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K~ w ~ :  (H + + K+~ATP~e; M e m ~ e  mco~fimt~n; H ÷ ~anspo~; (~g ~om~M 

G ~ c  (H + +  K + ) - A T P ~ e  w ~  ~ c o n ~ i m m d  Mm a~ff~iM p h ~ p h a t i d y ~ h o l i n e / c h M ~ r ~  U p o ~ m ~  by 
means ~ a ~ - t h a w ~ o M ~ t i o n  technique. Upon ~ t i o n  ~ M g A T ~  ~ t ive  H + ffanspo~ was c b ~ e ~  
~ a ma~mM rate ~ Xl  ~ m ~ "  mg -1 • min -~, r equ~ng  the ~esenee  ~ 100 mM K + ~ ~ e  M ~ ~  
~ .  H o w l e r ,  M the a b s e n ~  ~ ATP sn H %K + e x ~ a n ~  ~ a ma~mM r ~ e  ~ ~12 ~ m ~  • mg - 1. mM- ~ 
w ~  m e ~ e d ,  wh~h eo~d be inhibi~d by ~ e  well-known A T P ~ e  M M M ~  vanad~e and o m e w ~  
# ~ n g  the f i~ t  ~ i d e ~ e  ~ a p a ~ e  K %H + exchange function of gas~ic (H + + K +)-ATPase. An N a % H  + 
exchange a c t i ~  w ~  M ~  m e ~ e ~  wh~h w ~  ful~ MMM~d by 1 mM amiMfide. S im~mneous  ~eonsf im-  
tion M N a + / H  + antipo~ and (H + +  K + ) - A T P ~ e  eo~d  e x # ~ n  why ~ c o n ~ i m ~ d  A T P ~ e  appea~d ~ss  
c a t i o n ~ c i f ~  than ~ e  native e ~ y m e  (Rabom ~ C . ,  G u n ~ e ~  ~ B . ,  S o u m ~ o m  A., Bassilian, B., L e ~ m  
M ~ . M .  and S ~ h ~  G. (198~ J. ~M.  Chem. 260, ~200-10212) .  

Early work by Lee et al. [1] d e m o n ~ r a ~ d  t h ~  
gastric vesicles are able to act ivdy ~anspo~  H + as 
the intact mucosa does. This property was corre- 
lated with the presence of an ATPase later called 
(H + + K+)-ATPase which activdy exchanged H + 
for K + [2,3]. The low unspeofic permeability of 
native vesicles allowed a good characterization of 
ATPase ~anspo~  properties and it was shown 
that, in the absence of ATP, ( H + +  K + k A T P a s e  
can act as a passive K + / K  + exchanger ~]. 

Reconstifion of gastric (H + + K+)-ATPase has 
recently been achieved by means of ~ee-thaw- 
scnicafion of a mixture of phosphat id~chol in~ 
choles~rol ~posomes and solubifized membranes 
[~5]. As found with native membranes,  in the 
presence of K +, proteoliposomes accumula~d 
acridine orange dye a~er  the addition of MgATP, 
suggesting ves~ular H + accumulation. MoreoveL 
as seen with native membranes,  reconstituted (H + 

+ K + k A T P a s e  also catalyzed pasNve exchange of 
K + in the absence of ATP [4,5]. HoweveL the rate 
of active H + f fanspo~ could not be measured 
because of the dye technique used. 

In the present papeL we used a pH ~ectrode to 
measure the rate of active H + transport [6] and 
took advantage of the larger in~aveNcular volume 
to test the exis~nce of an ATPas~media ted  pas- 
~ve H K K  + exchange thought to be present in 
native membranes [~. 

