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An endogenous activator capable of stimulating  the 
gastric H+,K+-ATPase activity  has been purified  to 
homogeneity from dog and pig gastric cells and found 
to be a  dimer of two  identical  40-kDa  subunits in the 
active  state.  Identical nature of the  activator mono- 
mers  was revealed by the detection of lysine as the sole 
N-terminal amino acid. The  activator  from one species 
can stimulate  the H+,K+-ATPase from another species 
and vice versa. Such cross-activation  is consistent with 
the  striking similarities  in  the amino acid composition 
between the  two species, suggesting considerable ho- 
mology in the  activator molecules from different spe- 
cies. The  activator exhibited several unique features 
during modulation of the H+,K+-ATPase reaction. It 
appreciably  enhances  affinity of the H+,K+-ATPase for 
K+, known to increase  turnover of the enzyme.  To 
complement this K+ affinity,  the  activator also en- 
hances ability of the H+,K+-ATPase to  generate more 
transition state (E**ATP) complex  by increasing  the 
entropy of activation (AS$) of the system as revealed 
from an  Arrhenius plot of the  data on temperature 
activation. In addition,  the  activator shows both posi- 
tive  cooperativity  and  strong  inhibition, depending on 
its concentration. Thus, up to  the  ratio of the H+,K+- 
ATPase and  activator of about 1:2 (on the  protein 
basis), the  activator shows sigmoidal activation (Hill 
coefficient = 4.5), but beyond such concentration a 
strong inhibition was observed. Finally, Ca2+ at low 
(2-4 PM) concentration  strongly  inhibits  the  activator- 
stimulated H+,K+-ATPase. It is proposed that  the acti- 
vator may  be acting as a link  in  the  signal  transducing 
cascade system between the  intracellular second  mes- 
senger (Ca”’) and  the physiological response (gastric 
H+ transport). 

The stomachs of all  vertebrate  animals so far studied ac- 
tively secrete hydrochloric acid against a  concentration gra- 
dient of over a millionfold. The secretory membrane-located 
H+,K’-ATPase in the acid-secreting (parietal) cells has re- 
cently been identified (1, 2) as  the enzymatic mechanism for 
the  transport of protons. 
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Although our knowledge on several aspects of gastric acid 
secretion such as  the actions  and  interactions of secretagogues 
(3) with the cell surface (basolateral) membrane and  the 
molecular mechanism of the secretory membrane-located 
H+,K+-ATPase function has advanced significantly in recent 
years, very little  is known about the cytosolic biochemical 
events which underlie secretagogue stimulation. A role of 
cyclic AMP (4-7), Ca2+ (%lo),  and  protein kinases (11-13) 
has been implicated. However, the specific metabolic steps 
involved in the regulation of H+  transport by these agents  are 
unknown. 

Since the hormonal signals (first messengers) from the 
basolateral side need to be transmitted through the cytoplasm 
before being transduced at  the H+,K+-ATPase pump site  it is 
obvious that some cytosolic second messengers such as cyclic 
AMP and Ca2+ may  be  involved in  the  total chain of intracel- 
lular events. However, no direct effect of either CAMP or Ca2+ 
at near physiological concentration has thus  far been dem- 
onstrated on the activity of the H+,K+-ATPase. It is therefore 
highly  likely that other intracellular regulatory factors are 
involved in linking the second messenger signals to  the final 
physiological response of gastric H+ transport. 

One such regulator may be the 80-kDa cytosolic activator 
protein demonstrated to activate the gastric H+,K+-ATPase 
and  K+-p-nitrophenyl  phosphatase activities in vitro (14-18). 
There  are several known unique features of the endogenous 
activator which implicate the activator  as an intracellular 
regulator. First, the activation of the gastric H+,K+-ATPase 
is a general phenomenon, i.e. it occurs in every vertebrate 
animal studied so far  (14,19). Second, the activator from one 
species is capable of stimulating the gastric H+,K+-ATPase 
from another species and vice versa (14,19).  Third, activation 
of the H+,K+-ATPase reactions also causes an increase in the 
rate of H+  transport.  Thus,  the H’,K’-ATPase-mediated rate 
of  H’ transport  into  the  interior  (lumen) of the gastric micro- 
somal vesicles is increased considerably in the presence of the 
activator (19). Fourth, the activator  stimulation of the H+,K+- 
ATPase  can be totally obliterated by micromolar Ca”, sug- 
gesting a critical interplay between this second messenger and 
the activator in the regulation of the H+,K’-ATPase function 
(14). Finally, the dimeric (two identical 40-kDa subunits) 
activator molecules are only effective in activating the H+,K+- 
ATPase reaction; the monomers are  totally ineffective (19). 
Such differential effects of the monomeric and dimeric acti- 
vator may  be the mark of a delicate regulation mechanism. 

