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S u m m a r y  

A highly pur i f ied  m e m b r a n e  f rac t ion  was der ived f rom hog gastric m u c o s a  
by  a c o m b i n a t i o n  of  d i f ferent ia l  and dens i ty  gradient  cen t r i fuga t ion  and free 
f low e lec t rophores i s .  This final f rac t ion  was 85-fold  enr iched  with  respec t  to 
ca t ion  ac t iva ted  ouabain- insensi t ive  ATPase.  A n t i b o d y  against  this f rac t ion  was 
shown to be b o u n d  to  the  luminal  surface  o f  the  gastric glands. The  add i t ion  of 
ATP to  this f rac t ion  or the  dens i ty  gradient  f rac t ion  resul ted in H + u p t a k e  into  
an osmot i ca l ly  sensit ive space.  The  a p p a r e n t  K,,~ for  ATP was 1.7 • 1 0  -4 M in 
the  absence  of  a K ÷ gradient  similar  to tha t  f o u n d  for  ATPase act ivi ty .  The  
reac t ion  is specif ic fo r  ATP and requires  ca t ion  in the sequence  K ÷ > Rb* > Cs * 
> N a + >  Li ÷ and is inhib i ted  by  ATPase  inhibi tors  such as N,N ' -d icy lc lohexy l -  
ca rbod i imide .  Maximal  H + u p t a k e  occurs  wi th  an o u t w a r d  K ÷ gradient  bu t  the 
min ima l  a p p a r e n t  K A is f ound  in the  absence  o f  a K + gradient .  The pH o p t i m u m  
for  t t  ÷ u p t a k e  is be t ween  5.8 and  6.2 which co r re sponds  to  the  pH range for  
p h o s p h o r y l a t i o n  of  the e n z y m e ,  bu t  is cons ide rab ly  less than  the  p i t  m a x i m u m  
of  the  K ÷ d e p e n d e n t  d e p h o s p h o r y l a t i o n .  In the p resence  of  an inward K + gra- 
dient ,  p r o t o n o p h o r e s  such as te t rachlorsa l icy lani l ide  on ly  par t ia l ly  abolish the  
H ÷ grad ien t  bu t  va l inomyc in  dissipates 75% of  the gradient ,  and nigericin abol- 
ishes the  gradient .  The  vesicles t h e r e f o r e  have a low K ÷ c o n d u c t a n c e  bu t  a mea-  
surable  H ÷ c o n d u c t a n c e ,  hence  a K + gradient  can p r o d u c e  an H + gradient  in the  
presence  of  va l inomyc in .  The  u p t a k e  and  s p o n t a n e o u s  leak of  H + are t emper -  
a ture  sensit ive wi th  a similar  t rans i t ion  t e m p e r a t u r e .  Ul t ravio le t  i r radia t ion 
inact ivates  ATPase  and p r o t o n  t r a n s p o r t  at  the same rate,  a p p r o x i m a t e l y  at 
twice  the  rate  o f  p - n i t r o p h e n y l p h o s p h a t a s e  inact iva t ion .  I t  is conc luded  tha t  H * 
u p t a k e  by  these vesicles is p r o b a b l y  due to  a d imer ie  (H÷+ K+)-ATPase and is 
p r o b a b l y  non-e lec t rogenie .  

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d .  
A b b r e v i a t i o n :  D C C D ,  N,N'-dieyelohexylcarbodiimide. 
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Introduction 

The generation and utilization of proton gradients by bacteria [1],  bacterial 
vesicles [2], chloroplasts [3] and mitochondria  [4] have now assumed primary 
importance in understanding coupling of ion gradients to chemical synthesis or 
solute transport.  In all these systems one is dealing in general with a complex 
series of redox reactions, a multi-subunit ATPase and a large number  of puta- 
tive ion and organic solute carriers. The parietal cell of gastric fundic mucosa at 
rest contains a large number of smooth surfaced closed vesicular structures in 
the apical cytoplasm which fuse with the intracellular canalicular membrane 
during secretion forming a complex microtubular system [5]. In this state the 
cell is capable of generating a bet ter  than 106 : 1 W gradient. 

There are many indications that  the purified membrane fractions of gastric 
mucosa are vesicular apart from the H + transport  studies to be reported.  Thus 
the W ATPase activity [6] is enhanced in fresh preparations by the addition of 
ionphores such as valinomycin [7] and electron micrographs show the prepara- 
tions to be vesicular, often with a double membrane appearance [8]. Using a 
lactoperoxidase method,  it has also been shown that only certain peptides can 
be iodinated in fresh preparations from dog mucosa and that  additional peptides 
iodinate in frozen thawed fractions [9]. Recently,  it has been shown that a 
crude microsomal fraction from dog stomach is capable of transiently alka- 
linising the medium at pH 6.1 with the addition of ATP, the alkalinisation being 
reversed only by adding both valinomycin and pro tonophore  [10].  The impor- 
tance of this finding to proton secretion by the stomach and to studies relating 
proton  gradients to ATP turnover makes it necessary to define the character- 
istics of this gradient, such as its magnitude, location, ion requirements,  sub- 
strate specificity, electrogenicity and relationship to ATPase activity. 

Materials and Methods 

1. Vesicle preparation. Scrapings of hog gastric mucosa, after flooding with 
3 M NaC1 to remove mucus and large numbers of surface cells [11],  were homo- 
genized in unbuffered 0.25 M sucrose and the crude microsomal pellet prepared 
by centrifuging the post 20 000 × g supernatant at 78 000 × g (mean value) for 
1 h. The pellet was resuspended at a concentrat ion of 25 mg/ml protein again 
in 0.25 M sucrose, layered on top of a discontinuous gradient of 7% (w/v) ficoll 
and 30% sucrose, and centrifuged in a Z60 zonal ro tor  for 2 h at 59 000 rev./ 
min. Three particulate fractions were obtained, one at the 0.25 M sucrose-7% 
ficoll interface, one at the interface between 7% ficoll-30% sucrose layers and 
one at the bo t tom of the gradient. Similar procedures applied to the hog antrum 
(with the exception that  polyt ron (Brinkmann Instruments) homogenizat ion 
was required) produced only two fractions, that at the sucrose fieoll interface, 
the other  at the bo t tom of the tube. 