M ~  

Preparmion of  ~ e  membrane frac#on~ Stomachs 
from fesMy ~ a u g h ~ m d  pigs were ~anspo~ed  to 
the laboratory on ~e; after flushing with ~ p  water 
and d e a ~ n g  with paper towns, the mucosM ~yer  
was ~ m o v e d  from the underlfing tissue and h ~  
mogenized in a b u f ~ r  contMning 250 mM sucrose 
and 50 mM Hepe~Tris  (pH 7.2). T ~ s  homogenme 
was centrifuged for 10 min at 2000 rpm; the pell~ 
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was homogen~ed once more and centrifuged 
agNn. The supernatan~ were pooled and centri- 
fuged for 7 min at 25 000 rpm (70 Ti roto~ Beck- 
man L5-65 centrifuge; the supernatant from this 
step was afterwards centrifuged for 30 min at 
39 000 rpm. 

The resulting pellet was resuspended in the 
buffer and centrifuged on top of 30% sucrose 
(w/w) for 2 h at 40000 rpm. The opNescent 
8.5%-30% sucrose interface was diluted twice in 
50 mm Hepe~Tris (pH 7.2) and centrifuged for 30 
min at 40000 rpm. The resulting pallet, which 
contNned the ( H + +  K+)ATPase-enriched mem- 
brne~ was resuspended in the buffer and stored at 
- 3 0 ° C  [4] .  

Preparation of liposomes. A mixture of 60% egg 
phosphatidylcholine and 40% cholesterol in chlo- 
roform was evaporated with a ~ream of niUogem 
A~er washing with diethyl ethe~ a 1 :1  (v/v)  
mixture of diethyl ether and buffer was added, 
and the solution was thoroughly mixed on a vo~ex 
while ether was agNn ~owly evaporated by a 
s~eam of niuogen. 

After all ether had disappeared, fiposomes were 
fil~ated through a series of Millipore filters (WP 
type) from 1.2 down to 0.45 ~m. Then the mixture 
was sonicated for 20 min in a Branson B 12 
sonicator bath. The f inn solution contNned 50 mg 
phospholipids per ml. The verities could be stored 
at 4°C up to 1 week. 

SoNbiBzat~n and reconstituron of the en- 
zym~ Gastric microsomes (15-19 mg/ml),  sus- 
pended in a buffer contNning 40 mM Hepes (pH 
7.2), were treated with 1.3% (w/v)  recrystalfized 
cholate (f inn concenUation). This preparation was 
added to a 4-5-fold larger volume of fiposomes at 
a lipid-protein ratio of 15 (on wNght batik.  

A~er thorough mixin~ the reconsfitution mix- 
ture was frozen in fiquid ni~ogen, thawed at room 
temperature and sonicated for 2 min in a Branson 
B 12 bath sonicator. Detergent was removed from 
pro~oliposomes by centrifuNng 150-~1 aliquots 
over a Sephadex G-25 coa~e column in a 1.5 ml 
syringe for 2 min at 700 rpm (Diamon/ IEC PC- 
6000 centrifuge. This s~p was repeated once and 
the finM duate  was used for ~anspo~ studies. 
Con~ol  expefimen~ with [~H~hola~ demon- 
strated that the f inn duate  contained less than 
0.02% cholate (w/v). 

Prown-uptake measurements. The uptake of 
protons ~om the extraves~ular medium was mea- 
sured at 22°C by recording the change in the 
medium pH, with and without addition of MgATP. 

For each experiment 150 ~1 of Sephadex-duted 
pro~oliposomes were added to 850 ~1 ~ycylg~-  
~ne  buffe~ All experiments started at pH 
~ 0 5 - ~ 1 0  and the pH was continuou~y recorded 
wilh a T a c u ~ d  TCBC l l / H S  combined electrode 
conne~ed to a T a c u ~ d  ISIS 20.000 ph m~er  with 
a SEFRAM recorde~ Calibration of proton up- 
take was done by ti~ating the suspenfion a~er- 
wards with 10 -3 M KOH or 10 -3 M HC1. Re- 
sponse time of the d e ,  rode was less than 1 s. 

F inn  concentrations of vanada~ and omepra- 
zo~ were 0.5 mM and 0.2 mM, respecfivdy. 
Omeprazo~ was prepared as a 20 mM solution in 
1 mM HC1 immediately before use and kept in 
darkness. 

The ionophores CCCP and vMinomydn were 
di~oNed in ~ h a n ~  and diluted to a f inn con- 
centration of 25 ~M. The same volume of ~hanol  
None had no effect. 