The purpose of the present investigation was twofold (a) 
to purify the activator from  pig gastric cells and compare it 
with that from dog (19) with a view to finding out the 
underlying commonalities and unique features  and (b )  to 
explore further  the mechanisms of activator regulation of the 
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gastric  H+,K+-ATPase reaction. The data  demonstrate that 
the  amino  acid  composition of the pig and dog endogenous 
activator  are closely similar. The  N-terminal  amino  acid is 
lysine for  both species. The data on the H+,K+-ATPase  acti- 
vation revealed the following: the  affinity of the H+,K+- 
ATPase for K+ is  increased  significantly  in the presence of 
the  activator.  The  activator  demonstrated sigmoidal activa- 
tion as well as inhibition,  depending on  the  concentration of 
the  activator;  the  higher  concentrations were inhibitory. The 
effects of temperature  on  the  activator  activation of the 
H+,K+-ATPase demonstrated  no  appreciable  changes  in the 
break  point  (Arrhenius)  temperatures  compared to the  unac- 
tivated  reaction. The energy of activation (E,) and the  en- 
thalpy of activation (AH$)  were appreciably  higher above 
34 "C in the  activated  reaction. The effects of increasing 
concentrations of Ca2+ demonstrated  that  Ca2+  at low (4 pM) 
concentration  obliterated  the  activator-activated  portion of 
the  gastric H+,K+-ATPase reaction. The  data  have  been  dis- 
cussed  in  terms of the possible  role of the endogenous  acti- 
vator as a  cytosolic regulator of gastric H+ transport. 

EXPERIMENTAL PROCEDURES' 

Isolation of Gastric  Microsomes-Fresh  pig stomachs were pur- 
chased  from the local  slaughterhouse (Schalar Slaughter House, 
Bridgewater,  NY). The gastric  microsomes  were  isolated  following 
the method (14) published  previously. 

Purification of the H+,K+-ATPase and the Endogenous  Activator- 
The H+,K+-ATPase associated  with  purified  gastric  microsomes was 
further purified to homogeneity  with  high  specific  activity. The 
procedure (20) involves  solubilization of the extrinsic proteins in 
0.033% (w/v)  SDS2 by sonication followed  by equilibrium  sucrose 
density  gradient  centrifugation. The band  (buoyant  density = 1.115) 
contains nearly  all of the H+,K+-ATPase activities associated  with 
the original starting material (gastric microsomes) and shows  very 
high  specific  activities. The purified H+,K+-ATPase shows a single 
major 100-kDa  band and a diffuse  85-kDa  glycoprotein  band  on  SDS- 
PAGE. A preliminary  account of the purification  procedure  has  been 
reported  (20, 21). The details will be published  elsewhere. 

The details for the purification of the activating factor are included 
in the Miniprint. 

Pretreatment of the  H+,K+-ATPase Preparation with  Activator- 
The activator needs to be preincubated  with  gastric  microsomes  for 
a brief  period (about 1 min) at 37  "C to show consistent activation. 
However,  longer incubation (10-15 min)  beyond the 1-min period 
does  not  change the extent of activation. For the sake of  convenience 
of the assay, we use a 10-min  preincubation  period  in  our  routine 
assay  procedures.  Briefly,  gastric  microsomes  or the pure H+,K+- 
ATPase preparation was first incubated  for  10  min at 37  "C without 
(controls) and with the desired concentrations of the activator. The 
membranes treated without and with the activator were then trans- 
ferred to an ice bath (0-4 "C) for  subsequent  assay of the H+,K+- 
ATPase and K+-p-nitrophenyl phosphatase activities within 1 h. 

Assay of the  H+,K+-ATPase and K+-p-Nitrophenyl  Phosphatase- 
For the ATPase, the incubation  mixture contained, in a total volume 
of 0.95 ml, 50 pmol  of Pipes (pH 6.8), 5 pmol  of M P ,  and 5 pg  of the 
microsomes  with and without 20  pmol of K+. Following a preincuba- 
tion  period of 10 min at 37 "C the reactions were started with  0.05  ml 
of 40  mM Tris-ATP (pH 6.8) and incubated  for  10  more  min. The 
reactions were stopped by  ice-cold trichloroacetic  acid and assayed 
for  Pi as previously  described  (15-17). The assay  conditions  for the 

Portions of this paper  (including part of "Experimental  Proce- 
dures" and Figs. 1 and 2) are presented  in miniprint at the end of 
this paper. Miniprint is  easily  read  with the aid of a standard 
magnifying  glass. Full size  photocopies are available from the Journal 
of  Biological Chemistry, 9650 Rockville  Pike,  Bethesda, MD  20814. 
Request  Document No. "-3530, cite the authors, and include a 
check or money order  for $2.00 per set of  photocopies. Full  size 
photocopies are also  included  in the microfilm  edition of the Journal 
that is available from  Waverly Press. 

