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Summary 

Methods are described for purification of a vesicular membrane fraction of 
hog gastric mucosa using differential centrifugation, density gradient separation 
on zonal rotors and free-flow electrophoresis. As a result a fraction is obtained 
enriched 40-fold in terms of K÷-ATPase and free of  any other  enzyme marker 
other  than K*-activated p-ni t rophenyl  phosphatase. 

The 5'-nucleotidase and basal Mg2+-ATPase are clearly separated from the 
latter enzymes. 

Osmotic shock, Tri ton X-100 t rea tment  or K ÷ ionophores increased the K ÷- 
ATPase activity in isotonic conditions, but K÷-p-nitrophenyl phosphatase is not  
affected by these treatments,  nor  is the ATPase activity in the presence of NH~. 
The results suggest that  the electrophoret ic  fraction contains a major popula- 
t ion of  tight vesicles, whose permeabili ty to K ÷ is rate limiting for the ATPase 
activity but  no t  for  the p-ni t rophenyl  phosphatase activity. It is concluded that  
K ÷ site for  the ATPase is internal whereas the K ÷ site for the p-ni t rophenyl  
phosphatase is external,  hence, the K ÷ site must be mobile across the mem- 
brane. 

In t roduct ion  

The gastric mucosa is a complex heterocellular epithelium containing as 
major cell types the surface cell, the mucus neck cell, the parietal cell and the 

* To w h o m  c o r r e s p o n d e n c e  shou ld  be addressed .  

A b b r e v i a t i o n s :  HEPES,  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 ' - 2 - e t h a n a s u l f o n i c  ac id;  SDS, s o d i u m  dode-  
cyl  su l fa te .  
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chief of peptic cell. Current interest centers on the properties of the parietal or 
acid secreting cell, and fractionation of gastric homogenate has been aimed at 
producing purified preparations of the parietal cell's apical membrane across 
which H ÷ transport occurs. Plasma membranes of gastric fundic mucosa have 
been prepared by a variety of techniques in species such as frog [1], necturus 
[2], dog [3], rabbit [4] and recently, in hog [5]. Perhaps the most purified 
membrane fractions were obtained using Ficoll sucrose density gradients on 
zonal rotors, as applied to the dog [3]. Similar techniques applied to the hog 
produced fractions of equivalent purity, but various manipulations of gradient 
composition and shape, as well as rate rather than isopycnic centrifugation, did 
not  improve the purity. Recently, free-flow electrophoresis technique has been 
used to successfully separate the basal and apical membranes of rat kidney 
tubule cells [6]. In the present work this technique was used to increase the 
purity of gastric membrane fractions, and optimum electrophoretic separation 
conditions as well as some morphological and biochemical studies of the iso- 
lated fractions are described. 

Materials and Methods 

Fresh hog stomachs were obtained from the local slaughterhouse. After 
washing free of contents in tap water, the fundic mucosa surface was flooded 
with a saturated solution of NaC1, and the surface mucus and most of the 
superficial cells removed by vigorous wiping with paper towels, leaving mostly 
parietal and peptic cells. The fundic mucosa was then scraped from the underly- 
ing muscular layer and suspended in (approx. 10% tissue, w/w) cold solution of 
0.25 M sucrose, 20 mM Tris • HC1 buffer at pH 7.4. Homogenization was car- 
ried out  in a tight-fitting teflon-glass homogenizer (Potter-Elvehjem) with 10 
up-down strokes at 2000 rev./min. 

Differential centrifugation. The resulting homogenate was centrifuged at 
20 000 Xg for 30 min in a Sorvall RC-2 centrifuge. The pellet was washed 
once, and the combined supernatants were centrifuged at 78 000 X g * for 60 
rain in a Beckman L-2 ultracentrifuge with a No. 30 rotor to yield the crude 
microsomal pellet. The remaining material was termed the final supernatant. 

Zonal centrifugation. The technique used has been previously described [3]. 
The 78 000 X g pellet was resuspended in 0.25 M sucrose 20 mM Tris • HC1 (pH 
7.4) and after homogenization was distributed by zonal centrifugation using a 
continuous density gradient made from 7.5% (w/w) Ficoll 0.25 M sucrose and 
37% (w/w) sucrose in 20 mM Tris • HC1 at pH 7.4. 

Absorbance at 280 nm was used to estimate protein peaks in gradient frac- 
tions, while the Lowry method [7] was used in all other instances. Sucrose con- 
centration was measured with an Abbe refractometer. Fractions collected 
between a density of 1.04 and 1.06 (GI), between 1.06 and 1.08 (GI--GII), 
between 1.08 and 1.12 (GII), between 1.12 and 1.15 (GII--GIII) and between 
1.15 and 1.26 (GIII) were diluted with 20 mM Tris • HCI (pH 7.4) to less than 
1.04 density and centrifuged at 78 000 X g for 60 min to obtain pellets. 

Free-flow electrophoresis. Further fractionation of GI and GII fractions 

* g v a l u e  a t  R r a a x  - 1 0 5  5 0 0 .  
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obtained from zonal separation was accomplished on the FF5 electrophoresis 
apparatus developed by Hannig [8] (Biomedical Instruments,  N.Y.). The elec- 
trophoresis buffer  (or the separation buffer)  was 8 mM Trizma-base, 8 mM 
acetic acid and 0.25 M sucrose adjusted to pH 7.4 by 2 M NaOH, containing 
0.1 mM MgATP. The electrode buffer  consisted of 100 mM Trizma-base and 
100 mM acetic acid adjusted to pH 7.4 by 2 M NaOH. 