P r ~ n  dewrmmation. Proton  was measured 
~ther  by the Coomasfie blue ~Nning according to 
Bradford [7] or according to Lowry et N. [8] ufing 
bo~ne  serum Nbumin as standard. 

Chemica l .  Di th io th re~o l ,  v a f i n o m y ~ n ,  
MgATP, CCCP (carbon~cyanide m~hlorophen- 
ylhydrazon~ and choles~r~ were purchased ~om 
Ngma (St. Louis, MO, U.S.A.). 

Egg phosphatidylcholine was purchased from 
Avanti Polar Lipids (Birmingham, AL, U.S.A.). 
Sephadex G-25 coa~e ~om Pharmada Fine 
Chemicals (UppsNm Sweden) and omeprazole was 
a gi~ from Dr. B. WNlmark (Has t e  AB, Sweden). 
Filter type WP were purchased from Millipore SA 
(MoleshNm, Franc~.  

All other chemicals were ~om Prolabo (Pafi~ 
Franc~.  

R e s ~  

Acave transpon of H + 
Pro~ol iNsom~,  reconstituted by ~eez~thaw 

s o n i c ~ n  of a mNture of gastric membrane ,  
c h ~ a ~  and fiposom~, took up H ÷ ~ the pr~ence  
of K + and ~ response to the addRion of MgATP 
(F~.  1). MgATP ~duced-H + uptake was reversed 



b y  the a d ~ f i o n  of  C C C P  ~ u s  v a l i n o m y d n ,  when 

bo th  ~ t r a -  and  e x ~ p r o ~ o l i p o s o m ~  m e & u m  
c o n t ~ n e d  K + (Fig.  1). A d ~ t i o n  of C C C P  ~ o n e  
t r iggered o ~ y  pa r t  of  the d e p ~ t i o n  which ~ q ~ d  
v ~ i n o m y d n  to be 95-100% c o m m e n d .  This was 
in agreement  wi th  p ~ o u s  ~ s ~  on nat ive  
v e e r i e s  p r e p ~ a t i o n s  and s u g g ~ d  that  m e a s u ~ d  
up take  most ly  ~ s ~ d  from active exchange of  
H + for K + which ~ q ~ d  bo th  H + (CCCP)  and 
K + ( v a l i n o m y d n )  conduc tances  to be  c o l l a p ~ &  
U ~ n g  p h o s p h a t i d ~ c h o l i n e / c h ~ t e r ~  m i x t u ~  
l ~ f ~ d  higher  concent ra t ions  of  ionophores  than  
used with nat ive  m e m b r a n ~  were ~ q ~ &  ~ m i -  
lar  concent ra t ions  had  no e f ~ c t  on pure  h p ~  
s o m ~ .  

Rates  of  active H + up take  were measured  ~ 
three ~ f ~ n t  ~ c  c o n ~ t i o n s :  (i) no p ~ a s s i u m  
presenL (ii) e q ~ h b r a ~ d  p ~ u m  concent ra -  
t ions,  (iii) po t a s s ium concen t ra t ion  g r a ~ e n t  w i ~  
K + ~ s i d e  p r o ~ o l i p o s o m ~  and no K + outside.  
Those  exper iments  d e m o n s t ~ d  that  the h i g h ~ t  
rates  of ~ a n s p o ~  w ~ e  m ~ u ~ d  ~ the presence of 
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s u l f a ~  as an ion  and  of an ou tward ly  d i r e ~ e d  K + 

g rad ien t  (with sucrose in the ex t r ave~cu la r  
medium).  W ~ h  N a  ÷ present  in the ex t rave~cu la r  
medium,  a lower H + up take  was observe& due to 
the e ~ e n c e  of  an N a % H  ÷ exchange,  counter-  
ac t ing the H ~ K  ÷ exchange,  as wi~ be shown 
later.  

