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SUMMARY 

An ATPase has been solubilized from dog gastric mucosa which was localized 
to the smooth vesicular fraction of the tissue homogenate. With solubilization, 
there was a marked increase in the HCO 3- activation of the enzyme, and several other 
oxyanions were found to stimulate ATPase activity, such as borate, selenite, arsenite, 
arsenate and sulfite. The stimulation was a function of the concentration and p K  of 
the base. Additionally, methane sulfonyl chloride inhibited the enzyme, particularly 
the base activated component. Based on these observations a tentative model for the 
HCO 3- activation mechanism is suggested. 

INTRODUCTION 

An SCN--inhibited, HCO3--stimulated ATPase (EC 3.1.6.3) has been isolated 
from the gastric mucosa and other tissues of a variety of species 1, 2, and has been shown 
to be localized in the smooth membrane fraction derived from isolated oxyntic cells 
and to be absent from the surface epithelial cell of the gastric mucosa 3. Since SCN- 
inhibits acid secretion in vivo 4 or in vitro 5 the ATPase inhibition by SCN- suggests 
a role for this enzyme in H+ transport by the gastric mucosa. Moreover, since carbonic 
anhydrase inhibitors, such as diamox, inhibit acid secretion in vivo by 9 ° %e and CI- 
or H + secretion in vitroT, s and the uncatalyzed rate of HC03- production from CO 2 
and H~O is IO % of the catalyzed rate, the HCO 3- stimulation of this ATPase may 
have considerable functional significance. The wide distribution of this enzyme2, 3 
also indicates a more general importance than a role in gastric acid secretion. 

Accordingly a method was developed for the preparation of a stable solubilized 
ATPase from dog gastric mucosa, which confirmed the localization of this enzyme to 
the smooth vesicular membrane fraction. Using this preparation, it was shown that 
activation occurred with a variety of oxyanions as a function of the concentration and 

Abbrev ia t ions :  H E P E S ,  N - e - 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 o s u l f o n i c  acid;  D P P ,  di- 
i sopropyl  f luorophospha te .  

* To w h o m  cor respondence  shou ld  be addressed .  
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basicity of the anion. In addition electrophilic reagents, such as methane sulfonyl 
chloride inhibited the activation by more than 6o %, suggesting the involvement of 
a serine-OH in the reaction. 

METHODS 

The method for the preparation of a soluble, HCOa--activated ATPase from 
purified suspensions of amphibian (Rona catesbiana and Necturus maculosus) oxyntic 
cells has been previously described 3. For this study, however, large quantities of 
enzyme were necessary, and hence fresh dog gastric mucosa was chosen as a source 
of enzyme. 

The mucosa was scraped off the stomach into approximately IO vol. of ice-cold 
o.25 M sucrose containing 2o mM Tris-HCl buffer, pH 7.4. The suspension was 
homogenized using a teflon homogenizer (3o strokes, 2ooo rev./min) and fractionated 
by differential centrifugation into crude nuclear, heavy mitochondrial, light mito- 
chondrial, microsomal, and supernatant fractions. All operations were carried out 
at o °. 

The highest specific activity of the HCO3--activated ATPase was found in the 
crude microsomal fraction. Electron microscopy showed that this was a heter- 
ogeneous mixture of cellular elements. Accordingly the mierosomal pellet was resus- 
pended in o.25 M sucrose, the suspension layered on a 2o-5o % linear sucrose gradient 
and centrifuged at 25ooo rev./min for 16 h in a SW25 rotor in the Beckman L2 
ultracentrifuge at 4 °. Five bands were collected and assayed for ATPase activity, 
as well as sucrose concentration by an Abb6 refractrometer, and studied morpho- 
logically. For the latter, an aliquot of the bands was fixed in 1% Os04 solution 
buffered with veronal acetate at pH 7.4 (ref. 9) and embedded in Epon. 

The soluble enzyme was prepared from the crude microsomal pellet. The pellet 
was stirred for i h at o ° with 20 mM HEPES buffer (N-2-hydroxyethylpiperazine-N'-2- 
ethane sulfonic acid), pH 7.4, 60 mM NaC1, and Triton X-Ioo at a 3 : I triton to protein 
ratio which had been shown to be optimal for enzyme extraction ~. The mixture was 
centrifuged for I h at Iooooo × g and the supernatant was used without further 
purification. 