Prior to electrophoresis, GI and GII fractions were washed twice in separa- 
t ion buffer  and suspended to a final protein concentrat ion of  8 mg/ml. Sample 
injection rate was 1 ml/h, and 90 fractions were collected at 4 °C. The condi- 
tions of the runs were as follows: 120 +- 10% V/cm, 147 mA, temperature  7.4 -+ 
0.2°C and electrophoresis buffer  flow 4 ml per fraction per h. 

Mobility measurement. The total deflections of individual bands of particles 
within the separation chamber were recorded photographically.  The lateral dis- 
placement  of  particles was made up of  one componen t  due to the electro- 
phoretic velocity of the particles and a second componen t  due to the electro- 
osmotic velocity of the separation buffer.  To correct  for the electro-osmotic 
velocity of the separation buffer,  a zero mobili ty marker (separation buffer  
containing 0.4 M sucrose) was injected into the chamber. The angle of deflec- 
tion of  the bands due to electrophoret ic  velocity of  the particles was measured 
as the difference between the angles of total deflection of the individual bands 
and the angle of  deflection of the marker. The volume flow rate of the separa- 
t ion buffer was measured directly by collecting of  the ou tpu t  of  the electro- 
phoret ic  chamber  for measured time intervals. The maximum vertical velocity 
of  the separation buffer  was calculated from the volume flow rate and the 
geometry of  the chamber.  The separation buffer  was assumed to exhibit  lami- 
nat  flow, with a parabolic velocity profile across the narrowest  dimension of 
the chamber.  

The mobil i ty of a given band of particles was calculated using the formula: 

v 
u = ~ (tan s -- tan So) 

where u = electrophoret ic  mobili ty,  v = maximum velocity of  the buffer  solu- 
tion, E = electric field within the chamber,  s = the angle of deflection of  the 
particles bands, and So = the angle of deflection of  the zero mobil i ty marker. 

Electron microscopy. Zonal and free-flow electrophoresis fractions were 
spun down at 100 000 × g for 1 h. The pellets were fixed with 3% glutaralde- 
hyde for 1 h. After removing the glutaraldehyde by washing with 50 mM Tris • 
HC1 (pH 7.4), the samples were fixed with cold 1% OsO4 buffered with 50 mM 
cacodylate (pH 7.4) for  1 h. The pellets were then washed in buffer  and dehy- 
drated in increasing concentrat ions of ethanol.  The pellets were placed in pro- 
pylene oxide for 30 min and then in a mixture  of propylene oxide and Epon 
(1 : 1, v/v) for  12 h. Thereaf ter  the pellets were embedded in pure Epon, 
polymerized-for  40 h at 60°C. Thin sections were studied in a Phillips EM 300 
electron microscope. 

Enzymatic assays. Substrates used for the biochemical assays were obtained 
from Sigma Chemical Co. All of  the chemicals were reagent grade. 

5'-Nucleotidase was measured in a medium containing 3 mM MgC12, 3 mM 
AMP and 40 mM HEPES Tris buffer  at pH 7.4. ATPase activity was assayed in 
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a medium containing 2 mM MgC12, 20 mM KC1 or 20 mM NaHCO3, 2 mM ATP 
(disodium salt), 40 mM Tris • HC1 buffer at pH 7.4. Valinomycin was added in 
10 pl methanol to give a final concentration of 10 -5 M, and the effect com- 
pared to controls with only 10 pl methanol added. The term "basal ATPase" 
refers to the activity observed when the only activating ion present was Mg 2÷. 
The phosphate released was measured by the method of Yoda and Hokin [9] 
following incubation at 37°C. K÷-stimulated p-nitrophenyl phosphatase was 
assayed using a medium containing 6 mM MgC12, 6 mM p-nitrophenyl phos- 
phate (ditris salt) and 50 mM Tris/acetate (pH 7.5). The p-nitrophenol liberated 
was measured by the method of Torriani [10]. 5--50 pg of protein was used for 
the above assays depending on the specific activity of the sample. Other exper- 
imental variables are indicated in the figures and tables. 

Cytochrome c oxidase was measured by the procedure of Cooperstein and 
Lazarow [11] and succinate dehydrogenase by the method of King [12]. Mono- 
amine oxidase was estimated by a modification of the method of Tabor et al. 
[13] by following the formation of benzaldehyde spectrophotometrically at 
250 nm at 37°C in a medium containing 2.5 mM benzylamine and 50 mM 
phosphate buffer at pH 7.6, using a Gilford 2400 recording spectrophotometer.  
RNA was determined according to Munro and Fleck [14] while DNA was 
assayed by the method of Burton [15]. 

86Rb ÷ uptake. For uptake experiments, gastric membrane fractions at a final 
protein concentration ranging from 0.75 to 2.10 mg/ml were incubated for 72 
h at 4°C in a medium containing 40 mM Tris/acetate, 75 mM RbCl with 10 
pCi/ml 86Rb ÷, 125 mM sucrose and 2 mM MgC12 at pH 6.1, the opt imum pH for 
H ÷ transport [16]. Separation of the Rb÷-containing vesicles from the incuba- 
tion medium was achieved by Millipore filtration as previously reported [16]. 
86Rb ÷ uptake under these conditions has been demonstrated to reach equili- 
brium. 

Polyacrylamide gel electrophoresis in SDS. Electrophoresis was carried out 
following the method previously described [3]. Solubilized membranes were 
fractionated on 6.1 × 80 mm polyacrylamide gels. 