The fraction at the sucrose ficoll interface (GI) was used in most of the 
experiments.  The step gradient produced a sufficiently concentrated fraction to 
allow use without  further centrifugation. Ficoll was found to be superior to 
sucrose in producing vesicles of low permeability. 

In addition GI fraction was subjected to free flow electrophoresis on a Han- 
ning FF5 free flow machine (Biomedical Instruments,  New York) using 8 mM 
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Tr i s /ace ta te  in 250 mM sucrose  adjus ted  to  pH 7.4 wi th  2 M NaOH wi th  the 
add i t ion  of  0.1 mM MgATP in the  cur ta in  bu f f e r  wi th  a vol tage gradient  o f  100 
V per  cm and a f low rate  of  180  ml /h  at  7.5 ° C. This p r o c e d u r e  separa tes  the  
gradient  f r ac t ion  in to  an FI and FII  f rac t ion .  Both  of  these  were  s tudied  for  H ÷ 
up take .  

Gel e l ec t rophores i s  was carr ied ou t  in sod ium dodecy l  su lpha te  as prev ious ly  
descr ibed  [ 9 ]. 

2. I-I + u p t a k e .  The  e x p e r i m e n t s  were  carr ied ou t  in a magne t ica l ly  s t i rred yes- 
se! and  the  change of  p H  measu red  by  a R a d i o m e t e r  p r iM 64 pH m e t e r  wi th  a 
se rvorecorde r  coup led  to  a R E A  112 high sensi t ivi ty  modu le .  The  ampl i f ica-  
t ion was so ar ranged tha t  a de f lec t ion  of  1 cm c o r r e s p o n d e d  to a change of  pH 
o f  0.01 units .  

The  pH of  all so lu t ions  was adjus ted  to  the  exac t  p i t  of  the  e x p e r i m e n t  pr ior  
to mix ing  any  of  the  so lu t ions  and in general  was adjus ted  to  pH 6.11.  The  
quan t i t y  of  m e m b r a n e s  added  gave a final c o n c e n t r a t i o n  o f  0.17 m g / m l  in 6 ml 
vo lume.  The  s tandard  bu f fe r  was 5 mM glycyl  glycine. KC1 (or  o the r  salt) was 
added  at  150 mM with  2 mM MgC12 to  ma in ta in  osmola r i ty .  Nuc leo t ide  or  
o the r  subs t ra te  was added  usual ly  at  1.7 • 10 -s M. For  e x p e r i m e n t s  in which 
osmola r i t y  was varied,  salt  c o n c e n t r a t i o n  was r educed  to  90 mM and mann i to l  
was added  to the so lu t ion  a t  var ious concen t r a t ions .  I o n o p h o r e s  such as valino- 
m y c i n  (10 -6 M ) t e t r a c h l o r s a l i c y l a n i l i d e  (10 -6 M) nigericin (1.7 p g / m l ) w e r e  
added  in 10 gl m e t h a n o l  to the  final v o l u m e  of the so lu t ion  of  6 ml. The  inter- 
nal m e d i u m  of  the  vesicles was con t ro l l ed  by  p re incuba t ing  the  vesicles for  48 h 
at  4°C in a p p r o p r i a t e  m e d i u m  such as 150 mM KC1 or o the r  ca t ion  chlor ide .  
The  t ime  to reach equi l ibr ium was d e t e r m i n e d  in separa te  e x p e r i m e n t s  using 
rad ioac t ive  t racers  such as 86Rb + [12] ,  which t echn ique  also allows an es t ima te  
of  the  in t raves icular  vo lume .  

Cont ro l  e x p e r i m e n t s  in the absence  of  vesicles showed  tha t  the  addi t ion  of  
ATP did n o t  change the  pH.  R u p t u r e  of  the vesicles or  the  presence  of  nigericin 
abol i shed  the  p H  changes  showing  tha t  these changes  were  no t  due to p r o t o n  
released by  b r e a k d o w n  of  ATP. The  pH of  6.11 was chosen  to  p reven t  any  
a r t e fac t  due  to  this p h e n o m e n o n  [13] .  

In e x p e r i m e n t s  to  d e t e r m i n e  the  H*/ATP rat io ,  150 mM K ÷ equi l ib ra ted  vesi- 
cles had  0.3 mM ATP added  and the  da ta  ob t a ined  a t  10 s were used. For  inac- 
t iva t ion  compar i son ,  6 • 10 -s M ATP and 111 gg  m1-1 p ro te in  was used for  H ÷ 
u p t a k e  and  2 mM ATP and 20 pg m1-1 p ro te in  was used for  hydro lys i s  measure-  
men t s .  

The  change  in p H  was conve r t ed  to n m o l  H ÷ abso rbed  by  the  vesicles by  back  
t i t r a t ion  wi th  10 -3 M HC1 under  each e x p e r i m e n t a l  cond i t ion .  

3. E n z y m e  assays.  ATPase  ac t iv i ty  was measured  in a m e d i u m  conta in ing  
a p p r o x i m a t e l y  10 pg p ro te in ,  2 mM MgC1, 2 mM ATP in 40 mM Tr i s / ace ta te  
with or  w i t h o u t  20 mM KC1 at  p H  7.4, fo l lowing incuba t ion  at  37 ° C in a final 
vo lume  of  1 ml. In some  e x p e r i m e n t s  pH 6.1 and r o o m  t e m p e r a t u r e  w~ts used. 
Phospha t e  released was measu red  as descr ibed  e lsewhere  [14] .  In o thers  the 
c o n c e n t r a t i o n  o f  MgATP was varied.  

p - N i t r o p h e n y l p h o s p h a t a s e  was measu red  in a m e d i u m  conta in ing  10 pg pro- 
tein,  6 mM MgC12 and 6 mM p - n i t r o p h e n y l  p h o s p h a t e  in 40 mM Tr i s / ace ta t e  
buf fe r ,  p H  7.4 fo l lowing  incuba t ion  at  37°C [81. 
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Prote in  was measured  by the m e t h o d  of  Lo w ry  et  al. [15] and all chemicals  
used were the highest  pur i ty  grade available. 