The abbreviations  used  are:  SDS,  sodium  dodecyl  sulfate;  PAGE, 
polyacrylamide  gel  electrophoresis;  Pipes, 1,4-piperazineethanesul- 
fonic  acid;  dansyl,  5-dimethylaminonaphthalene-1-sulfonyl;  EGTA, 
[ethylenebis(oxyethylenenitrilo)]tetraacetic acid. 

K+-p-nitrophenyl phosphatase were the same as those  for the ATPase 
except that the pH of incubation was  7.5 (50 pmol  of Tris-HC1) and 
the substrate used  was 5 mM p-nitrophenyl phosphate (15-17). 

SDS-PAGE was run following Fairbanks et a1 (22) and as  described 
(24). The protein was  assayed  by the Lowry  procedure (23). 

Determination of the Amino Acid Composition and the N-terminal 
Amino  Acid-The amino  acid  compositions  of the pig and dog acti- 
vator were determined as follows. The pure  activator  (about 5 mg) in 
50 mM Tris, 0.2 mM dithiothreitol, and 0.2 mM EDTA (pH 7.4)  was 
dialyzed  exhaustively against glass-distilled  water and lyophilized. 
The dry protein was  dissolved in 6 N HCl and hydrolyzed in the 
presence  of a trace (10 p1 in 1 mi) amount of phenol at 105  "C  for  24, 
48, and 72 h under  vacuum. The hydrolyzed protein was evaporated 
to dryness, and the amino  acid  composition  was  determined by a 
Beckman  System  6300  high  performance  analyzer.  Since tryptophan 
was destroyed  under the condition of  acid  hydrolysis, its concentra- 
tion was determined from the absorption spectra of the pure activat- 
ing factor and the known  molar absorption of tryptophan (24). The 
cystein  residue  in the activating factor was quantified by oxidation 
to cysteic  acid  followed  by amino  acid  analysis  (25). 

The N-terminal amino  acid  was determined by the dansylation 
method (26). The salt-free lyophilized  protein  was  dansylated  in 0.5 
M NaHC03 buffer (pH 9.0) containing 1% SDS at 37  'C for 4 h. The 
labeled protein was  dialyzed,  lyophilized, and subsequently  hydro- 
lyzed in 6 N HCl at 110  "C  for 16 h. The dansyl-N-terminal amino 
acid  was identified by TLC in three different  solvent  systems,  such 
as (a) benzene:pyridine:acetic  acid :: 164:l; ( b )  ch1oroform:benzyl 
alcohokacetic  acid :: 70303; and (c) n-butyl alcohol:pyridine:acetic 
acid:water :: 30:206:24. 

RESULTS 

Purity of the Actiuator-The SDS-PAGE (Fig. 4) of the pH 
precipitate  and the peak  fractions of the active activator  from 
column 1 (Fig. 1) and  column 2 (Fig. 2) show that the activator 
activity  correlates well with a 40-kDa  protein  band. The 
material  eluted  from  column 2 and having very  high activator 
activity  consists  almost  entirely of a 40-kDa  peptide. How- 
ever, the molecular  weight calibration of the  Sephacryl col- 
umn  shows that the  active  activator  has a molecular mass of 
80 kDa. Hence, the active  activator  appears  to  be a protein of 
two 40-kDa  subunits.  This idea of dimeric  activator is sup- 
ported  by  the  fact  that  treatment of the active  activator (80 
kDa)  with urea (4 M) and subsequent column chromatographic 
(Fig. 3) separation  generated  only 40 kDa peptides  with total 
loss of activator  activity. In addition,  the  N-terminal amino 
acid  for  both  the dog and  pig  activator  has been found to be 
consisting of lysine alone  (see below), suggesting that the  two 
monomers  are  probably  identical. Hence, the active species of 
the  activator molecules appear  to be a dimer of two  identical 
subunits. 

Chemical Characterization of the Dog and Pig Activator: 
Amino Acid Composition-The amino acid compositions of 
the dog and pig  activator  are  shown  in Table I. Since the 
content of acidic amino  acids  is  far in excess of the  basic 
residues  in the activator  from  both species, the  activator  is a 
highly  acidic protein,  with  an isoelectric point  in the acidic 
range. This  observation is consistent  with the fact that  con- 
siderable  enrichment of both the activator  activity and asso- 
ciated  40-kDa SDS-PAGE band (Fig. 4)  is observed in  the  pH 
4.8 precipitate of the cytosolic fraction (15). It is  noteworthy 
that the  amino  acid  compositions of the dog and pig  activator 
are  nearly  identical,  with  the  exception that glycine, alanine, 
and  glutamic  acid  are  higher,  whereas lysine is lower and 
methionine  is  absent  in  the dog activator. 

N-terminal  Amino Acids-The N-terminal  amino  acid  for 
both  the dog and pig  activator  was  identified  to be only lysine 
by the  dansylation  technique. 