Di lu t ion  of K ÷ - l o a d e d  p ro teo l iposomes  (25 m M  
K ÷) in K%ffee  m e d i u m  induced  a ~ o w  up take  of 
H ÷ which was s U o n ~ y  accelera ted by  M g A T P  
(Fig.  2). When  m a x i m ~  up take  was reached,  
v a l i n o m y d n  could  still s t imula te  H ÷ uptake.  

This  i o n o p h o r ~ d e p e n d e n t  up take  was reversed 
b y  CCCP,  suggesting that  m a x i m ~  H ÷ up take  in 
the absence of  ionophores  was hmi ted  b y  the 
avaflabif i ty of  i n ~ a v e s ~ u l a r  K +. 

I t  is to be not iced  that  add i t i on  of va l inomycin  
induced  a rap id  d rop  of  H + uptake,  suggesting 
that  a g a n ~ e n t  H + conduc tance  was created.  This 
resul t  ~ not  d e a f l y  unders tood .  A d d i t i o n  of C C C P  
enhanced  this drop ,  conf i rming  that  v a l i n o m y d n  
had crea ted  a ve~cula r  p o ~ n t i ~  o u t , d e  negat ive 
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Fi~ 1. 0eft-hand figur~ Active H + uptake by reconstituted (H + +K + ~ATPase. 200 ~1 5 mM MgATP are added to 1 ml of a 
suspension of reconstituted (H + + K ÷ ~ATPase (0.375 mg protein) in a buf~r containing 5 mM ~ycyl~ydn~ 2 mM MgSO a and 
12.5 mM K2SO ~ (pH &l~ Fin~ concentrations of CCCP and valinomycin are 25 ~M and 0.1 mM respectivd~ added as m~hanol 
solufion~ 

Fig. 2. Active H + transport in the presence of a K + gradient. (H + + K + kATPase ~ reconstituted into fiposomes prepared in 5 mM 
~yc~g~dn~ 2 mM MgSO2 and 12.5 K2SO 4 (pH 6.1) and dilu~d 6~-times into a buffer cont~ning 5 mM ~ y c ~ y d n ~  2 mM 
MgSO 4 and 1% sucrose (pH 6.1). Fin~ proton concentration ~ 0.375 mg/ml. Initi~ ATP concentration ~ 0.25 mM and fin~ 
concentrations of v~inomydn and CCCP are 25 ~M. 

Fig 3. (figh~hand figure) H + and K + conductances of PC/choles~rol proteofiposomes. (H++ K + kATPase ~ reconstituted into 
liposomes prepared in 5 mM glycyl~ycine, 2 mM MgSO 4 and 1% sucrose (pH 6.1) and diluted &7-times into a buffer containing 5 
mM glycylglydne, 2 mM MgSO 4 and 12.5 mM K2SO 4 (pH 6.1~ Final concentrations of CCCP and v~inomydn are 25 #M and ~1 
mM, respecfivd~ added as methanol solution~ Fin~ protein concen~ation is 0.375 mg/ml. 
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by recycling K + into the veNd~ 
Rate of active H + uptake depended upon the 

concentration of ATP used. Maximal rate was 2.1 
#mol per min per mg protNn, in the presence of 
160 mM K ÷ in ,de  and 1 mM ATP. 

Maximal quantity of H + taken up by this 
material On the presence of 160 mM K + in ,de  
and outNde the ve~cle~ was 270 nmol per mg 
protNn, which could be compared to the 54 nmol 
previously found with native membrane ve~cles in 
the presence of the same ATP concentrations [6]. 
This was in agreement with a larger ~ze of proteo- 
liposomes as seen by electron microscopic ex- 
amination (200 ± 90 nm in diameter,  which could 
also account for the ~ower time course of ve~cle 
loading Maximum of uptake was reached after 70 
s in proteoliposomes and 20 s in native ve~cles. 

Pas~ve permeabi#~ 
H + and K + conduaances. The pasNve H + and 

K + conductivities in proteoliposomes were de- 
termined uNng ionophores in the absence of ATP. 
In the presence of a K + gradient 0n~de 25 mM 
K+/ou t~de  no K+), addition of valinomydn 
created a Now H + leak, which was increased a~er 
CCCP addition (Fig. 3). This suggests that the 
proteoliposomes have a low H + conductance. Ad- 
dition of CCCP prior to valinomydn created a 
very small H + conductance. Addition of CCCP 
prior to vNinomydn created a very stuN1 H + leak 
which was suggestive of a low K + conductance 
(Fig. 3). 