A 3.5% stacking gel was prepared in 0.1 M Tris.  HC1 (pH 6.8). Separation 
gets were 10% acrylamide prepared in 0.4 M Tris • HC1 (pH 8.6). In both cases 
2.5% of the acrylamide was N,N'-ethylenebisacrylamide. Reservoir buffer was 
0.19 M glycine/Tris base at pH 8.6. Gels and reservoir buffer contained 0.1% 
SDS. Samples applied contained approx. 50 pg of protein. Gels were stained for 
protein by Coomassie Blue. Molecular weight estimations were made on gels 
using standard proteins as described earlier [3]. 

Results 

(1) Differential centrifugation. The distribution of the various marker 
enzymes tested in this work is plotted in Fig. 1 according to the classical 
method of de Duve [17] and is similar to that  found by Forte et al. [5] for his 
preparation of hog gastric microsomes; it is presented in terms of the 20 000 × 
g (M), 100 000 × g (P), and supernatant (S) fractions. In this representation, 
the specific activity of all the constituents in the homogenate is set at 1; the 
height of the blocks gives the relative purification achieved over the homoge- 
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Fig. 1. Dif ferent ia l  f r a c t i o n a t i o n  o f  h o g  gastric m u c o s a .  The  subceUular  p a t t e r n s  are s t a n d a r d i z e d .  A T P a s e  
was  e s t i m a t e d  in p r e s e n c e  o f  2 m M  ATP,  2 mM MgCl2 w i t h  20 m M  KCl or N a H C O  3, in 40 m M  Tris - HCI 
at p H  7.4. O t h e r  assay p r o c e d u r e s  w e r e  as d e s c r i b e d  in Materia ls  and M e t h o d s .  F r a c t i o n  M, (20 0 0 0  X g);  
f r a c t i o n  P (100  000  Xg);  f r ac t ion  S ( s u p e r n a t a n t ) .  p N P P a s e ,  p - n i t r o p h e n y l  p h o s p h a t a s e ;  C Y T O  c Ox ,  
c y t o c h r o m e  c o x i d a s e ;  M A O ,  m o n o a m i n e  o x i d a s e .  

nate and the surface area of  the blocks (relative specific activity X % protein) is 
the percentage of  the constituent recovered in the corresponding fraction. 

Two characteristic distributions are obtained at this stage. 5'-Nucleotidase, 
K÷-ATPase and p-nitrophenyl phosphatase are localised in the microsomal frac- 
tion, while cytochrome c oxidase is associated with the mitochondrial fraction, 
in good agreement with data reported for gastric mucosa of  other species [1 ,3] ,  
including hog [5].  Monoamine oxidase, HCO~-stimulated ATPase and Mg 2÷- 
ATPase showed a distribution somewhat  different from the above markers; 
although the major portion of  these three enzymes were found in the mito- 
chondrial fraction, all showed a relative enrichment in the microsomal pellet. 
The microsomal fraction accounted for 8.5% of the protein, 31% of the RNA 
and 0.3% of  the DNA of  the total homogenate.  

(2) Density gradient separation. Separation of  the m[crosomal fraction on 
density gradients was trimodal, as shown in Fig. 2A, with peaks of  protein at 
densities of  1.05 (GI), 1.11 (GII), and 1.16 (GIII). Material was also detected 
between the fractions, (GI--GII and GII--GIII). 

Mg2+-ATPase and HCO~-ATPase showed very similar distributions with max- 
imal enrichment in GIII, but significant activity was detected in GII (28% for 
HCO~-ATPase). The markers for inner mitochondrial membranes, cytochrome 
c oxidase and succinate dehydrogenase, exhibited greater than 90% of their 
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Fig. 2 . (A)  F r a c t i o n a t i o n  of  gast r ic  cell m e m b r a n e s  ( m i c r o s o m a l  pel le t )  by  i sopycn ic  zona l  c e n t r i f u g a t i o n  
on 7.5% F i c o l l / 0 . 2 5  M sucrose  and  37% sucrose  in 20 m M  Tris • HC1 at p H  7.4. • " ,  p r o t e i n  distr i-  

bu t i on ;  (~ ~, suc rose  dens i ty .  (B) E n z y m e s  f r a c t i o n a t i o n  by  zona l  c e n t r i f u g a t i o n .  ATPase  and  p-  

n i t r o p h e n y l  p h o s p h a t a s e  ac t iv i t i es  are given as / lmol  of  Pi and  p - n i t r o p h e n y l  (pNP)  re leased per  ml  per  h. 
( : - -  c~ Mg2+-ATPase;  A ~, K C A T P a s e ;  e-- e,  K+-p-n i t rophenyl  p h o s p h a t a s e .  

activity in GIII, with very little activity in GII and none in GI. Monoamine oxi- 
dase showed essentially the same distribution as these mitochondrial markers, 
in contrast to the Mg 2÷- or HCO~-ATPase. On the other hand, the K*-p-nitro - 
phenyl phosphatase or K÷-ATPase showed a characteristically different distribu- 
tion; both enzymes exhibited maximal activity and percent distribution in GII, 
also showing significant activity in GI, but minimal in GIII. 5'-Nucleotidase had 
a different distribution from the above enzymes, with its activity peak in GI 
and decreasing thereafter (Figs. 2B and 3). These results are comparable to 
those reported for rat fundus [ 18] and other species [ 1,3]. 

(3) Free-flow electrophoresis separation. The indication that  the GII gastric 
membrane fraction was enriched almost 19-fold in K+-ATPase when compared 
with the starting homogenate, suggested that  further purification of the 
enzyme from others (such as Mg2+-ATPase and 5'-AMPase) could be achieved 
using the free-flow electrophoresis technique. 