Some  Enzymatic  Characteristics of the Pure Endogenous 
Activator-Fig. 5 shows the effects of pig activator as a 
function of increasing K+ in  the  assay medium on  the  activi- 
ties of the  H+,K+-ATPase  and  K+-p-nitrophenyl  phosphatase 
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FIG. 3. Sephacryl S-200 (67 X 1.6 cm) chromatography of 
the  urea-inactivated  activator  factor  preparation. Pure acti- 
vator protein (1 mg)  was incubated at  37 "C for 5 min without and 
with 4 M urea in 1 ml  of 50 mM Pipes-Tris buffer (pH 6.8) containing 
0.2 mM dithiothreitol and 0.2 mM EDTA. Following incubation, 9 ml 
of ice-cold buffer medium was added. Aliquots containing 2-10 pg  of 
the activator were tested for activity. The activator factor (AF)  
activity was totally abolished following urea treatment.  The urea- 
treated  activator was dialyzed, concentrated, and  put on the column. 
The molecular weight calibration of the column showing the position 
of migration of the active and  the inactive activator  factor is shown 
in the inset. BSA, bovine serum albumin. 

TABLE I 
Amino acid composition of the activating  factor (AF) protein isolated 

from dog and pig  gastric cells 
Amino  acids Dog AF Pig AF 

Nonpolar 
Ala 
Val 
Leu 
Ile 
Pro 
Met 
Phe 
Trp 

Polar  (uncharged) 
GlY 
Ser 
Thr 
CYS 
TY r 

Negatively charged" 
ASP 
Glu 

Positive charged 
LYS 
Arg 
His 

Percent nonpolar 
Total residues 

mol amino acidjmol mon- 
omer (40 kDa) 

23 19 
22 21 
23 30 
21 20 
19 21 
0 2 

14  13 
8 8 

36 32 
40 41 
25 23 
1 1 

12 14 

37  39 
34 26 

7 10 
7 7 
3 4 

39.1  40.4 
332 331 

' The values also include the glutamine and asparagine which are 
converted to  the respective glutamic and aspartic acids under condi- 
tions of acid hydrolysis of the activator factor. The values for valine, 
leucine, and isoleucine were derived from 72 h hydrolysis. The serine 
and threonine content was obtained following extrapolation of the 
12, 24,48, and 72 h hydrolysis data  to 0 h. 

FIG. 4. SDS-PAGE profiles of various  fractions  during pu- 
rification of the  activator protein. The SDS-PAGE was run 
following the procedure described previously (19). The gels from left 
to right are  the molecular weight standards (from top, 92.5,  66.2, 45, 
31, 21.5, and 14.4 kDa),  pH 4.8 precipitate, and  the active fractions 
from column 1 and column 2. Enrichment of the 40-kDa band  during 
purification is clearly evident. The pure  activator (active fraction 
from column 2) is a homogenous band of 40-kDa peptide. 

associated with  a  pure preparation of H+,K+-ATPase purified 
from dog gastric microsomes (20, 21). Both  the  H+,K+-ATP- 
ase and  K+-p-nitrophenyl phosphatase are appreciably acti- 
vated by the pure  activator. However, there  are some note- 
worthy differences. The affinity to  K+ remains unchanged 
during  activator-induced  activation of the K+-p-nitrophenyl 
phosphatase, whereas a  marked  increase in  K+ affinity is 
evident  in the activator  activation of the H+,K+-ATPase (Fig. 
5 ) .  Such  differential effects of the activator on  the H+,K+- 
ATPase and K+-p-nitrophenyl phosphatase activities might 
argue against the concept that  the  latter reaction is a partial 
step in the  total H+,K+-ATPase  reaction sequence, as  has 
recently been suggested (27, 28). Similar to  the pure H+,K+- 
ATPase  preparation, nearly identical  results  in  changing the 
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FIG. 5. Effects of increasing  concentrations  of K+ on the 
activating factor  activation of the  gastric  H+,K+-ATPase (A)  
and  K+-p-nitrophenyl  phosphatase (pNPPaae) (B)  activities 
by the  endogenous  activator. The symbols  are: 0-0, without,  and 
.".., with  activator  for  both H+,K+-ATPase and K+-pNPPase 
activities. The insets are the Lineweaver-Burk  plot of the data. The 
pure  pig H+,K+-ATPase preparation  did  not  have  any  detectable 
Me-ATPase activity. The data are typical of three to four separate 
studies. About 2 pg  of the pure  pig H+,K+-ATPase and for activator 
activation, 3 pg of the pure dog activator, was  used  in the assay. The 
data (not shown)  with  gastric  microsomes as the source of enzyme 
showed identical patterns with  respect to affinity  toward  K+. The 
details of the assay  are  given  under  "Experimental  Procedures." 

K+ affinity were  observed with  the  impure  (gastric micro- 
somes)  H+,K+-ATPase. 