Assay of ATPase activity was carried out in a solution containing 3 mM ATP, 
3 mM MgC12, 20 mM HEPES buffer at appropriate pH, about O.l-O.2 mg enzyme pro- 
tein in I ml, and with additions as detailed in the text. The phosphate released was 
measured in duplicate by the method of YODA TM following a 20 min incubation at 37 °. 

For studies with diisopropyl fluorophosphate (DFP) or methane sulfonyl 
chloride, preincnbation was necessary for inactivation of the enzyme, as was true for 
the (Na +, K+)-ATPase n. Thus the enzyme was preincubated with varying concentra- 
tions of these inhibitors at 37 ° for I h, and subsequently assayed for Mg 2+ and Mg 2+ 
~- HCO3--ATPase activity. 

For comparison of enzyme activity in ~H20 as compared to water, the micro- 
somal pellet was extracted in the usual way, and an aliquot dialyzed against 2 H 2 0  

and another aliquot dialyzed against water for 24 h. The assay medium contained 
2H20 instead of water for all the reagents. 

Proteins were measured by the LOWRY method 12 corrected for interference by 
triton or sucrose. 
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RESULTS 

Localization 
Table I shows the localization of the ATPase in different subcellular fractions 

of the dog gastric mucosa. I t  can be seen that  the highest specific activity of the 
ATPase, and the highest percentage stimulation by  HCOz- was obtained in the crude 
microsomal fraction, although in terms of total  activity a considerable amount is 
present in the crude mitochondrial fraction. The enzyme appeared to be absent from 
the soluble supernatant.  

T A B L E  I 

ATPase  A C T I V I T Y  O F  G A S T R I C  S U B C E L L U L A R  F R A C T I O N S  

ATPase  specific and  t o t a l  a c t i v i t y  of subce l lu la r  f rac t ions  of dog gas t r ic  mucosa .  The enzyme  
was  i n c u b a t e d  for 20 min  a t  37 ° in  a m e d i u m  con ta in ing  a b o u t  o . i  m g  enzyme,  3 mM NazATP,  
3 mM MgC12, 20 mM H E P E S  buffer, p H  7.4, w i th  and  w i t h o u t  20 mM NaHCO 3 in a final vo lume  
of i ml. 

Fraction Specific activity Total activity of  riCO 3- A TPase 
(#moles P~" mg -1. h -I) (t~moles 19 . h-l)  

iVIg 2+ Mg 2+ + HCO 3- [Mg2++  HC03-  ~ -- [Mg2+~ 

Tota l  h o m o g e n a t e  6-73 7 .20 574 
Nuc lea r  ( io  4 × g) 6.35 7-49 69.4 
Mi tochondr ia l  (lO 5 × g) 5.92 7.22 246.0 
L igh t  m i t o c h o n d r i a l  (4" 1°5 X g) 11.35 15.o9 58.3 
Microsomal  (6. lO 6 × g) i7.~8 25.42 172.2 
S u p e r n a t a n t  1.75 1.75 - -  

T A B L E  I I  

ATPase  A C T I V I T Y  OF B A N D S  

Specific and  to t a l  a c t i v i t y  of bands  col lected fol lowing d e n s i t y  g r a d i e n t  cen t r i fuga t ion  (2o -5o% 
sucrose, 16 b, SW25 rotor,  25 ooo rev . /min ,  5 °) of the  6. io  6 X g " m i c r o s o m a l "  f ract ion.  I n c u b a t i o n  
cond i t ions  as in Table  I. 

Sucrose density Specific activity 
(Izmoles Pi" mg 1. h-l)  

Mg 2+ Mg 2+ + HCO~- 

Total activity of  HCO 3- A TPase 
(bt moles P i ' h  1) 

EMg 2 + + H C 0 3 -  ] -- [Mg2+] 

I.O0 15.oo 21.1 0. 3 
I.O8 22. 5 32.4 2.1 
I . I2  18. 5 29.9 I 1.8 
1.15 I I . I  I3. 7 1. 5 
1 . 2 2  3.7 4.5 0.6 

Table I I  shows the activation obtained in the 5 bands following density gradient 
fractionation of the microsomal pellet obtained in Table I. The highest specific 
activity was found in the second and third bands corresponding to sucrose densities 
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Fig. i. Electron micrograph of band  recovered from the densi ty gradient  at  a sucrose densi ty 
of i.o8. This survey shows the relatively homogeneous  composit ion of this band. × 3400. 