4. Irradiation experiments. A vesicular suspension at a p ro te in  concen t r a t i on  
of  a bou t  2 mg/ml  was d i lu ted  in 0 .25 M sucrose to give a final concen t r a t i on  of 
400 pg/ml.  The  sample was shielded with a luminum foil and kep t  in an ice bath 
at a cons t an t  t e m p e r a t u r e  of  4 ° C. The mercu ry  lamp, used as the ul t raviolet  
light source,  was placed 2.0 cm above the sample suspension.  At 30-s intervals 
the ul t raviole t  lamp was tu rned  o f f  and 1.2 ml al iquots  were r emoved  for H ~ 
uptake ,  ATPase and p -n i t ropheny l  phosphatase  act ivi ty measurements .  

The  da ta  were in te rp re ted  based on the equa t ion  

V D  a = a 0 e  

where  a is act ivi ty at  t ime t, a0 is initial act ivi ty,  V is vo lume of  target  and D is 
dose of  i r radiat ion which was taken  as p ropor t iona l  to  the t ime of  i rradiat ion.  

5. Localization o f  the active fraction. Ant ib o d y  against the gastric K*-ATP - 
ase was p r oduc e d  in rabbits  by inject ion of  the f rozen  dried free f low FI frac- 
t ion at c onc e n t r a t i on  of  0.5 mg/ml ,  suspended in Freund ' s  adjuvant .  The 
cat ion act ivated ATPase was shown to be inhibi ted  by  this a n t i b o d y  in studies 
descr ibed in detail  e lsewhere (Saccomani ,  G., Sachs, G., Shaw, D. and Mihas, A., 
in prepara t ion) .  

Imm unof luo r e scence  exper iments  were carried ou t  using the m e t h o d  of  indi- 
rec t  staining [16] .  Small pieces ( abou t  1 cm 2) of  hog gastric mucosa  f rom bo th  
fundus  and an t rum were f ixed in 95% e thanol  for  24 h at 4 ° C, d e h y d r a t e d  and 
e m b e d d e d  in paraff in.  Cryos ta t  sect ion measuring 6--8 p m  were cu t  a f te r  paraf- 
fin was r emoved  by  xy lene ,  and incuba ted  with the an t ibody  for I h at 25 ° C. 
After  washing in 0.1 M phospha te  buf fe r  conta in ing  0.15 M NaC1 at  pH 7.8, the 
sections were t rea ted  with f luoresce in- i so th iocyanate  conjugated  goat  ant i -rabbit  
~-globulin. Fol lowing three  more  washes in phosphate-sal ine buffer ,  the sect ions 
were covered unde r  buf fe red  glycerine,  sealed with nail polish and examined  in 
a Leitz f luorescence  microscope .  The specif ici ty  of  the staining was de t e rmined  
by using " p r e - i m m u n e "  rabbi t  serum and anti-IgG, anti-IgA and anti-IgM non-  
specific ant ibodies  as controls .  

Results  

1. Purification o f  vesicles. H ÷ up take  d e p e n d e n t  upon  the  addi t ion  of  ATP 
occur red  in the microsomal  f ract ion,  the l ighter dens i ty  gradient  f rac t ion  (GI) 
and in on ly  the anodic  peak of  the  free f low f rac t iona t ion  (FI).  

In accord  with the H + up take  activity,  there  was en r i chmen t  of  cat ion acti- 
r a t ed  ATPase in these f ract ions  associated with the cat ion act ivated phosphatase  
(Table  I). At the  same t ime there  is a progressive en r i ch m en t  of  the  100 000 
Mr pept ide  on  the  acry lamide  gels (Fig. 1) so tha t  the  final free f low f rac t ion  
contains  more  than  75% of  its pept ide  at the 100 000 Mr locat ion.  This pept ide  
region is p h o s p h o r y l a t e d  by  [7-32P]ATP and d e p h o s p h o r y l a t e d  in the  presence  
of  K + [9] .  The  f rac t iona t ion  t echn ique  is descr ibed in detail  elsewhere [8] .  
Antral  m e m b r a n e  f ract ions  con ta ined  ne i ther  the ca t ion  act ivated ATPase or 
H + up take  proper t ies  with ATP addi t ion.  Fundic  vesicles were stable up to 5 
days af te r  prepara t ion .  
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T A B L E  I 

P U R I F I C A T I O N  O F  V E S I C L E S  

Assay  c o n d i t i o n s  as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  The  K+-ATPase  a c t i v i t y  is t h e  d i f f e r e n c e  b e t w e e n  

a c t i v i t y  in  p r e s e n c e  a n d  a b s e n c e  o f  2 0  m M  K + ( m e a n  o f  1 0  f r a c t i o n a t i o n s  -+ S.E.) .  

P r o t e i n  5 ' - A M P a s e  Mg2+-ATPase  K+-ATPase  K+-pNNPas(  

in  m g  ( # m o l  - Pi ( p m o l  p N P  
m g - l  . h-1 ) m g  -1 . h-1 ) 

T o t a l  h o m o g e n a t c  4 8 0 0  0 .5  + 0 .3  6 .2  ± 0 .6  2 .0  ± 1 .0  3.1 + 0 .5  

M i c r o s o m a l  f r a c t i o n  3 6 0  1 .5  + 0 .6  15 .9  + 1 .5  7.1 ± 4 .3  22 .7  ± 3 .9  

L i g h t  m e m b r a n e  f r a c t i o n  ( G I )  31 4 .6  + 0.1 6 .4  + 1.3 3 2 . 5  -+ 3 .2  51 .6  ~ 3.6 

E l e e t r o p h o r e t i c  f r a c t i o n  (F1)  16  0 .6  + 0 .2  2.7 ~ 0 .6  64 .1  ± 3 .9  54 .0  + 4 .0  

E l e c t r o p h o r e t i c  f r a c t i o n  ( F l l )  7 1 4 . 7  + 1 .2  16 .6  ~ 2 .0  17 .3  ±1 .2  18 .8  + 2 .4  

2. Localization o f  active fraction. Using the  i m m u n o f l u o r e s c e n c e  t echn ique ,  
it was possible  to show f luorescence  p resen t  in hog fundic  sect ions,  bu t  no t  
antra l  sect ions.  The  f luorescence  appears  to  have ma in ly  a supranucle i  and api- 
cal surface  local iza t ion which  co r r e sponds  to  the  region of  the  tubuloves ic les  or  
microvil l i  o f  the  par ietal  cell [5] (Fig. 2). F luorescence  was no t  ob t a ined  when  
n o n - i m m u n i z e d  rabb i t  ~-globulin was used. Longi tud ina l  sect ions showed  tha t  
the ma jo r i t y  of  the f luorescence  was in the middle  th i rd  of  the  gastric glands, 
which is the  region of  the  m a j o r i t y  of  par ietal  cells. 