An Arrhenius  plot (Fig. 7) of the  data (Fig. 6)  on  the effects 
of various  temperatures on activation of the  gastric  H+,K+- 
ATPase  reaction by the  activator revealed some  interesting 
features.  The  activator does not have any  appreciable effects 
on the  two  transition temperatures-one around 20 "C (be- 
tween 20.5 and 22 "C) and  the  other  around 34 "C (between 
33.3 and 34.5 "C). Such lack of alteration of breakpoint  tem- 
peratures by the  activator suggests that  the  activator-induced 
activation of the  H+,K+-ATPase does not occur  via an  acti- 
vator-membrane (lipid) interaction,  but  probably occurs as a 
direct effect on the  H+,K+-ATPase molecule. However, the 
energy of activation (E.) increased considerably  above  34 "C 
with a concomitant  increase  in  the  enthalpy (AH$) of acti- 
vation  (calculated  from  the  equation AH$ = E, - RT)  in  the 
presence of the  activator (Fig. 7). Since  the free  energy of 
activation (AGS) must  also decrease  above  34 "C when  marked 
activator-induced  activation occurs, it  appears  from  the  rela- 
tion ACS = A H $  - TASS that,  in  the process of activator 
activation of the H',K'-ATPase, the  entropy of activation of 
(ASS) must also  increase. Table I1 gives activation  data cal- 
culated for 37 "C.  The values of AS$ were calculated  from  the 
reaction  rate  constant (k) using  the following equation: 

k = -  KE. T,e-AliHtlRT,,&5stfR 
h 

so a. t 500- 
n 
W 

400- 

/ 
+ ' I  /" 
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1 0 0 .  

IO 15 20 25 30 34 37 42 

TEMPERATURE ( O C  

FIG. 6. Effects of increasing  temperatures on the activities 
of the  gastric  H+,K+-ATPase  in  the  absence  and  presence  of 
the  pure activator. Symbols  are: 0-0, without,  and 0 - 0 ,  with 
activator. The time  period of the reactions was  varied  due to the 
variation of the reaction rates with  temperature,  keeping the other 
conditions  such as concentrations of ATP (2 mM), Me (2 mM), K+ 
(10  mM), pure  H+,K+-ATPase (2 pg),  and the pure  activator  protein 
(3  pg) constant. The assay  periods  were 60 min  for  10 and  15 "C, 30 
min  for 20 and 25 "C,  and 10  min  for 30 "C and above. Preincubation 
of the activator  with H+,K+-ATPase was  done  for 10 min at the 
respective  temperatures  before  assaying the H+,K+-ATPase  activity. 
The  details of the H+,K+-ATPase assay are given under  "Experimen- 
tal Procedures." It is  noteworthy that (besides the absolute rates) the 
temperature  activation  curve  using  impure H+,K+-ATPase (gastric 
microsomes)  also  showed a pattern nearly  identical to the data shown 
above  with  pure H+,K+-ATPase preparation. The data are typical of 
three separate studies. 

where KB is Boltzmann's  constant, h is Plank's constant, R 
is  the gas constant,  and T is  absolute  temperature.  The k 
values were obtained  from V,,, at saturating  substrate  con- 
centration  using a molecular  weight of 270,000 for the H+,K+- 
ATPase (29). The AGS values were then calculated as AGS = 
AH$ - TASS. The AGS values are 16.6 and 15.9 for the 
control  (unactivated)  and  activator-activated  reactions, re- 
spectively, consistent  with  the  corresponding  rate  constants 
(k) of  15.4 and 42.4 s-'. In presence of the  activator  the ASS 
is thus less  negative than  that of the  control reaction, and 
hence the process of activator  activation  is  entropy-driven. A 
similar  increase  in E. has  been  reported  during  activation of 
the  adenylate cyclase by dopamine (30). 

Another mode of activator-induced regulation  was  revealed 
during  our  study on the effects of different  concentrations of 
activator on H+,K+-ATPase  reaction (Fig. 8). The  activator 
molecules demonstrated  both "positive" cooperativity  and a 
strong  inhibition  in  their effects on  the  H+,K+-ATPase reac- 
tion,  depending on concentration of the  activator  protein.  The 
activation of the  H+,K+-ATPase at increasing  activator  shows 
a  sigmoidal activation  curve  up  to a certain  concentration 
beyond  which an  inhibition  is observed. Thus,  up to the 
H+,K+-ATPase  to  activator  ratio of 1:l (on  the  protein  basis), 
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FIG. 7. Arrhenius  plot  of  the  data  shown  in Fig. 6. The energy 
of activation (E.) values calculated from the slope of the Arrhenius 
plot is shown in the inset. It is noteworthy that  the E, value above 
22 “C increases significantly in presence of the activating factor. 