K ÷-H + exchang~ Pas~ve ~anspo~ of H + in 
the absence of ionophores was found; it required 
the availability of a K ÷ or Na ÷ c o u n ~ g r a d i e n t  
across the pro~oliposomal membran~ When K ÷ 
or Na ÷ was present i n , d e  the proteoliposomes, 
H ÷ influx occurred, which was an H + efflux under 
o p p o ~  conditions (Na ÷ or K ÷ outside. The 
resul~ suggested the exi~ence of both H+-K ÷ and 
H+-Na ÷ exchanges. Upon increasing the K + 
counter concentration the exchange rate was 
saturated. The maximM rate represented approx. 
5% of them aximN active H ÷ ~anspo~ rate in the 
same preparation (Fig. 4). 

Effect of inhibitors 
Active transport of H ÷ was 80-90% inhibited 

by 0.5 mM vanadate and by 0.2 mM omeprazole 

100 

80 

e 60 

& 
40 

20 

I I O ~ O ~  1 t O ~--.----- 

' ~0 '  Z0 '  ; 0 '  ~0 '~00 
~ Im~l 

Fig  4. Saturation of pasgve transort by recon~i tu~d  (H + + 
K + hATPase.  (H + + K + ) A T P a s e  is reconsfi tu~d into lipo- 
somes prepared in 5 mM NycylNy~ne, 2 mM MgSO 4 and 
varying KzSO 4 concentrations (pH 6.1) and d ~ u ~ d  6~-t imes 
into a buffer contNning 5 m M  NycylNyNn~ 2 mM MgSO 4 
and varying concentrations of sucrose to mNntNn osmolafity 
(pH 6.1). Rates of passive transport are measured at a protNn 
concentration of 0.375 m g / m l .  

(EDs0 = 25 ~M). OmeprazNe ~hiNtion ~ q ~ d  
membran~  which were free of NthiothrNt~ or 
other SH~eduNng agents (Fig. 5). These finNngs 
s u g g ~ d  th~  active H + Uanspo~ was cmNyzed 
by the (H + + K + ) A T P ~  

Pas~ve H+-K + exchange was Mso ~ h i N ~ d  by 

H* ( n m o l e s )  

75, 

2 ~  

1 no a d d i t i o n  
2 1.0 m M  a m i l o r i d e  
3 0 5  m M  v a n o d a t e  
4 0 2  m M  o m e p r a z ~ e  

t ime  ( m in  ) 

Fig. 5. Pasfive ~ a n s p o ~  by reconsfi tu~d (H + + K + ~ATPase.  
(H ÷ + K ÷ ~ATPase  is reconsfi tu~d into liposomes prepared in 
5 m M  glyc~gly~n~ 2 m M  MgSO 4 and 50 mM K2SO 4 (pH 
6.1). F in~  p ro ton  concentration is 0.375 mg /ml .  



0.5 mM vanadate and by 0.2 mM omepraz~e  
(EDs0 = 25 ~M). Howev~,  these ~hibit ions oc- 
curred o ~ y  when K + was used as counter ~n ,  not 
when Na + was used. By contrasL p ~ v e  H % N a  + 
exchange was ~ h i b i ~ d  by amiloride, which ~ d  
not a f~ct  H % K  + exchange. This s u g g ~ d  the 
existence of two &st in~  pasfive Uanspone~:  the 
H + / K  + exchanger ~ h i b i ~ d  by A T P a ~  ~ h i b i t o ~  
and the H + / N a  + exchanger ~ h i b i ~ d  by 
ami~r id~  