3. Uptake o f  H ~. No change of  pH was observed with  the  add i t ion  o f  ATP to  
the  m e d i u m  alone.  Moreover ,  f reeze d ry ing  the  vesicles abol ished m o r e  than  
90% of  the  pH change n o r m a l l y  observed.  Son ica t ion  of  the vesicles progres-  
sively r educed  H* u p t a k e  with  a m u c h  m o r e  rapid  decl ine of  H ÷ u p t a k e  than  o f  
ATPase  act ivi ty  (Fig. 3). 

I o n o p h o r e s  also reversed the  H + gradient  and all these da ta  suggest tha t  the  
d i sappea rance  o f  H ÷ was due  to u p t a k e  ra the r  than  binding of  H +. To quan t i t a t e  
the  c o n t r i b u t i o n  o f  these  two  processes ,  the m e d i u m  osmola r i t y  was varied and 
the  e f fec t  o f  this on H* u p t a k e  measured .  Plo t t ing  H + u p t a k e  as a func t ion  of  
the  rec iproca l  o f  o smola r i t y  s howed  a good f i t  to  a s t ra ight  line (r = 0 .992)  and 
e x t r a p o l a t i o n  of  the  line to  inf ini te  o smo la r i t y  gave a zero i n t e r cep t  on the  H + 
u p t a k e  axis (Fig. 4). These  da ta  show tha t ,  unde r  the  cond i t ions  of  s tudy ,  
b inding of  H + does  no t  c o n t r i b u t e  s ignif icant ly  to  the  H + d i sappearance .  

4. Characteristics o f  ATP  effect. The addi t ion  of  vesicles to  the  KC1 m e d i u m  
resul ted  in no change o f  p H  until  the add i t ion  of  ATP (Fig. 5). With add i t ion  of  
ATP there  is a rapid u p t a k e  of  H +, fo l lowed  by  release of  H + when  the  ATP is 
c o n s u m e d .  The  addi t ion  of  te t rachlorsa l icy lani l ide  results in a rapid bu t  small 
release of  H +. V a l i n o m y c i n  a lone results  in a larger release o f  H + unde r  the  con-  
di t ions  of  an inward K + gradient .  This suggests tha t  the K + c o n d u c t a n c e  of  the 
vesicle is lower  than  tha t  o f  H +. I f  va l inomyc in  is added  before  ATP to  the  vesi- 
cles, t hen  there  is init ially a slight ac id i f ica t ion  due  to  the  K + gradient  exchanging  
K* for  H +. I f  ATP is added  unde r  these  cond i t ions  there  is a m o r e  rapid  u p t a k e  
and m o r e  rapid release of  H +. F r o m  the above,  it seems tha t  ion gradients  as 
well as ATP can p roduce  H + gradients  in these vesicles. This is c o n f i r m e d  
by  incuba t ing  the vesicles in 1 M KC1 and di lut ing into  equ imo la r  chol ine  
chlor ide  thus  creat ing an o u t w a r d  K + gradient .  There  is no change of  p H  as 
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Fig.  1. (a) S o d i u m  d o d e c y l  s u l p h a t e  g e i D a t t e r n s  o f  t h e m i c r o s o m a l  f r a c t i o n ,  t he  g r a d i e n t  f r a c t i o n  and  th{ 

e l e e t r o l } h o r e t i e  f r a c t i o n  s h o w i n g  t h e  inere:~sing p u r i f i c a t i o n  o f  t he  1OOOOO M r b a n d .  (b)  The  free f l o ~  
p r o f i h '  o f  the  g r a d i e n t  f r a c t i o n .  
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Fig .  2 .  T h e  a p p e a r a n c e  o f  a s e c t i o n  o f  g a s t r i c  g l a n d  f r o m  h o g  f u n d u s  f o l l o w i n g  t r e a t m e n t  w i t h  r a b b i t  a n t i -  

s e r u m  to  FI  f r a c t i o n  of  t h e  f r ee  f l o w  e l e e t r o p h o r e s i s  a n d  t h e  s t a i n i n g  w i t h  f l u o r e s e e i n  c o n j u g a t e d  g o a t  

a n t i - r a b b i t  g a m m a  g l o b u l i n  (X 1 7 6 ) .  

% 

6 ~ rCS 

4 

2 

1 
2 

4 

- 6  

-$  

Time (rain) 

Cs 

VAL 

1 . J 1 J 

2 3 4 5 7 8 

Fig.  3. T h e  e f f e c t  o f  v a r i o u s  t i m e s  o f  s o n i e a t i o n  o f  t h e  v e s i c l e s  p r i o r  to  a d d i t i o n  to  t h e  s t a n d a r d  u p t a k e  

m e d i u m  u s i n g  a t , a b s o n i c  m i e r o t i p  s o n i f i e r .  T h i s  d e m o n s t r a t e s  p r o g r e s s i v e  loss  o f  1t + u p t a k e  a n d  a t  1 m i n  

w h e r e  7 5 %  r e s i d u a l  A T P a s e  a c t i v i t y  is f o u n d a e t u a n y  no  H + u p t a k e  is s e e n ,  A g a i n ,  t e t r a e h l o r s a l i e y l a n i l i d e  

( T C S )  o n l y  p a r t i a l l y  d i s s i p a t e s  t h e  g r a d i e n t ,  a n d  t h e  s u b s e q u e n t  a d d i t i o n  o f v a l i n o m y e i n  ( V A L )  r e s u l t s i n  

an  a c i d  o v e r s h o o t  s i n c e  t h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  t h e  p r e s e n c e  o f  an  i n w a r d  K C l  g r a d i e n t .  
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Fig .  4 .  T h e  e f f e c t  o f  v e s i c u l a r  v o l u m e  o n  H + u p t a k e .  T h e  v e s i c l e s  w e r e  a d d e d  to  a s o l u t i o n  c o n t a i n i n g  9 0  

m M  K C l  w i t h  a p p r o p r i a t e  a d d i t i o n  of  m a n n i t o l  t o  va ry  t h e  o s m o l a r i t y  a n d  o t h e r  a d d i t i o n s  as in  t e x t .  A T P  