In order to preserve the structural and morphological integrity of the mem- 
branes, an isotonic isolation and separation medium was used. In the standard 
moving curtain buffer (8 mM Tris or triethanolamine/acetate at pH 7.4), the 
GII fraction separated in two poorly resolved major bands. Addition of 0.1 mM 
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Fig .  3. T h e  d i s t r i b u t i o n  o f  e n z y m e s  a m o n g  t h e  g a s t r i c  m e m b r a n e  f r a c t i o n s  d e r i v e d  f r o m  z o n a l  c e n t r i f u g a -  
t i o n .  A s s a y  p r o c e d u r e s  w e r e  as  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s .  S D H ,  s u c c i n a t e  d e h y d r o g e n a s e ;  M A O ,  

m o n o a m i n e  o x i d a s e .  

MgATP resulted in a much sharper separation into three bands, the first (FI) 
being displaced towards the anode by ATP, the second (FII) remained station- 
ary. An additional minor peak (FIII) appeared which had the lowest  electro- 
phoretic mobility. 

Fig. 4 shows a photograph taken during a typical electrophoretic separation 
of  GII gastric membrane preparation. The mobilities of  each band were calcu- 
lated from the angles of  deflection, from the observed flow rate of the separa- 
tion buffer,  and from the field strength within the chamber (Table I). The zeta 
potentials of  the three fractions were calculated from the mobili ty data and 
buffer characteristic by application of  Henry's equation [19].  The method and 
tabulated data of Loeb and Wiersema [20] were used to determine the surface 
charge density of  FI only since FII and FIII were not  closed spheres. 

Protein and enzyme profiles of  the fractions collected are shown in Fig. 5. 
K÷-ATPase and p-nitrophenyl phosphatase activities are almost entirely associ- 
ated with FI, although activity is found in FIII, while Mg2+-ATPase and 5'- 
AMPase are clearly separated from the other enzymes and confined to FII. This 
purification produced a further 2-fold enrichment in K*-ATPase with respect to 
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Fig .  4. B a n d s  p r o d u c e d  by  t he  e l e c t r o p h o r e t i c  f r a c t i o n a t i o n  o f  G I I  gas t r ic  m e m b r a n e  p r e p a r a t i o n .  The  

b a n d s  were  p h o t o g r a p h e d  t h r o u g h  t he  s e p a r a t i n g  c h a m b e r  face  p l a t e .  T h e  l i ne  o n  t h e  r i g h t  r e p r e s e n t s  t he  

d e f l e c t i o n  d u e  to  t h e  e l e c t r o - o s m o t i c  v e l o c i t y  o f  t he  b u f f e r .  S e p a r a t i o n  b u f f e r  c o n t a i n i n g  0 .4  M suc rose  

was  i n j e c t e d  i n t o  t he  s t a n d a r d  s e p a r a t i o n  b u f f e r  w h i c h  c o n t a i n e d  0 . 2 5  M suc rose .  A w h i t e  t h r e a d  was  

s u p e r i m p o s e d  t o  a l l o w  a p h o t o g r a p h i c  r e c o rd .  The  o b l i q u e  l i ne  (A)  is F I  b a n d ;  (B) a n d  (C) i n d i c a t e  F I I  

a n d  F I I I  b a n d s ,  r e s p e c t i v e l y .  

the original GII zonal fraction (Table II). HCO~-stimulated ATPase appeared to 
be equally distributed in all three protein peaks, the percent of  stimulation 
however, increasing in FI due to the fall in the Mg2+-ATPase level. 

T A B L E  I 

E L E C T R I C A L  C H A R A C T E R I S T I C  O F  G A S T R I C  M E M B R A N E  F R A C T I O N S  F R O M  F R E E - F L O W  

E L E C T R O P H O R E S I S  

V a l u e s  s h o w n  i n d i c a t e  m e a n  o f  f ive  e l e c t r o p h o r e t i c  s e p a r a t i o n  + S.E.  

F r a c t i o n s  M o b i l i t y  Z e t a  p o t e n t i a l  S u r f a c e  c h a r g e  d e n s i t y  
( c m  2 X 1 0 4 / V  • s) ( m V )  ( /~C/cm 2)  

G I I - - F I  1 . 3 4  +- 0 . 0 4  ---50.7 ± 1 .0  - - 3 . 8 9  +- 0 . 0 1  
( 1 . 1 2  ± 0 . 0 2 )  * ( - - 4 2 . 2  ± 0 .5 )  ( - - 3 . 0 3  ± 0 . 0 3 )  

G I 1 - - F I I  ** 1 . 0 6  +- 0 . 0 2  - - 4 0 . 1  + 1.7 - -  

GI I  F I I I  0 . 5 2  +- 0 .01  - - 1 9 . 7  +- 0 .9  - -  

* In  b e t w e e n  p a r e n t h e s i s  are r e p r e s e n t e d  v a l u e s  w h e r e  f r e e - f l o w  e l e c t r o p h o r e s i s  was  ca r r i ed  o u t  in  

a b s e n c e  o f  0.1 m M  M g A T P  i n t o  t he  s e p a r a t i o n  b u f f e r .  
** The  s u r f a c e  cha rge  d e n s i t y  f o r  F I I  and  F I I I  f r a c t i o n s  were  n o t  c a l c u l a t e d  s ince  t h e s e  f r a c t i o n s  

a p p e a r e d  t o  be  in  n o n - v e s i c u l a r  f o r m .  
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T A B L E  II 

P U R I F I C A T I O N  O F  G I I  G A S T R I C  M E M B R A N E  F R A C T I O N  

Assay  c o n d i t i o n s  as desc r ibed  in Mater ia ls  and  Me thods .  Ac t iv i t i e s  are e x p r e s s e d  in ~ m o l / m g  p r o t e i n  pe r  

h. ( m e a n  of  n ine  f r a c t i o n a t i o n s  + S.E.).  