TABLE I1 
Thermodynamic quuntities of the activating factor (AF) activated and 

unactivated gastric H+,K+-ATPase reactions 
Thermodynamic parameters 

at 31 ‘C -AF +AF 

E. (kcal/mol) 9.8  15.0 
H (kcal/mol) 9.3  14.4 
G (kcal/mol) 16.6 15.9 
S (cal . mol”. deg”) -23.5  -4.8 
k (rate constant. s”) 15.4  42.4 

a sigmoidal activation  (Hill coefficient = 4.5) is evident show- 
ing an optimal stimulation. However, beyond an ATPase to 
activator  protein  ratio of  1:2 the inhibition is apparent,  and 
the activation is totally abolished at  an ATPase to activator 
protein  ratio of 1:5. Thus  another mode of regulation by the 
activator-a down-regulation of the H+,K+-ATPase-also ap- 
pears possible. Although the mechanisms and significance of 
the down-regulation are  not clear at present, the effect could 
be of important physiological significance for the intracellular 
regulation of gastric H+ transport. The demonstrated positive 
cooperativity is a well-known phenomenon exhibited by many 
allosteric enzymes like the H+,K+-ATPase. 

If the cytosolic activator  protein indeed acts  as an intracel- 
lular regulator of the gastric H+,K+-ATPase, it must also be 
responsive to  the second messengers such as CAMP and Ca2+. 
So far we have not found any effect of CAMP. However, Ca2+ 
shows a  dramatic  inhibition of the activator-stimulated 
H+,K+-ATPase activity (Fig. 9). Thus,  up  to 1 p ~ ,  the Ca2+ 
is innocuous for the activator-stimulated  H+,K+-ATPase, but 
beyond 1 p ~ ,  the activity rapidly decreases and becomes 
abolished at 4 p~ Ca2+. It is noteworthy that  the activator- 

+ -  1 0 0 -  
I 

- I  

0. 
0 .2 4mS,s 1.0 

m f- 
22 4.4 6S &B llD 13.2 116 i22 

PURE AF PROTElN(pgf 

FIG. 8. Effects  of  increasing  concentration  of pure  endoge- 
nous activator on the  gastric H+,R+-ATPase reaction. 4 pg  of 
the pure pig gastric H+,K+-ATPase and the indicated amount of the 
pure activator were used in each assay. The details of the H+,K+- 
ATPase assay are given under “Experimental Procedures.” The inset 
shows the Hill plot of the data. Note the inhibition of the H+,K+- 
ATPase at higher (over 11 pg of activator/4 pg  of the H+,K+-ATPase) 
concentrations of the activator. The data are typical of three  separate 
studies. It is noteworthy that, similar to the pure H+,K+-ATPase, the 
impure H+,K+-ATPase (associated with isolated gastric microsomes) 
also gives identical profiles, with the exception that  the absolute 
specific activities were  lower in the latter case. 
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FIG. 9. Effects  of  increasing  concentrations  of Cap+ on the 
activator  activation  of the gastric microsomal H+,R+-ATPase 
reaction. About 10 pg  of the gradient-purified pig gastric microsomes 
and 10 pg  of the pure dog activator protein were used for the assay. 
The concentration of free Caz+ was regulated by EGTA according to 
Pershadsing and McDonald (41) and  as reported earlier (23). The 
details of the H+,K+-ATPase and K+-p-nitrophenyl phosphatase as- 
say are given under “Experimental Procedures.” The data are typical 
of four different studies. 

stimulated  portion of the H+,K+-ATPase is only affected by 
such low concentrations of Ca2+ without affecting the existing 
K+-stimulated component. Similar general effects are also 
observed for the K+-p-nitrophenyl  phosphatase reaction. 
However, unlike the H+,K+-ATPase, the activator-stimulated 
K+-p-nitrophenyl phosphatase shows a linear inhibition by 
Ca2+ from 1-4 p~ range (Fig. 9). 

DISCUSSION 

The  data reveal that  the cytosolic activator  protein is a 
dimer of two identical 49-kDa subunits. Since the activator 
from each of such diverse species as frog, rabbit, dog, and pig 
can  stimulate the H+,K+-ATPase from other species and vice 
versa (13, 18, 19), it  is expected that they will  be  homologous 
at least in those regions of the primary  structure having direct 
interaction with the H+,K+-ATPase. The observed close sim- 
ilarities in the amino acid composition of the activators from 
pig and dog are  consistent with such an idea. 

The increase in the affinity of the H+,K+-ATPase for K’ 
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at  the high affinity K+  site  indicates that interaction of the 
activator with some site at  the cytosolic domain of the ATPase 
is capable of generating favorable changes at a  distal  site 
(luminal) across the bilayer for efficient K+ binding. Such 
activator-induced increase in affinity for K+  is likely to gen- 
erate  a more efficient K+/H+ exchange (19). Ability of the 
H+,K+-ATPase to hydrolyze ATP is also enhanced under 
these conditions. The evidence discussed below suggests that 
the generation of the transition state  (E*.ATP) is enhanced 
during  activator activation of the H+,K+-ATPase reaction. 

The Arrhenius plot of the  data on the activator activation 
of the  H+,K+-ATPase with increasing temperature demon- 
strates lack of effect of the activator on the transition  tem- 
peratures. The observation suggests that  the activator  exerts 
direct effects on the H+,K+-ATPase molecular rather  than 
via some indirect  interaction with the membrane lipid com- 
ponents. The mechanistic and energetic consequences of the 
activator  interaction were also revealed upon further analysis 
of the data. 