1 .7  • 1 0  -5  M w a s  a d d e d ,  a n d  t h e  t t  + u p t a k e  m e a s u r e d .  

would be pred ic ted  f rom the low K + conductm~ce inferred  above.  The addi t ion  
of  a p r o t o n o p h o r e ,  m-ch lo rocyano  ca rbony l  p h e n y l h y d r a z o n e  p roduces  only  a 
slight alkalinisation showing tha t  H + or C1- c o n d u c t a n c e  are no t  limiting. The 
addi t ion  of  va l inomycin  p roduces  a t rans ient  alkalinisation (Fig. 6). 

4 0 -  

3 0  

o 

# 2 0  

2= 

"5 - 

VAL 
E 
= I0 

-10 

- 2 0  

8 

,T AT 

I 2 3 4 5 6 

t i m e  (rain) 

4XL; 

\ 

~ "  60 
+= 

3O 

0 

-30 

-60 

,VAL 

'~CCCP~ ~ ~ I I I J 

1 2 3 4 S G 

Minutes 

Fig .  5.  H + u p t a k e  by  t h e  v e s i c l e s :  In  Lht~' c u r v e  A v e s i c l e s  w e r e  a d d e d  to  a s o l u t i o n  o f  1 5 0  m M  KCI w i t h  

a d d i t i o n s  as in  t e x t ,  f o l l o w e d  by 1 . 7  • 1 0  -5  M A T P .  A t  t i m e s  i n d i c a t e d  t e t r a e h l o r s a l i e y l a n i l i d e  ( T C S )  a n d  

v a l i n o m y e i n i n  ( V A L )  w e r e  a d d e d .  In  c u r v e  B, v a l i n o m y e i n  w a s  a d d e d  i m m e d i a t e l y  f o l l o w i n g  t h e  a d d i t i o n  

o f  t h e  v e s i c l e s  f r o m  t h e  s a m e  p r e p a r a t ! o n ,  t h e n  A T P  a t  1 . 7  • 1 0  5 M. 

F ig .  6 .  T h e  e f f e c t  o f  p r e i n e u b a t i n g  t h e  ves ic ieq  in  1 M KCI  a h d  t h e n  d i l u t i n g  i n t o  e q u i m o l a r  c h o l i n e  s o l u t i o n  

( e - - - - e )  w i t h  t h e  a d d i t i o n  o f  1 0  -5  M C C C P a n d  t h e n  1 0  -(~ M v a l i n o m y c i n s h o w i n g t h e  d e v e l o p m e n t  of  

an  H + g r a d i e n t  in t h e  a b s e n c e  o f  A'I 'P.  
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5. Effect o f  cations. Since the  ca t ion  c o n d u c t a n c e  of  the  vesicles is low, the  
e f f ec t  o f  vary ing  the  na tu re  and d i s t r ibu t ion  of  the ca t ions  was de t e rmined .  
Both  the  ra te  and m a x i m a l  u p t a k e  of  H ÷ was a func t ion  of  the  na tu re  of  the  
cat ion.  The  sequence  was K + >  R b + >  Cs+> N a * >  Li ~, using initial ra te  values. 
This is the  same sequence  of  ac t iva t ion  as for  the ATPase  or p - n i t r o p h e n y l  phos-  
pha tase  [17] .  

The  ra te  of  u p t a k e  of  H + was increased by p re incuba t ing  the  vesicles in KC1 
and the  a p p a r e n t  KA for  K + was r educed  f rom 62 to  32 raM. However ,  the  KA 
for  the  ATPase  was a b o u t  7 mM unde r  ident ical  condi t ions .  The  m a x i m u m  
u p t a k e  and fas tes t  rate  was ob t a ined  with  an o u t w a r d  K ÷ gradient  i.e. when  the  
vesicles were d i lu ted  into  chol ine  chlor ide.  This suggests tha t  when  ATP is 
added ,  the  o u t w a r d  K ÷ gradient  can c o n t r i b u t e  to  the  u p t a k e  of  H +. This can be 
exp la ined  by  the  d e v e l o p m e n t  of  a K + l imi ta t ion  due to e f f lux  of  K + with  the 
addi t ion  of  ATP [12] ,  and d e v e l o p m e n t  of  a K + gradient  even with preequil i-  
b ra ted  vesicles. The  ou t wa rd  K + gradient  would  reduce  the  gradient  l imi ta t ion  
(Table  II).  These  da ta  suggest t ha t  H + u p t a k e  is a c c o m p a n i e d  by  cat ion eff lux as 
deta i led e lsewhere  [ 12].  

6. Effect o f  anions. The conc lus ion  tha t  cat ion and ca t ion  m o v e m e n t  is obli- 
ga to ry  for  H ~ u p t a k e  suggests t ha t  anion is no t  required  for  the  process.  
The r emova l  o f  C1- and subs t i tu t ion  by  o the r  anions  gives a select ivi ty  sequence  
for  anions  of  CI- > Br- > I- > F-. The  la t ter  anion is inh ib i to ry  in the  presence  
of  C1- since the  ATPase  is also inhib i ted  [6] .  

I t  has been  d e m o n s t r a t e d  tha t  H + secre t ion by gastric m u c o s a  is e lec t rogenic  
in the  presence  of  SO4 z-  as a subs t i tu te  for  C1-. Under  SO 2- condi t ions  in the 
vesicles t I  + u p t a k e  was reduced  by  40% even a f t e r  p re incuba t ion .  SO~- also 
r educed  ca t ion  u p t a k e  [12]  and hence  the  inh ib i t ion  migh t  be due to r educ t ion  
of  ca t ion  in the  in t ravesicular  m e d i u m .  No evidence was found  for  d e v e l o p m e n t  
of  a po ten t i a l  in the  p resence  of  SO42 -. 