F r a c t i o n s  Mg2+-ATPase K+-ATPase  * K+-p-ni t ro  - 5 ' -AMPase  

p h e n y l  phos -  
pha ta se  

G I I ( z o n a l )  1 9 . 4 ± 1 . 8  6 3 . 6 ± 2 . 0  6 1 . 2 ± 4 . 2  2 . 2 ± 0 . 3  
G I I - - F I  4 . 4 ± 1 . 0  1 1 0 . 7 ± 2 . 6  6 8 . 0 ± 2 . 5  0 . 3 ± 0 . 0 6  

G I I - F I I  3 1 . 0 ± 3 . 1  2 0 . 0 ± 0 . 7  9 . 4 ± 1 . 0  5 . 4 ± 1 . 0  

G I I - F I I I  2 . 8 ± 0 . 4  5 0 . 1 ± 3 . 2  3 1 . 0 ± 2 . 2  0 . 1 ± 0 . 1  

* Ac t iv i t y  in p resence  o f  20 m M  KC1 m i n u s  the  basal  rate .  

(4) Effect of  valinomycin and osmotic shock. Addition of K*-ionophoretic 
substances such as valinomycin to the GII membrane fraction produced an 
approximate 25% increase in the K÷-ATPase activity. Stimulation was much 
more striking in the FI fraction from electrophoretic separation (about 85%) 
and it appeared to be entirely associated with this peak. No effect was detected 
on the K+-p-nitrophenyl phosphatase activity [28]. 

In hypotonic  conditions (produced by a 10--30-fold dilution of the mem- 
brane fractions into a medium lacking sucrose), the K*-ATPase activity of frac- 
tion GII increased by 18% and the valinomycin effect was almost abolished. 
Osmotically shocked FI showed a 1.7-fold enhancement of K÷-ATPase activity 
and again, valinomycin t reatment  did not  alter the activity significantly (Table 
III). 

These data suggest that, if a vesicular structure is present in the gastric mem- 
branes, the GII vesicle might be more permeable to K ÷, and FI vesicles less per- 
meable to the same ion. The K ÷ site is therefore on the interior of  the vesicle. 
A final concentration of 0.003% (w/v) Triton X-100 stimulated the K÷-ATPase 
in GII and FI fractions to the level reached in hypotonic medium and now 
valinomycin was without  effect. Higher concentrations of Triton X-100 inhib- 
ited the K÷-ATPase activity. When K ÷ was replaced with NH~, since NH3 appears 
to be freely permeable across cell membranes [21], in isotonic conditions, an 
increase in ATPase activity was observed, but valinomycin and osmotic shock 
were without  effect (Table III). Hence the effect of ionophores is indeed due to 
a limited K ÷ penetration of the vesicle. It is important  to point out  that  K*-p- 
ni trophenyl phosphatase, 5'-AMPase and basal Mg 2÷ activities were not  affected 
by osmotic shock. 

(5) Electron microscopy. An electron micrograph of GII membrane fraction 
is shown in Fig. 6. This fraction consists almost entirely of  smooth-surfaced 
vesicular particles, 0.1--0.2 pm in diameter. Many of the vesicles in this fraction 
are present in double membrane forms, which often appeared to be two fused 
membranes. Spherical particles (500 A), probably mitochondrial fragments, 
are also seen. Micrographs of thin sections of the FI electrophoretic fraction 
also exhibited a double membrane structure with occasional granular content.  
No other cell particles could be detected (Fig. 7). Freeze-fracture confirmed 
the double membrane structure and also showed the presence of intercalated 
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(6) 86Rb+ uptake. Table IV shows the equilibrium levels of S6Rb + uptake.  The 
total uptake of  the original GII fraction was approximately equal to the sum of  
the relative uptakes (relative uptake = % uptake/% protein) of each free-flow 
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FI and FII exhibited S6Rb ÷ uptake, while fraction FIII showed very little in 



T
A

B
L

E
 

II
I 

E
F

F
E

C
T

 
O

F
 

IS
O

T
O

N
IC

IT
Y

 
A

N
D

 
O

S
M

O
T

IC
 

S
H

O
C

K
 

O
N

 
T

H
E

 
K

+
-A

T
P

a
se

 
A

C
T

IV
IT

Y
 

O
F

 
G

A
S

T
R

IC
 

M
E

M
B

R
A

N
E

 
V

E
S

IC
L

E
S

 

A
ct

iv
it

y
 

in
 

p
re

se
n

ce
 

o
f 

th
e 

fo
ll

o
w

in
g

 
w

h
er

e 
a

p
p

ro
p

ri
a

te
: 

2 
m

M
 

A
T

P
, 

2 
m

M
 

M
g

C
lZ

, 
20

 
m

M
 

K
C

l.
 

10
e5

 
M

 
v

a
li

n
o

m
y

ci
n

, 
0.

00
3%

 
(w

/v
),

 
T

ri
to

n
 

X
-1

00
.0

.2
5 

M
 

S
W

X
O

S
~

 

in
 

40
 

m
M

 
T

ris
 

. 
H

C
I.