D~cus~on 

It has been previou~y d e m o n ~ r a ~ d  ufing na- 
tive gastric verities that the use of a pH dec~ode  
is a reliab~ way to quantitate H + ~anspo~  
param~ers  [6,9]. In this papeL we used the tech- 
nique to monitor H + ~anspo~  param~ers  of re- 
constituted (H + + K+~ATPase .  Senfitifity was 
high: due to the large in~aveficular volume of the 
pro~oliposomes,  mammal  uptake per mg protein 
was 5-times that of the microsomes we have pre~-  
ou~y used [6]. The relativdy ~ow response of the 
de~ rodes  [9] was less problematic because filling 
of verities lasted longer as compared to native 
vef ide~ This is due to the dilution of the ATPase 
in the a~if idal  membrane.  Initial rates of pasfive 
exchanges were m ~ n t ~ n e d  for at ~ast  10 min. 

Rate of active H ~ K  + exchange was dependent 
upon K + concentration and maximal rate of 2.1 
~ m o l . m g - ~ - m i n  -~ was ob t~ned  under K + 
saturating conditions. It was higher than we had 
p r e~ou~y  observed wilh gastric microsomes (0.6 
~mol .  mg -~ .  min -x) [6] and improvement could 
be p a ~  due to the higher purity of the mem- 
rbane preparation used for reconstitution, as seen 
in spedflc K%stimulated ATPase acti~ties of the 
preparation. In fad ,  the ~anspo~  rate was closer 
to that estimated for gradient-purified native 
membrane (1A ~mol-  mg -~ • min -1) [2]. Gain due 
to reconstitution was also found in the easy availa- 
bifity of effident reconstituted preparations as 
compared to the lability of H + transport function 
in the native ~actions. 

Reconst i tu~d ATPase acfivdy ~anspo~ed  H +. 
Higher rates of ~ans po~  weree measured in the 
presence of sulfa~ as compared to malonate. This 
should not be expl~ned by a difference in anionic 
permeability, but we suggest that reconstitution in 
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the presence of mNonate  was less effident. 
From a previous studN reconstituted ( H + +  

K + ) A T P a s e  was known to elidt active H+-K + 
exchange in the presence of MgATP and a pas~ve 
K+:K + one in the absence of ATP [4]. Evidence 
that it Nso catMyzed pasfive K ~ H  + exchange 
spedfically inhibited by omeprazo~ and vanadate 
is new. This indicates that pasfive activity of (H ÷ 
+ K+-ATPase reflects all aspects of its active 
properties. Such a proposM has already been made 
for ( N a + +  K+)-ATPase,  which passivdy ex- 
changes K + for Na  + or K + [10-131. Pasfive (Na + 
+ K + ) A T P a s e  rates were 10-15% of the maximal 
active ones. 

It is at this point interesting to note that pas- 
five K ~ K  + exchange rates were very dose  to the 
maximN ATPase Uanspo~ rate [5], whereas we 
found that pasfive K+-H + exchange was only 5% 
of it. This suggests that it is not the K ÷ ~anspo~  
which is rate fimiting for the H+-K + pasfive ex- 
change capadty,  but the H + ~anspo~.  

Reconstituted ( H + +  K + ) A T P a s e  was sug- 
gested to be ~ss spedfic for K + than the native 
enzym~ because the rate of H + ~anspo~  was high 
when intravesicular Na÷-loaded verities were di- 
luted in RbSO 4 [5]. We demon~rate  here that 
reconstitution Nso ~ d  to the incorporation of an 
amilorid~senfitive N a + / H  + exchanger into the 
fiposomes. It could account for the apparent low 
spedf id ty  of t~e ATPase becaus~ with Na% 
loaded vefide~ an Na+-H + exchange coupled to 
an H+-K + one would rapidly drive K + (or Rb + in 
the reported study) into the proteoliposomes; H ÷- 
K + passive exchange b o n g  driven by both ~nideqn 
and inf ide-out  recons t i tu ted  ATPase .  An 
amiloride-sen~tive Na  + ~anspo~  has been prefi-  
ouNy described in gastric ~olated ~omachs which 
accounted for Na  + ap~al  absorption [14]. Whether 
this ~anspo~  is driven by the transporter here 
defined is still undea~  
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