SCN- has been much  used as an inh ib i to r  o f  acid secre t ion [19] .  The  addi- 
t ion of  SCN par t ia l ly  inhib i ted  H + u p t a k e  bu t  the  results  were  variable.  The  
ra te  o f  H ~ leak f rom the vesicles was increased by SCN- which is a lipid pe rme-  
able anion [20 ,22] .  No e f f ec t  o f  SCN- was found  on ATPase  act ivi ty .  

7. Effect o f  lipid permeable ions. The above  da ta  s t rongly  suggest a non-elec-  

T A B L E  II  

E F F I ~ ; C T  O F  K + G R A D I E N T  A N D  C O N C E N T R A T I O N  O N  t t  ÷ U P T A K E  

T h e  p r e i n e u b a t i o n  w a s  c a r r i e d  o u t  a t  4 ' C  f o r  4 8  h a n d  t h e  i o n i c  c o n c e n t r a t i o n s  w e r e  v a r i e d  f r o m  1 m M  t o  

I 5 0  r a M ,  m a n n i t o l  b e i n g  u s e d  t o  m a i n t a i n  i s o t o n i c i t y .  T h e  i n i t i a l  g r a d i e n t  w a s  k e p t  c o n s t a n t  u n d e r  t w o  

c o n d i t i o n s  ( i . e .  o u t w a r d  a n d  z e r o )  a n d  o n l y  t h e  i o n i c  c o n c e n t r a t i o n s  w e r e  v a r i e d  a l b ~ w i n g c a l c u l a t i o n  o f  

a p p a r e n t  K A f r o m  a b e s t  f i t  L i n e w e a v e r  B u r k  p l o t .  
L 

I K + Jil l  / [ K +] o u t  I n i t i a l  v e l o e i t  y V K A 

( n m o l  U + • n l g  -1 • r a i n  I )  ( n m o l  H + - m g  I . r a i n  1) ( i n M )  

0 . ( 1 0 6  ~ 1 3 0  21 (i 6 2  

1 . 0  1 6 3  2 1 8  3 2  

6 . 0  5 6 3  1 3 7 0  I 8 2  

* W i t h  t h e  i n w a r d  g r a d i e n t  t h i s  v a r i e d  d u e  t o  t h e  c o n d i t i o n s  u s e d .  T h e  v a l u e  o f  0 . 0 0 6  w a s  t i l t ,  g r a -  

d i e n t  u n d e r  s t a n d a r d  c o n d i t i o n s .  
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trogenic H + : K + exchange.  If  electrical coupl ing does play a role in this phe- 
n o m e n o n ,  then modi f ica t ion  of  m e m b r a n e  c o n d u c t a n c e  by  the addi t ion  of  lipid 
permeable  ca t ion or anion should increase H + uptake .  D i m e t h y l d i b e n z y l a m m o -  
nium and SCN- at 1 mM concen t r a t ion  had no ef fec t  on H* uptake .  These data 
suggest tha t  deve lopmen t  o f  a potent ia l  does no t  limit H + up take  under  these 
condi t ions ,  con t ra ry  to wha t  would  be predic ted  for  electrogenic H + uptake .  

8. Relationship to ATPase activity. The up take  of  H + was a saturable func- 
t ion o f  the ATP concen t r a t ion  and was specific for ATP. The apparen t  Km in 
the  absence o f  a K + gradient  was 1.7 • 10 -4 M with a V of  154 pmol  H + • mg -1 
prote in  per h -1 . 

The molar  ratio of  H + up take  to ATP h y d r o l y z e d  measured in the first 10 s, 
under  s tandard condi t ions  was 3.1 + 0.4 (n = 10) if the tota l  ATPase activity 
was used and 4.1 + 0.2 (n = 10) if only  the cat ion act ivated c o m p o n e n t  of  the 
ATPase was used in the calculat ion.  Those ratios are to be compared  to the 
value of  4 obta ined  for H ÷ t ranspor t  per high energy bond  for  chloroplasts  [3] 
or mi tochondr i a  [4] .  

The pH of  the luminal solut ion of  in tact  mucosa  at maximal  secret ion is less 
than 1. From this, it can be calculated tha t  t ranspor t  of  1 mol  of  H+ would  
require abou t  9 kcal. F rom values for  the energy available f rom ATP this would  
suggest a rat io of  1 mol  H ÷ t ranspor ted  per tool ATP hydro lyzed .  In the intact  
mucosa  this d iscrepancy with the vesicle data may  be explained by a variable 
coupl ing rat io of  the enzyme  as a func t ion  of  the gradient.  

F rom the quan t i ty  of  H* taken up, and the vesicular volume 2 pl mg -1 
protein) ,  an internal pH of  1.7 can be calculated giving a ApH of  4 or so. The 
actual value is p robably  less due to buffer ing inside the vesicles. 

The o p t i m u m  pH of  H ~ up take  was found  to be between 5.8 and 6.2, cor- 
rect ing for  the change in H + released by the ATPase react ion.  This cor responds  
generally to the pH o p t i m u m  of  phosphory l a t i on  o f  the enzyme  by [7-32P]ATP 
no t  to the pH o p t i m u m  of dephosphory la t ion .  The correc t ion  at a pit  of  
7.0 and above due to H + release by the ATPase is larger than the observed 
uptake.  To establish tha t  an H + gradient  is indeed present ,  the uptake  of  [14C]- 
imidazole was measured,  at pH 7.4. This depends  on the assumpt ion  that  the 
p ro tona t ed  fo rm of imidazole (pK 6.8) is charged and hence  reactively imper- 
meable,  and thus the neutral  form equilibrates across the vesicle membrane .  
The inc rement  of  imidazole inside the vesicles is shown in Fig. 7. This al lowed 
calculat ion of  a pH difference of  1.5 at this pH. The molar  ratio of  H + taken up 
to ATP h y d r o l y z e d  would  be much  less at pH 7.4 than at 6.1. However,  the 
imidazole technique  is much  slower in response than the pH electrode,  and is 
also less sensitive and quant i ta t ion  depends  on the impermeabi l i ty  of  the charged 
form. 