of I.O8 and I . I2 .  These consis ted of largely smooth  microsomes (Figs. 1-4). The bands  
at  1.o6, 1.16 and  1.22 dens i ty  conta ined  a mix ture  of rough and smooth  microsomes 
and  occasional  mi tochondr ia .  
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Fig. 3- Survey of section from band collected at  a density of 1.12. This band is also fairly homo- 
geneous in composition. × 65oo. 

t h e  l a t t e r  w a s  success fu l ,  a n d ,  as  in  t h e  case  of N e c t u r u s  3 a T r i t o n : p r o t e i n  r a t i o  of 

3 : x g a v e  o p t i m a l  r e su l t s .  C o n c o m i t a n t  w i t h  s o l u b i l i z a t i o n  t h e r e  was  a d e c r e a s e  in  t h e  

specif ic  a c t i v i t y  of t h e  Mg 2+ e n z y m e ,  b u t  a m a r k e d  i n c r e a s e  in  t h e  d e g r e e  of H C O  3- 
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Fig. 4. Detail of the material from tile 1.12 band. The great majority of particles are smooth- 
surfaced membranes. )< 56ooo. 

a c t i v a t i o n ,  r e su l t i ng  in a h i g h e r  specific a c t i v i t y  of t h e  e n z y m e  in t h e  p resence  of 

HCO3- .  B o t h  the  l igh t  m i t o c h o n d r i a l  a n d  m i c r o s o m a l  f r ac t ion  g a v e  a c t i v e  p r e p a r a t i o n s  
w i t h  s imi la r  p roper t i e s .  
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The preparation did not lose activity after storage for I week at refrigerator 
temperature, but one cycle of freezing and thawing resulted in more than 50 % loss 
of enzyme activity. Fresh preparations of the enzyme gradually increased in activity 
over the first 24-48 h of storage, similar to the lubrol solubilized (Na +, K+)-ATPase 1~. 
Heating to 60 ° for 5 min abolished the HC03- activation. These results are sum- 
marized in Table III. 

T A B L E  I I I  

A T P a s e  ACTIVITY 

Assay  condi t ions  as in Table I. The soluble e n z y m e  was prepared from a mixture  of the  l ight 
mi tochondr ia l  and microsomal  fractions.  Data  in #mole s  Pi" mg 1. h -1 .  

Fraction :VIg 2+ 

Total  h o m o g e n a t e  7.3 8 .39  
Light  mi tochondria l  12.1 16. 7 
Microsomal  19.4 27 .3  
Soluble  e n z y m e  13.2 44 .6  
Soluble  e n z y m e  heat  treated 6.8  7.1 

Alg 2+ + HCO.~- 

T A B L E  I V  

SPECIFICITY OF A T P a s e  

Assay  as in Table I, except  o ther  nucleot ides  subst i tuted  for ATP. Data  in pmoles  Pi" m g  - 1 '  h -1. 

Substrate ~ f g  2+ Alg 2+ + HCO a- 

A T P  7.2 23.3  
G T P  4.4  5.3 
C T P  < o . o i  < O . O l  
U T P  o. 7 o .65  
A D P  < 0 . 0 2  < 0 . 0 2  
A M P  < o . o i  < O . O l  

Properties of solubilized enzyme 
The solubilized enzyme from dog mucosa hydrolyzed GTP at about 5o % of 

the ATP rate, and UTP at about io %. There was no significant hydrolysis of CTP, 
ADP or AMP (Table IV). 

Mn 2+ substituted effectively for Mg ~+ with this enzyme, but Ca 2+ and Zn 2+ 
did not, when added at equal concentrations. In fact Ca 2+, when added in the presence 
of Mg 2+ inhibited the enzyme, especially the HCO 3- activation. 

The pH optimum of the enzyme is illustrated in Fig. 5. A fairly broad pH-  
activity profile was obtained with an optimum at 8.3. In the presence of HCO3-, the 
peak activation occurred at pH 7.4. 

Effect of activators 
A. Specificity. The stimulation of the enzyme by HCO~- was not confined to this 

base. Various other bases such as selenite, borate, arsenite, arsenate and sulfite were 
also effective in increasing the activity of the enzyme. These data are summarized 
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in Table V. The effect of some of these bases on the soluble enzyme from Necturus is 
inserted for comparison. Based on the effective concentration of the bases at the pH 
of the experiment this activation suggested that  there might be a relationship between 
the pK of the base, and its activating effect. The following method was used to cal- 
culate the activation constant k', assuming the simplest possible kinetic scheme: 

L e t  Mg 2+ r a t e  = VI = hl~ES]; 

Mg 2+ r a t e  + base  c a t a l y z e d  r a t e  = V2 --  kl[ES] + k2EBI [ES_] 

where [B] is concentration of basic species at given pH, and [ES] is enzyme substrate 
complex. Then 

V 2 -  V1 ks 
_ _ k / 

[B] V1 hi 

and ES does not have to be known, and k' can be taken as equivalent to the kcat of 
organic reactions. 