 
A

ct
iv

it
ie

s 
a

re
 

ex
p

re
ss

ed
 

in
 

p
m

o
l/

m
g

 
p

ro
te

in
 

p
er

 
h

. 
(m

ea
n

 
o

f 
si

x
 

ex
p

er
im

en
ts

 
+

 
S

.E
.)

 

F
ra

ct
io

n
s 

Is
o

to
n

ic
 

K
+

-A
T

P
a

se
 

K
+

-A
T

P
a

se
 

+
 

v
a

li
n

o
m

y
ci

n
 

Is
o

to
n

ic
+

T
ri

to
n

 

x
-1

00
 

K
+

-A
T

P
a

se
 

H
y

p
o

to
n

ic
 

K
+

-A
T

P
a

se
 

K
+

-A
T

P
a

se
 

+
 

v
a

li
n

o
m

y
ci

n
 

G
II

 
(z

o
n

a
l)

 
52

.7
 

f 
2.

2 
(6

6.
9 

f 
1.

5)
 

* 
68

.3
 

+
 

3.
3 

(6
4.

4 
f 

2.
3)

 
67

.4
 

+
 

1.
3 

63
.6

 
f 

2.
0 

66
.3

 
f 

1.
0 

G
II

-F
I 

63
.7

 
f 

2.
1 

(8
6.

4 
+

 
1.

5)
 

10
1.

5 
k

 
2.

4 
(9

5.
6 

+
 

2.
8)

 
10

2.
2 

+
 

1.
7 

11
0.

7 
f.

 
2.

6 
11

2.
4 

+
 

1.
4 

G
II

-F
II

 
21

.2
 

+
 

1.
1 

(2
2.

7 
+

 
0.

5)
 

21
.4

 
+

 
0.

7 
(2

0.
4 

f 
1.

3)
 

18
.6

 
+

 
2.

3 
20

.0
 

f 
0.

7 
19

.8
 

f 
2.

1 

G
II

-F
II

I 
50

.4
 

+
 

3.
0 

(5
1.

7 
+

 
1.

4)
 

50
.2

 
f 

2.
8 

(5
1.

0 
+

 
2.

7)
 

47
.4

 
f 

3.
0 

50
.1

 
f 

3.
2 

51
.3

 
* 

1.
7 

* 
V

a
lu

es
 

in
 

b
et

w
ee

n
 

p
a

re
n

th
es

es
 

in
d

ic
a

te
 

th
e 

A
T

P
a

se
 

a
ct

iv
it

y
 

w
h

en
 

K
+

 
w

a
s 

re
p

la
ce

d
 

w
it

h
 

20
 

m
M

. 
N

H
: 

m
in

u
s 

th
e 

b
a

sa
l 

ra
te

. 



b~
 

F
ig

. 
6

. 
E

le
c

tr
o

n
 

m
ic

ro
g

ra
p

h
 

o
f 

G
II

 m
e

m
b

ra
n

e
 

fr
a

c
ti

o
n

. 
T

h
is

 
m

a
te

ri
a

l 
c

o
n

si
st

s 
o

f 
sm

o
o

th
-s

u
rf

a
c

e
d

 
v

e
si

c
le

s 
w

it
h

 m
a

n
y

 
d

o
u

b
le

 
m

e
m

b
ra

n
e

 
fo

rm
s.

 
In

 a
d

d
it

io
n

 
p

a
rt

ic
le

s 
w

it
h

 m
o

rp
h

o
lo

g
ic

a
l 

a
p

p
e

a
ra

n
c

e
 

as
 m

it
o

c
h

o
n

d
ri

a
l 

fr
a

g
m

e
n

ts
 

ar
e 

p
re

se
n

t 
(X

 4
8

 0
0

0
).

 



~
ig

. 
7

. 
E

le
c

tr
o

n
 

m
ic

ro
g

ra
p

h
 

o
f 

F
I 

e
le

e
tr

o
p

h
o

re
ti

c
 

fr
a

c
ti

o
n

. 
T

h
e

 
m

o
rp

h
o

lo
g

y
 

is
 s

im
il

a
r 

to
 t

h
a

t 
o

f 
G

II
 f

ra
c

ti
o

n
. 

C
o

n
ta

m
in

a
ti

o
n

s 
b

y
 

o
th

e
r 

ce
ll

 p
a

rt
ic

le
s 

ar
e 

q
u

it
e

 
a

b
se

n
t 

X
 

9
6

 0
0

0
).

 

,3
 



/i
: 

iii~
ii!:

 
i!i

~ ~
 ~ ~

i~i
iii~

 

"i
 

i! 
:̧=̧

 ~ ~
 

~i :̧
I̧ 

F
ig

. 
8.

 
E

le
ct

ro
n

 
m

ic
ro

g]
ca

ph
 o

f 
F

II
 e

le
ct

ro
p

h
o

re
ti

c 
fr

ac
ti

o
n

. 
M

o
st

ly
 

o
p

en
 

m
em

b
ra

n
e 

fo
rm

s 
ar

e 
p

re
se

n
t.

 
N

o
te

 
th

e 
d

is
ti

n
ct

 
d

if
fe

re
n

ct
's

 
w

h
en

 
co

m
p

ar
ed

 
to

 
l~

'I 
o

f 
F

ig
. 

7 
(×

 9
6

 0
0

0
).

 

5~
 

bD
 



i 

'i
g

. 
9

. 
E

le
c

tr
o

n
 

m
ic

ro
g

ra
p

h
 

o
f 

F
II

I 
e

le
c

tr
o

p
h

o
re

ti
c

 
fr

a
c

ti
o

n
. 