Thus a pi t  gradient  is developed across a broad  range of  pH bu t  seems more  
closely related to the phosphory l a t i on  stage of  the overall ATPase react ion 
namely :  

ATP + H + + ENZ ~ P-ENZ-H ~ + ADP 

P-ENZ.H + + K + _~ P.ENZ_K + + H + 

9. Effect of temperature. The availability of  a plasma membrane  derived 
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Fig.  7. The  u p t a k e  o f  1 4 C - l a b e l l e d  i m i d a z o l e  as a f u n c t i o n  o f  a d d i t i o n  o f  2 m M  ATP.  The  ves ic les  were  

e q u i l i b r a t e d  u s i n g  0.1 m M  i m i d a z o l e  as d e t e r m i n e d  by  r a d i o a c t i v i t y  t r a p p e d  on  a M i l l i p o r e  H A W P  f i l t e r  

an d  A T P  a d d e d  a t  z e ro  t i m e  on  t he  g r a p h .  T h e r e  was a t r a n s i e n t  u p t a k e  as s h o w n ,  w h i c h  d e c a y e d  ove r  a 

p e r i o d  o f  t w o  a n d  a h a l f  h o u r s  due  t o  t he  la rge  q u a n t i t y  o f  A T P  used .  

vesicle with low permeabi l i ty  and active t r anspor t  proper t ies  made the e f fec t  o f  
t empe r a tu r e  on t ranspor t  and i o n o p h o r e  act ion of  interest .  Fig. 8 shows the 
e f fec t  o f  increasing t empe ra tu r e  on H+ up take  as a func t ion  o f  initial rate of  
maximal  up t ake  unde r  zero K ÷ gradient  condi t ions .  Both  parameters  are tem- 
pera ture  sensitive, bu t  the  rate of  up take  is more  sensitive with a t empera tu re  
o p t i m u m  of  37°C, as for  the ATPase activity.  When the data  for  initial rate of  
up t ake  and leak of  H* were p lo t t ed  as an Arrhenius  p lo t  a t ransi t ion temper-  
a ture  of  22°C was found ,  with an act ivat ion energy of 3.0 kca l /mol  above the 
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Fig.  8. The  e f f e c t  o f  t e m p e r a t u r e  oil  H* u p t a k e  by  gas t r ic  ves ic les  w i t h  t he  a d d i t i o n  o f  1 • 10  -4 M A T P  i l l  

the  a b s e n c e  o f  a K* g r a d i e n t  w i t h  1 5 0  m M  KCI.  The  l e f t  h a n d  s ide  o f  the  f igure  s h o w s  t he  A r r h e n i u s  p l o t  
o f  the  i n i t i a l  r a t e ( n m o l H + m i n  - 1 )  w i t h  A T P  a d d i t i o n  ( e - - - - e )  a n d  t he  l e a k  ( n m o l  H + r a i n  - 1 )  ( - - - ~ ) .  

The  r i g h t  h a n d  s ide  s h o w s  the  m a x i m a l  H* u p t a k e  o b s e r v e d  (e  ~ )  and  the  i n i t i a l  r a t e  ( ~ : - - ~ )  as 
a f u n c t i o n  o f  t e m p e r a t u r e .  
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Fig .  9. T b e  e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  t h e  e a r b o x y l  r e a g e n t  D C C D  as c o m p a r e d  to  c o n t r o l  o n  the  
H + u p t a k e  i n d u c e d  b y  A T P  s h o w i n g  s t i m u l a t i o n  o f  r a t e  a n d  m a g n i t u d e  o f  H + u p t a k e  a t  1 0  -5  a n d  1 0  -4 M 

a n d  i n h i b i t i o n  o f  1 0  . 3  M. T C S ,  t e t r a e h l o r s a l i e y l a n i l i d e ;  V A L ,  v a l l n o m y e i n .  

transition temperature and 18.1 kcal/mol below that  temperature  for W uptake. 
The leak rate had a higher activation energy of 8.7 kcal/mol above the transi- 
t ion temperature  and a similar 19.4 kcal below. 

The action of valinomycin disappeared below 20°C but nigericin was still 
effective in dissipating the gradient at 4 ° C. 

10. Effect of ATPase inhibitors. Inhibitors of ATPase activity, such as Zn 2+, 
F -and  p-chloromercuribenzoate,  inhibited H + uptake. The action of N,N'-diey- 
clohexylcarbodiimide (DCCD) was investigated in more detail since this reagent 
also inhibits proton translocation in intact mitoehondria  [22].  Fig. 9 shows 
that  low concentrat ions of  DCCD apparently increase the rate and maximum of 
W uptake, whereas at concentrat ions which inhibit the ATPase, DCCD inhibits 
tt + transport.  

The action of this inhibitor is therefore complex,  but confirms the role of 
the ATPase in H + transport  by these vesicles. 

11. Effect of irradiation. When the effect  of irradiation on ATPase and p- 
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Fig .  1 0 .  T h e  e f f e c t  of  i r r a d i a t i o n  o f  t h e  v e s i c l e s  on  H + u p t a k e  ( "  . . . . .  ) A T P a s e  ( e - - e ) ,  a n d  p - n i t r o -  

p h e n y l  p h o s p h a t e  ( X - - - - - - X )  a c t i v i t i e s  p l o t t e d  as In ~l/a 0 a g a i n s t  t i m e  of  i r r a d i a t i o n  w h e r e  cl is activity" 

a t  t i m e  I a n d  (l 0 is i n i t i a l  a c t i v i t y .  
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n i t r o p h e n y l  p h o s p h a t a s e  was c o m p a r e d ,  as shown  in Fig. 10, the  ra te  of  inac- 
t iva t ion  of  the  ATPase  was twice  t ha t  o f  phospha tase .  This suggested tha t  the 
molecu la r  weight  o f  the ATPase  was twice  tha t  o f  the  phospha ta se ,  hence  tha t  
a d imer ic  f o r m  of  the  e n z y m e  was requi red  fo r  ATPase  act ivi ty ,  bu t  e i ther  half 
of  the  d i m e r  was ef fect ive  in hyd ro ly s ing  p - n i t r o p h e n y l  p h o s p h a t e .  H ÷ t r anspo r t  
was inac t iva ted  at  the  same ra te  as the  ATPase.  Similar  inac t iva t ion  da ta  have 
been f o u n d  fo r  (Na* + K*)-ATPase [23] .  