.pMotes 

Pi/mg I h 

50 

20 

10 

6 7 8 9 

pH 

Fig. 5. A plot of activity vs. p H  for dog enzyme with and wi thout  20 mM HCO3-. 

T A B L E  V 

RELATIVE RATES OF ATPase WITH BASES 

The concentrat ion of base added is 20 raM, the p H  of the final mixture  was 7.4. The act iv i ty  
for Mg ~+ alone is taken as i to allow direct comparison (Mean i S.E., n ~ 5). Da ta  in /zmoles 
Pi '  mg -1" h -1. 

Base Necturus Dog 

HCOz- 3.5 -4- 0.49 3 . 3 9  ~30 , I I  
SeO3~- 5.6 ~2 o.15 3.00 ~ 0.38 
H~AsO3- 4.3 4- o.8 3.60 -4- 0.44 
HB,OT- 1.8 4- o.18 1.52 4- o.2o 
HAsO4 ~- - -  5.08 4- 0.56 
SO~ 2- - -  4.81 =L 0.68 
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Accordingly, if a proton transfer step is involved in the activation mechanism, 
a plot of log k' (i.e. log V2-V1/EB]V1) vs. pK of the base should be a straight line 14 i.e. 

log k '  = ~ + # ( p K a )  

Fig. 6 shows this plot for the enzyme for dog mucosa. The fact that  this is a curve 
shows that  the actual situation is more complex than assumed here, but nevertheless, 
the Bronsted relationship is evident. A similar plot may  be obtained for the enzyme 
obtained from Necturus and Fig. 7 shows a plot of log k' for Necturus against log k' 
for dog, giving a slope of approximately i. 

log K'co t 

+2 

4"I 

( 

IHB40; 

i i 

4 5 

HCO~I  

r 
6 

co~e 

e40; ~HzAs % 

S eO 3- • 

i i i i 

7 8 9 I0 

+2 

bg K' DOG + 
Cot 

o 

pK 

/ 
/ / ~  t: ~ slope 

HCOII 

HB407- , 
-I 0 +'t +2 

~og K' NECTURUS 

Fig. 6. Acid base cata lys is  of dog ATPase.  A plot  of log k" vs. pA" for var ious  bases for the  soluble 
ATPase  from dog gastr ic  mucosa.  

Fig. 7. Acid base catalysis  of ATPase.  A plot  of log k' for the  dog vs. log k'  for Necturus ,  showing 
i : i re la t ionship.  

B. Effect on kinetic constants. Bicarbonate increased both the Km and the 
Vm. . of the ATPase. The Km was increased from o.132 ± 0.039 to 0.265 ± 0.044 mM 
(7 experiments =~ S.D.) and the Vma x from 19.2 ~_ 3.8 to 46.47 ± 7.7 #moles 
Pi"  mg -1" h-1. 

The kinetics approximately fit an equation of the form: 

Vrnax Km KB 
v - Es]  +Eb~ +~ 

where Vma x is maximal velocity, V is measured velocity, Km is dissociation constant 
for ATP, KB is constant fr HCOa-, and IS] and [B] are concentrations of ATP and 
bicarbonate, respectively. 

A plot of log V/vm, X- V vs. log [ATP] gave a straight line with n (the Hill 
coefficient) = I. Similar results were obtained for a plot against log [HCOa- ]. 

C. Effect of irreversible inhibitors. Both DFP  and methane sulfonyl chloride 
inhibited the ATPase activity. In the case of methane sulfonyl chloride the base 
(HCO3-) activation was considerably more sensitive to the inhibitor, except at the 
highest concentration. Table VI shows the effect of preincubation with varying con- 
centrations of methane sulfonyl chloride. 