A
 

m
ix

tu
re

 
o

f 
o

p
e

n
 

a
n

d
 

c
lo

se
d

 m
e

m
b

ra
n

e
s 

c
a

n
 

b
e

 s
e

e
n

 
(X

 
1

6
 

0
0

0
).

 



3 2 6  

T A B L E  IV 

85Rb+ U P T A K E  A N D  E F F L U X  O F  G A S T R I C  M E M B R A N E  F R A C T I O N S  

Values  s h o w n  ind ica te  a m e a n  of  f o u r  d e t e r m i n a t i o n s .  

F r a c t i o n s  n m o l  8 6 R b  + u p t a k e / r a g  p r o t e i n  n m o 1 8 6 R b +  e f f lux  r a g / p r o t e i n  * 

GI I  (zonal )  160 60 

G I I - - F I  235 125 

G I I - - F I I  195 8 
G I I - - F I I I  75 0 

* 86Rb+  e f f lux  e x p e r i m e n t s  were  car r ied  ou t  in the  p resence  of  2 m M  ATP,  u n d e r  c o n d i t i o n s  

desc r ibed  in Mater ia ls  and  Methods .  

spite of its K*-ATPase activity. For GII and FI fractions, the presence of valino- 
mycin increased the rate, but not the final level, of  S6Rb ÷ uptake. It appeared 
that valinomycin enhanced the Rb ÷ permeability of  the vesicles [16].  Addition 
of  ATP stimulated H ÷ uptake and Rb ÷ efflux only in the FI fraction [16].  

(7) Polyacrylamide gel electrophoresis. In order to compare the peptide com- 
position of  the subcellular fractions derived from hog gastric mucosa, the 
respective fractions were solubilized in SDS-~-mercaptoethanol and subjected 

Fig. 10. S D S - p o l y a c r y l a m i d e  gel e l ec t ropho re s i s  p a t t e r n s  o f  va r ious  gast r ic  m e m b r a n e  f r ac t ions  s t a ined  
wi th  C o o m a s s i e  blue.  The  m i c r o s o m a l  f r a c t i o n  P, o b t a i n e d  by  d i f f e r en t i a l  c e n t r i f u g a t i o n  is s h o w n  and  
c o m p a r e d  wi th  f r a c t i o n s  GII ,  FI ,  FI I ,  F I I I .  A p p r o x .  50 pg  of  p r o t e i n  were  appl ied  to  each  gel. Molecu la r  
w e i g h t  was  e s t i m a t e d  by  ca l ib ra t ion  of  iden t ica l  gels w i t h  s t a n d a r d  p ro t e in .  N o t e  the  i nc reas ing  pur i f ica-  

t i on  o f  the  M r = 100  000  p o l y p e p t i d e  reg ion .  
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to acrylamide gel electrophoresis. Gels stained for protein (Fig. 10) revealed 
considerable simplification on the polypeptide pattern between the microsomal 
fraction (P) and the electrophoretic gel purified fraction (FI). It can be seen 
that, consistent with the enzymatic data presented above, a major polypeptide 
region of Mr = 100 000 accounts for 23% of the total protein stain in the micro- 
somal fraction and for 75% of the FI fraction. This polypeptide was phos- 
phorylated by [7-32P]ATP and dephosphorylated in the presence of K ÷ [3,5]. 
On the other hand, FII electrophoretic pattern shows mainly the remaining 
peptides of the original GII fraction. 

Of interest is fraction FIII which shows the presence of a Mr = 100 000 poly- 
peptide region in quite large amounts. 

Discussion 

Previous studies on purification of gastric microsomal membranes [1,4,5] 
have used methods similar to those described here, with the exception of zonal 
isopycnic centrifugation in a Ficoll/sucrose continuous gradient. This technique 
separates two classes of membranes: GI at density of  1.05 which is relatively 
enriched in 5'-nucleotidase, and GII at density of 1.11 which is enriched 19- 
fold in K÷-ATPase and K÷-p-nitrophenyl phosphatase with respect to the origi- 
nal homogenate.  

The HCO~-stimulated ATPase, which has been the subject of much work in 
the gastric membrane [3,4,18] seemed at first to be located in the denser 
region of the sucrose gradient where mitochondrial and ribosomal markers were 
in high activity [5,18]. However, detailed analysis of its distribution indicated 
that  28% of its activity was still located in GII where only 10% of mitochon- 
drial markers activity was found. 

The fractionation procedure described above yielded a satisfactory separa- 
tion between 5'-AMPase, which is probably associated with other plasma mem- 
branes, and K÷-ATPase (or p-nitrophenyl phosphate), which is probably associ- 
ated with apical membrane of the parietal cell surface and the tubulovesicular 
system [1,5]. Yet it also indicates that  densities of the membranes in which 
these two clases of enzymes are located are perhaps not  different enough to 
allow a complete separation by gradient centrifugation. 

In recent investigations [6,23,24] it has been shown that  the preparative 
free-flow electrophoresis technique is capable of effecting separation not pos- 
sible by other methods. One important  conditions for a successful application 
of this relatively new technique is a difference in the electrical behavior of the 
material to be purified. In the case of separations of biological membranes, 
therefore, it is necessary that  the membranes have unique electrical surface 
charges. In most cases, this varying surface charge appears to be related to a 
functional and morphological difference. 