Discuss ion  

The above  da ta  appears  to  establ ish tha t  a vesicular p r epa ra t i on  derived f r o m  
the lumina l  surface  of  the  par ietal  cell is capable  o f  taking up  W with  the  addi- 
t ion  o f  ATP. 

The  u p t a k e  of  H ÷ is K + d e p e n d e n t  and appears  to  involve a K ~ : H + exchange  
as es tabl ished above  and by  di rec t  m e a s u r e m e n t  of  ca t ion  and an ion  m o v e m e n t  
[121. 

M e a s u r e m e n t  o f  m e t a b o l i t e  levels in rest ing and  secret ing m u c o s a  of  frog 
[24]  and dog m u c o s a  [25]  showed  a decline in p h o s p h o r y l a t i o n  poten t ia l .  In 
addi t ion  the i n t r ami tochondr i a l  pyr id ine  nuc leo t ide  became  relat ively ox id ized  
with  onse t  of  acid secre t ion  [26] .  These  da ta  are c o m p a t i b l e  with an ATP based 
m e c h a n i s m  o f  H ÷ secre t ion,  as are da ta  using inhibi tors  [ 27] .  

I t  has also been  k n o w n  for  some  t ime  tha t  K ÷ is required  for  H ÷ secre t ion  
[28]  and  tha t  this K ÷ is on ly  a m i n o r  c o m p o n e n t  of  the to ta l  cellular K + [29] .  

These da ta  der ived f r o m  the in tac t  m u c o s a  are t he re fo re  c o m p a t i b l e  with a 
K ÷ : H + exchange  ATPase  being responsib le  for  H + secret ion.  

This  H ÷ t r a n s p o r t  m e c h a n i s m ,  occurr ing  in the  p lasma m e m b r a n e  of  a eukar-  
yo t i c  cell appears  qui te  dis t inct  f r o m  the H + t r a n s p o r t  process  of  lower  life 
fo rms  [1] .  These  la t ter  are clearly e lec t rogenic ,  do no t  require  cat ion,  involve 
c o o p e r a t i o n  o f  an ATPase  and several o the r  subuni ts  [30]  and no p ro te in  
b o u n d  p h o s p h a t e  appears  to be involved.  In m e c h a n i s m  the re fo re  this ATPase 
seems m o r e  re la ted  to  the  (Na*+K+)-  or Ca2+-ATPase of  higher  organisms,  
where  the  h y d r o l y t i c  and t r a n s p o r t  func t ions  have been fused into  a single pro-  
rein. Critical to thei r  t r a n s p o r t  is the  f o r m a t i o n  of  a p ro te in  b o u n d  phospha t e ,  
as for  this ATPase.  

I f  this e n z y m e  is the  on ly  c o m p o n e n t  of  the H ÷ p u m p  of  gastric mucosa ,  
then  the HC1 secre t ion  o f  the  tissue m u s t  be  a c c o u n t e d  for  by  an addi t ional  
mechan i sm.  A possibi l i ty  is the  d i f fus ional  m o v e m e n t  of  KC1 across the mucosa l  
m e m b r a n e  with  r eabso rp t i on  of  K + in exchange  for  H + with  the re fo re  ne t  ttC1 
p roduc t i on .  

The  e lec t rogen ic i ty  of  H ÷ secre t ion  by  the in tac t  m u c o s a  also raises p r o b l e m s  
for  this ATPase mechan i sm.  Various  lines of  evidence,  such as m e a s u r e m e n t  of  
po ten t ia l s  using S C N - [ 1 2 ]  and  1 an i l i no -8 -naph tosu l fona te  [31]  and ef fec ts  
o f  i o n o p h o r e s  on ATPase  ac t iv i ty  and H ÷ u p t a k e  argue against  e lec t rogen ic i ty  
of  the  vesicle t r a n s p o r t  sys tem.  I t  is possible  tha t  this ATPase  is on ly  a par t ia l  
m e c h a n i s m  and a n o t h e r  c o m p o n e n t ,  such as a r edox  c o m p o n e n t  is lost  during 
pur i f ica t ion .  A n o t h e r  poss ib i l i ty  is t ha t  the  c o n d u c t a n c e  of  the  p u m p  changes 
dras t ical ly  at  pH 7.4. 

I t  is in teres t ing  also t ha t  the  ATPase func t ions  in its t r a n s p o r t  m o d e  as a 



326 

dimer .  The  m o n o m e r i c  p - n i t r o p h e n y l p h o s p h a t a s e  reac t ion  does  n o t  ca ta lyze  
t r anspor t .  On this basis, as for  the  (Na* + K+)-ATPase [32] it can be argued tha t  
the e n z y m e  exists  as a d imer  of  unl ike  c o n f o r m a t i o n  E~E2 ra ther  than  E1E~ 
or E2E2. Ei ther  El or E2 can reac t  with p - n i t r o p h e n y l p h o s p h a t e .  

I f  on ly  E~ can b ind  and reac t  wi th  ATP and as a resul t  b ind  H* and E2P reac t  
wi th  K* and release H ÷ and  then  t r a n s p o r t  K ÷, the t r a n s p o r t  r eac t ion  m a y  be 
wr i t t en  as 

H÷E1p • E2PK ÷ -~ H÷E2 P . E i P K  + 

with  release of  H ÷ in the in ter ior  o f  the  vesicle and K + and Pi on the ex te r io r  
wi th  r e f o r m a t i o n  of  El. In this m o d e l  t he re fo re  the  t r ans loca t ion  of  H + and K ÷ 
are s t r ic t ly  coupled .  The  e lec t rogenic i ty  is thus  a f unc t i on  of  the  p u m p  stoichi-  
o m e t r y  as for  the  (Na t + K÷)-ATPase [33] .  

Fu r the r  ev idence  for  the  role of  this ATPase  will depend  on the  d e v e l o p m e n t  
of  specif ic  inhib i tors  such as ouabain .  The  e n z y m e  is no t  a c o m p o n e n t  of  o the r  
cell m e m b r a n e s  which  ca ta lyze  the  d e v e l o p m e n t  of  pH gradients  such as the  
pancreas  or  the  distal  tubu le  o f  the  k idney  [34]  and thus  represen t s  a gastric 
specia l iza t ion for  W secret ion,  if  indeed it is the  H ÷ p u m p  of  the  s t omach .  
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