The energy of activation (E.) for the H+,K+-ATPase reac- 
tion calculated from Arrhenius plot was not significantly 
altered by the presence of the activator below the  first  tran- 
sition  temperature (20 "C). Above  34 "C, the E. was signifi- 
cantly higher for the activator-activated reaction than for the 
unactivated reaction (15.0 and 9.8 kcal/mol, respectively). 
Consequently, the enthalpy of activation (AH$) is higher for 
the activator-activated reaction, since AH$ = E. - RT. How- 
ever, since activation by the activator occurs at all  tempera- 
tures  that we examined above 20 "C, the free energy of acti- 
vation (AG$) has to be decreased in  the presence of activator. 
A reduction in AG$ despite an increase in AH$ can only be 
accomplished by an increase in  the entropy of activation 
(AS$), as  demonstrated by the equation AG$ = AH$ - TAS$. 
The process of activation of the H+,K+-ATPase by the endog- 
enous activator is thus entropy-driven. A possible interpre- 
tation of this observation is that  the activator may increase 
the entropy of the activated  transition state in the  H+,K+- 
ATPase reaction pathway by organizing the critical reaction 
groups in favorable orientations. Concomitantly, the freedom 
of movement of parts of the ATPase molecule  may  be some- 
what restricted, resulting in an increase in AH$. Since the 
activator  enhances affinity of the H+,K+-ATPase to  K+,  it 
appears that  the activator also modulates the El to E2 tran- 
sition. 

Some insight into  the mode of activator  interaction with 
the gastric H+,K+-ATPase  is obtained from the studies on 
ATPase  activation with increasing activator  concentration. 
The activator molecules demonstrate  strong positive cooper- 
ativity  (Hill coefficient = 4.5) during  H+,K+-ATPase activa- 
tion. The  data suggest that cooperative binding of the acti- 
vator with the H+,K+-ATPase oligomer occurs over a small 
part of the activator  concentration range; i.e. the bound 
molecules of the activator  interact in some way with the 
empty sites on the cytosolic domain of the H+,K+-ATPase to 
increase their affinity for the activator molecules. Such posi- 
tive cooperativity is  the mark of a delicate regulation mecha- 
nism and is inherent in the living system. 

Following the optimal  activation due to positive cooperative 
interaction,  further increase in  the activator caused marked 
inhibition in  the H+,K+-ATPase activity. Such inhibition may 
reflect another form of endogenous activator regulation of the 
gastric H+,K+-ATPase reaction under physiological condi- 
tions. Precise reasons for the observed down-regulation re- 
main unknown. 

The preceding information demonstrates that  the activator 
molecules have considerable regulatory influence on the ac- 
tivity of the H+,K+-ATPase. However, in order for the acti- 

vator to  act  as  an intracellular regulator, the activator must 
not only demonstrate the ability to regulate the H+,K+-ATP- 
ase but also, in  turn, must be capable of being itself regulated 
by the cytosolic second messengers. Calcium, an important 
second messenger and critically essential for gastric acid 
secretion (31-33), inhibits the activator-stimulated  H+,K+- 
ATPase reaction at a  concentration range (2-4 pM) slightly 
higher than  the normal physiological  level (1 p ~ ) .  Such ex- 
treme sensitivity of the activator-stimulated  H+,K+-ATPase 
activity to Ca2+  not only suggests a precise and delicate 
regulatory mechanism for maintenance of the Ca2+ in differ- 
ent intracellular  compartments of the parietal cells, but also 
emphasizes the role of both Ca2+ and  the activator  as members 
of a signal transducing cascade system in the process of gastric 
H+  transport. Although it is likely that a Ca2+-dependent 
conformational change may be  involved in  the activator  or 
H+,K+-ATPase molecule or both, precise effects of Ca2+ at 
the molecular level remain to be determined. 

Recently, the acid secretion by the isolated rat  parietal cells 
has been demonstrated to be inhibited by a mechanism in- 
volving a  Ca2+-stimulated, phospholipid-dependent protein 
kinase C system of the parietal cells (34, 35). Thus,  both 
dibutyryl CAMP  and  histamine-stimulated acid secretion was 
found to be strongly inhibited by 12-0-tetradecanoylphorbol- 
13-acetate as well as 1-oleoyl-2-acetylglycerol. It will  be of 
much interest to see whether such Ca2+ inhibition  (protein 
kinase C-mediated) is related to  the observed (Fig. 9) Ca2+ 
inhibition of the activator-stimulated H+,K+-ATPase. 