D. Effect of 2H20. Dialysis against 2HO2, followed by assay in a 2H20 medium 
reduced the HCOa- stimulation of the ATPase activity from 2.5 fold to o.I, i.e. 
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T A B L E  V I  

EFFECT OF PREINCUBATION WITH METHANE SULFONYL CHLORIDE 

Conch. 
(M) 

A TPase activity as % of control 

Mg ~+ Mg 2+ + HCO 3- 

C o n t r o l  IOO i o o  
lO -5 IOO 9 0  
lO -4 i o o  72 

lO -3 i o o  54 

i o - ~  5 ° 36  

I I I  

the HCO z- stimulation was virtually abolished. This may  be used as additional evi- 
dence for the requirement of a proton transfer step in the HCO 3- activation step. 
However, the data could be explained in other ways, such as alteration in protein 
conformation. Similar t reatment  of the (Na +, K+)-ATPase has only a slight effect on 
the Na + + K+-activity, however (unpublished observation). 

D I S C U S S I O N  

Several ATPases have been shown to occur in mammalian tissues. Thus, in 
most cells the cell membrane contains a Mg 2+ ATPase and a (Mg 2+ + Na +, K+) - 
ATPase. The latter enzyme, which is involved in Na + transport,  has recently been 
solubilized and extensively purified 15. Mitochondria also contain an ATPase(F1)which 
has also been purified, and localized in the inner membrane of mitochondria 16,17. The 
enzyme discussed here is distinct from both of these. In contrast to the F1 ATPase, 
this enzyme is cold stable and heat labile, is not stimulated by  dinitrophenol (un- 
published observations), and is localized in a smooth vesicle fraction derived from the 
gastric mucosa. However, the F 1 ATPase is also partially sensitive to HC03 -is. 

The localization of the HC03-  activated enzyme in the smooth vesicular fraction 
of the dog gastric mucosa and in a similar fraction derived from purified amphibian 
oxyntic cells 3 might suggest some involvement in the acid secretory process. More- 
over, the increase observed in HC03-  activation upon solubilization of the enzyme 
implies that  this activation may  have considerable functional significance, particularly 
since diamox inhibits acid secretion 6. 

Since it was then found that  various oxyanions stimulated this ATPase, and 
tha t  the degree of stimulation was a function of the concentration of the anion and 
its pK, it may  be concluded that  a proton transfer step is involved in the activation 
by  HC03-, the only one of these bases of importance biologically. This finding ap- 
pears to be unique in enzyme catalysis, that  externally added base accelerates the 
reaction by  a general acid-base or nucleophilic mechanism. This could be due to a 
variety of mechanisms, such as true general base catalysis, general acid-specific 
base catalysis or nucleophilic catalysis. Kinetic information does not distinguish 
between these possibilities 19. The lack of effect of Br--, a strong nucleophile, might 
imply that  nucleophilic catalysis is not involved. The similarity of response of dog 
and Necturus shows that  the enzymes are similar in both species. At this stage our 
observations of base catalysis are limited to the structurally similar oxybases, and 
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do not predict the effects of structurally unrelated bases. However, they relate directly 
to the mechanism whereby HC03-, the presumed physiological activator, accelerates 
the enzyme reaction. 

Additional insight into the enzyme mechanism may  be obtained from the 
effect of DFP 2 or methane sulfonyl chloride. The latter compound was studied in 
more detail since its effects cannot be due to F -  release ~1. Since both compounds in- 
hibit the ATPase, a serine-0H group may  be involved in the reaction. Additional 
evidence which is consistent with this possibility is the broad pH opt imum curve, 
and also the decreasing effect of HC03-  towards pH 9, the pK of the serine-OH. 

Based on these two lines of evidence, a tentative hypothesis for the mechanism of 
HCOa- activation of this enzyme would be as follows : The active center of the enzyme 
contains a serine-OH group, and a binding site for the base. The base would then 
act to remove the proton from serine-OH, increasing the nucleophilic reactivity of 
this group towards the v-POd of ATP. Work is in progress to purify the enzyme so 
that  more detailed kinetics can be obtained. 

In relation to the possibility that  this enzyme is involved in acid secretion, 
the activation by  HCO~- may  relate to HCO~- transport  by this enzyme. In this 
case the secretory membrane of the acid secreting cell would contain the ATPase 22, 
and a source of HCO3- such as the C02 carbonic anhydrase system 23. Acid secretion 
would then result from HCO~- transport  into the cell, and diffusion of H +, accom- 
panied by anion such as C1- into the lumen. This mechanism is formally equivalent 
to the chemi-osmotic theory of oxidative phosphorylation 24, when C023 - is substituted 
for 02- . Moreover, depending on whether the enzyme is oriented as in the gastric 
cell, or in the opposite direction, as in the pancreas, H + secretion or HCO 3- secretion 
could result. 
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