Our initial a t tempt  at the further purification of the K÷-ATPase in GII mem- 
brane fraction by free-flow electrophoresis under standard conditions gave 
indiffererit results, probably because of an insufficient difference in charge of 
the particles involved. However, enzymatic analysis of the fractions collected 
indicated that  some degree of separation had been obtained. It seemed that  the 
inducement of charge perturbation on the system could increase the electro- 
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phoretic resolution. Since it has been shown that  the gastric ATPase can be 
phosphorylated in absence of cation such as K * [22], from the level of phos- 
phorylation (approx. 10 -9 mol of phosphate/mg protein) and the vesicular vol- 
ume (2 pl/mg protein) of the membranes, it was possible to calculate a prob- 
able increase of 500 negative charges per vesicle. Based on this observation, 
MgATP was added to the electrophoretic separation medium. 

The subsequent change in electrophoretic mobility of the membrane parti- 
cles, produced by an increase in the negative charge density, resulted in a dis- 
tinct separation of K÷-ATPase and p-nitrophenyl phosphatase from Mg2+-ATP - 
ase and 5'-nucleotidase-carrying membrane. However, HCO3 stimulation of 
ATPase was present in all the fractions. From the surface charge densities calcu- 
lated for the FI fraction by the mobility measurements, in presence and 
absence of MgATP into the separation buffer, it was found that  the change in 
negative charges per vesicle was in good agreement (approx. 600) with the value 
obtained from phosphorylation experiments. 

The morphological appearance of the GII membrane fraction before electro- 
phoretic separation, as seen in the electron microscope was not  altered by this 
technique. The vesicular structure and the double membrane forms observed 
in GII fraction were also found in FI. On the other hand, the contamination 
present in GII was clearly separated and primarily confined to FII. Along with 
the enzymatic data and the electron microscope appearance, the gel pattern of 
membrane proteins separated by acrylamide electrophoresis tend to confirm 
the actual fractionation and purification of the gastric K~-ATPase. The progres- 
sive increase in Mr = 100 000 region containing the phosphorylated peptide 
subunits of  the KtATPase and the considerably simplified polypeptide pattern 
in FI demonstrate the purification produced, when compared to GII and FII 
fractions. 

The free-flow electrophoresis technique appeared also to separate K÷-ATPase 
present in " t igh t"  vesicles, from K÷-ATPase localised in open membrane frag- 
ments. The findings that ionophores such as valinomycin, in isotonic condi- 
tions, increase the KtATPase activity of the membrane preparation, suggest 
that  this ionophore enhanced the penetration of K ÷ into the interior of the vesi- 
cles, eliminating the permeability barrier. This effect appeared significantly 
larger in fraction FI when compared to GII and it was not  observed in fractions 
FII and FIII. 

Based on those data, treatments designed to disrupt membrane vesicles 
should also be effective. Osmotic shock induced by hypotonic  lysis and Triton 
X-100 treatment  [25] were used to alter the tightness of the vesicles. In both 
cases the Ktdependen t  ATPase activity was increased nearly to the valinomy- 
cin-expressed rate. It should be noted that  increasing the concentration of 
Triton X-100 increased the ATPase activity up to a maximum and thereafter 
decreased. These treatments did not  affect fractions FII and FIII. 86Rb ÷ uptake 
studies confirmed the different degree of permeability of the vesicles. The high 
level of S6Rb ÷ uptake in FI might be explained considering that  this fraction 
could either contain a large percentage of vesicular material per mg of protein, 
or vesicles less permeable to the ion involved, when compared to the original 
GII. On the other hand fractions FII and FIII showed less 86Rb* uptake. If the 
K÷-ATPase was in vesicular form, Rb ~ efflux should occur with ATP addition 
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[16] as occurs in FI. The lack of  efflux in FII and FIII implies either the 
absence of  functional  vesicles or vesicles highly permeable to Rb +. 

The results presented so far in this paper indicate that  K ÷ permeabili ty is a 
limiting factor in the vesicular gastric ATPase activity. The data obtained by 
replacing K + with NH~ in isotonic conditions supports this point  of  view. Again, 
analysis of the kinetics of activation both by K + and additional activation by 
ionophore(s)  lead to the same conclusion [22]. The fact that  K ÷ stimulates 
both the ATPase and the phosphatase of  gastric microsomal membranes raises 
the question of the relationship between those two enzymes. As for Ca2+-ATP - 
ase and (Na÷+ K+)-ATPase [26,27] there is considerable evidence that  the phos- 
phatase activity is a proper ty  of the ATPase complex.  For example, in terms of  
purification, cation selectivity and action of inhibitors [4,5,16],  it would seem 
that  phosphatase and ATPase activity reside on the same enzyme. 

The insensitivity to ionophores and to vesicle rupture  of the p-ni t rophenyl  
phosphatase activity suggests that  K ÷ penetrat ion is not  rate limiting for the 
activity of  this enzyme,  in contrast  to the ATPase. Rb + transport  does not  
occur with p-ni t rophenyl  phosphatase or acetyl phosphate as substrate, hence 
it is likely that  the K ÷ site for  p-ni t rophenyl  phosphatase activity is readily 
available to external K +, whereas the K ÷ site for ATPase is internal. Since K ÷ is 
t ransported by the vesicle and both an internal and external K ÷ site are present, 
the site must be mobile across the membrane.  

The double or multi layered structure of  many of the membrane forms in GII 
and FI would suggest that  a change in specific enzyme activity might also occur 
with rupture of the vesicles if the inner vesicle also contained K÷-ATPase. The 
action of  ionophores in achieving maximal activity and the insensitivity of  p- 
ni t rophenyl  phosphatase to loss of  vesicle integrity suggests that  either ATP or 
p-ni t rophenyl  phosphate has free access to the inner vesicle, or that  this inner 
vesicle has a different  peptide composit ion from the outer  vesicle. 
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