The  data presented in this  paper offer  some important 
insight into  the activator regulation of the gastric H+,K+- 
ATPase reaction. In addition, the study opened new avenues 
for further evaluation of the role of the endogenous activator 
as  a possible link in an intracellular signal transducing cas- 
cade system. In view  of recent revelations (36-41) similar 
cascades may  be  more like a general principle in biological 
signal transduction. 
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Supplementary R t e r i s l   t o :   C n a r a c t e r i r t i c r   o f  a Pure Endogenous A c t i v a t o v   o f   t h e   G a s t r i c  

Ht,Kt-ATPaSe Sys tem:   Eva lua t ion  O f  the   Ro le  as  a Poss ib le  
I n t r a c e l l u l a r   R e g u l a t o r  

Sandip Bandopadhyay. P ra tap  K. Oar, Mark Y .  W r i g h t .   J y o t i r n w  Nandi. 
Debaris  Bhattacharyyay and T m h w  I(. Ray 
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EXPERIMENTAL PROCEDURE 

1 b b b  b 

- l o r  I 
P u r i f l c a t l o n   o f   t h e  E n d w e n o u s   A c t i v a t o p :   I h e   a c t l v a t w  was p u n f i e d  from t h e   c y t o s o l i c   f m c -  
t i o n  O f  t h e   f u n d i c   c e l l s   o f   p i g   g a s t P i C  mucosa f o l l o w i n g   t h e  me thod   (19 )   desc r ibed   recen t l y  
f o r   t h e   p u r i f i c a t i o n   o f   d o g   a c t i v a t o l .  The p u r i f i c a t i o n   p r o c e d u r e   ( a t  0-4'CI i n v o l v e s   s i n u l -  

M~CIO-PPODICO~. 60 kDa C u t o f f  mernbranel. pH 4 .8  p r e c i p i t a t i o n  and two  consecut ive  Sephacry l  
taneous  concent ra t ion  and d l a l y l i s  Of t h e  C y t o s o l i c   f r a c t l o n  under   negat ive   p ressure   (us ing  

5-200  column  Chromatography  steps  using f i r s t  1 long  column (88crn x 2.8cm) and  then a s h o r t  
column (67 cm x 1.6 cm). The t y p i c a l   y l e l d  Of t h e   l c t l v a t o r   f r o m  462 rng O f  C y t o l o l i c   p l o t e i n  
was 15.9 mg and 9.4 mg i n  t h e   f i r s t  ana second column W i t h   h l g h   d C t l V l t O r   I C t l V l t y .   l h e  
mater ia l   f rom  the   second  co lumn was pure 1Ct i v l tOT   show ing  1 s i n g l e  40 kDd band on 805-PAGE. 
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+ rephacry l  5-200 ~ o l u m n .  The a c t i v e   f r a c t i o n 5   f r o m   t h e   l o n g   c o l ~ m n s  ( f i g .   1 )  were pooled 
F i  . 2 .  C h r o m t o g r d p h i c   p u r i f i c a t i o n   O f   t h e   p i g  endogenous a c t i v a t o r  u s i n g  s h o r t  (67 cm x 

t o g e t h e r ,   d i a l y r e d   a n d   c o n c e n t r a t e d  d l  i n   F i g .  1 a g a i n s t  2.5 L O f  2.5 mM Pipe5 b u f f e r  (pH 7.4) 
c o n t a i n i n g  0.2 mM DTT and 0.2 mH EDTA, and  Charged t o   t h e  column. About 1 m1 (20-30 mgi was 
p u t  on a n d   e l u t e d   V i t h   t h e  same bu f fe r  a s  i n   f i g .   1  above  using 1 f l o w   r a t e  O f  24.5 rnl pe r  
hou r .   Fo r t y -s i x   f rac t i ons   (1 .7  ml each) were c o l l e c t e d .  Each f r a c t i o n  was assaved f o ?  w o -  

+ rephacry l  5-200 ~ o l u m n .  The a c t i v e   f r a c t i o n 5   f r o m   t h e   l o n g   c o l ~ m n s  ( f i g .   1 )  were pooled 
F i  . 2 .  C h r o m t o g r d p h i c   p u r i f i c a t i o n   O f   t h e   p i g  endogenous a c t i v a t o r  u s i n g  s h o r t  (67 cm x 

t o g e t h e r ,   d i a l y r e d   a n d   c o n c e n t r a t e d  d l  i n   F i g .  1 a g a i n s t  2.5 L O f  2.5 mM Pipe5 b u f f e r  (pH 7.4) 
c o n t a i n i n g  0.2 mM DTT and 0.2 mH EDTA, and  Charged t o   t h e  column. About 1 m1 (20-30 mgi was 
p u t  on a n d   e l u t e d   V i t h   t h e  same bu f fe r  a s  i n   f i g .   1  above  using 1 f l o w   r a t e  O f  24.5 rnl pe r  
hou r .   Fo r t y -s i x   f rac t i ons   (1 .7  ml each) were c o l l e c t e d .  Each f r a c t i o n  was assaved f o ?  w o -  
t e i n  and a c i i v a t o r   f a c t o r   a c t i v i t y .  


