
5 rain for the Rb § efflux. At 1 min, directly comparing H § uptake and 
Rb + efflux, approximately a 2:1 ratio is obtained whereas the ratio 
approaches 1 : 1 at longer time intervals. The interpretation of this result 
is made difficult since the measurement  of H § uptake electrometrically 
is more sensitive than the filtration technique used for Rb + efflux. Cation 
electrodes are insufficiently sensitive for cation efflux studies with these 
preparations. However, these data as compared to the calculated stoichio- 
metry based on ATP hydrolysis suggest that the latter must be viewed 
with caution. 
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Discussion 

From the data presented above, it has been possible to prepare, 
from hog gastric mucosa, a vesicular fraction which contains a cation 
activated ATPase (Ganser & Forte, 1973a). This preparation contains 
vesicles of low ion permeability and this low permeability is maintained 
during the fractionation procedures including free flow electrophoresis. 
If these vesicles derive from the tubulo-vesicular system of the parietal 
cell, this implies that they are preformed in the cell and are not actually 
vesiculated by homogenization as would be necessary for plasma mem- 
branes of other cell types. The tubulovesicles fuse with the apical plasma 
membrane of the acid secreting cell with formation of microvilli (Sedar, 
1965) and presumably contain the acid secreting system. It is therefore 
striking that these vesicles contain few peptides revealed on SDS gel 
electrophoresis, more than 75% being accounted for in the 100,000 M, 
region (Sachs et al., 1976). 

The vesicles, either the zonal gradient or the free flow fraction, take 
up H + with addition of ATP as previously established for dog micro- 
somes (Lee et al., 1974). Since both a proton and a cation conductance 
were required to dissipate the H § gradient (Lee et al., 1974; Sachs et al., 

1975, 1976) it was suggested that the uptake was nonelectrogenic. Since 
changes in membrane conductance such as those induced by lipid perme- 
able ions or protonophores did not affect ATPase activity (Sachs et al., 

1976) and since no potential was detected during transport (Fig. 4 and 
Lewin et al., 1977) also using lipid permeable ions it was likely that 
the mechanism of H § uptake was not by a mechanism similar to the 
electr'ogenic H +-ATPase (Mitchell, 1966). Since cation and chloride ion 
were the only additions to the H + uptake medium which could satisfy 
the ionic requirements for the uptake process, pathways for these ions 
were presumed to be present in this vesicular preparation. 

Both cation and chloride were taken up by this preparation into 
an osmotically sensitive space at about the same rate. The low interactio- 
nic selectivity of uptake is typical of channels such as gramicidin (Goo- 
dall, 1973) or of noninteractive sites such as large diameter waterfilled 
pores. Both of these structures have a high H + permeability, and if 
present in these vesicles must be few in number. 

Efflux of Rb + into choline solutions was very slow as would be 
expected from the slow uptake observed, but external cation stimulated 
efflux considerably and selectively although the discrimination between 
K + and Na § was less than that for H + uptake or ATPase activity (Sachs 
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et al., 1976). Carriers of the valinomycin type are more selective and 
conductive whereas nigericin is less selective and essentially neutral (Hen- 

derson, McGiven&Chappell, 1969). The selectivity of this exchange 
process suggests that it is distinct from the nonselective uptake pathway 
revealed by the influx studies. It is also likely to be neutral since cation 
gradients do not result in H + movement across the vesicle membrane 
even in the presence of a proton conductance (i.e., in the presence of 
TCS). 

From both these types of studies the cation permeability and conduc- 

tance of the unenergized membrane preparation is low as is the anion 
permeability. 

The addition of ATP significantly affects cation but not anion move- 
ments in the untreated membranes. Thus influx is apparently reduced 
and efflux stimulated. Studies of Rb + movement following equilibration 
showed that Rb + was transported uphill following ATP addition. The 
cation requirement for H § uptake and the identical effects of inhibitors 
on ATPase, H § uptake, and Rb § movement suggested that these 
processes were interlinked. Indeed, the absence of C I -  redistribution 
under identical conditions implied that countertransport of cation was 
probably obligatory for H + uptake and that the ratio of cation efflux 

to H + uptake would therefore have to be 1:1. Studies on H § uptake 
showed that intravesicular cation was required (Sachs et al., 1976) and 
the evidence against electrogenicity of H § uptake or ATPase activity 
and against a cation conductance path made it likely that cation transport 
was due to direct coupling to the pump rather than due to indirect 
coupling by a potential due to electrogenic H § transport. This was sub- 
stantiated in these studies by the finding that shunt conductances (e.g., 
lipid permeable ions) added to the vesicles did not affect Rb + efflux; 
and that SCN- did not detect a positive interior potential with the 
addition of ATP. 

However, the final steady state ratio achieved by the vesicles for 
the gradient fraction (~2:1 and 3:1 for the electrophoretic fraction) 
could be interpreted as evidence for an 18-25 mV potential gradient. 
The data derived for the stoichiometry of the pump showed close to 
a 1 : 1 ratio if the ratio relative to ATP hydrolysis was used. A discrepancy 
did exist comparing pH measurements directly to Rb § movement at 
short time intervals, which might be due to the lower sensitivity and 
longer response time of the filtration technique. 

Thus the ATPase of these vesicles simultaneously translocates H + 
and cation in a directly coupled reaction. 
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From other studies cations dephosphorylate the ATPase as they do 
the Na + + K  + ATPase (Tanisawa & Forte, 1971). This ATPase therefore 
can be classified as an H + :K § ATPase in analogy to the Na + + K  + 

or Ca + § ATPases (Skou & Hilberg, 1969; Martonosi, 1969). A major 
difference between the preparation described here, and similar prepara- 
tions of the other enzymes is the ion tightness of the vesicle. Ca + + 
ATPase containing vesicles have a high anion permeability (Duggan 
& Martonosi, 1970) making it very difficult to determine the electrical 
characteristics of the pump. With this enzyme analogs such as carbamyl 
phosphate energize transport in contrast to the H § :K § ATPase. Most 

preparations of N a §  + ATPase are too leaky for transport studies, 
and this enzyme is usually present in membranes of a more complex 

peptide composition than the H § : K + ATPase (Walter, 1975). Reconsti- 

tuted vesicles containing this enzyme do exhibit Na § and K § transport 
(Hilden & Hokin, 1975). 

Although from these studies it would appear that the H + : K + ATPase 
catalyzes a transmembranal neutral K + :H + exchange, results with frog 
gastric mucosa in SO42- solutions are compatible only with an electroge- 
nic process in the gastric mucosa (Davis et at., 1963). Metabolic data 
in dog gastric mucosa (Sarau et al., 1975) and spectroscopic observations 
(Hersey, 1974) are also not incompatible with a redox energy source 

for secretion. On the other hand, based on antibody studies (Saccomani, 
unpublished observations) it is clear that this H + : K +-ATPase is a specific 
component of the parietal cell and is a transport enzyme requiring K§ 
which cation is essential for acid secretion (Davis et al., 1965). One 
might suggest that the electrogenic properties of the intact tissue reside 
in the CI- pump (Hogben, 1951) and perhaps in another membrane 
associated component removed by our isolation procedures or absent 
from the plasma membrane in nonsecreting tissue. 
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