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Site-directed antibodies as topographical probes of the gastric 
H,K-ATPase a-subunit 
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Gaslric acid is secreted by an ATP-driven H ÷ and K + exchanger (H,K-ATPase), an integral apk al membrane protein of parietal 
cells. Although ti~e primary structure of the enzyme is known, its higher order structure is uncertain. In order to acquire 
topographical probes of native, microsomal H,K-ATPa:;c. synthetic peptidcs eorr,:spo~ding t~ the 17 amino-terminal (N-peptide) 
and 16 carbox3,I-terminal (C-neptide) residue, of pi8 gastric H,K-ATPasc a-subunit were coupled to keyhole limpet hem,cyanin 
(KLIU. Rabbits were immunized with peptide-KLH conjugates and their s~ra were tested for specificity by enzyme-linked 
immunosorbent assay (ELISA), immunoblotting, and immunoeytochemistw. All sera showed high ELISA reacfivities with 
symhctic oep~ide~: peptide-BSA conjugates, and microsom~ll H,K-ATPase adsorbed t,o microtiter wells (some tilers > l : 10'~). 
lmmanoblots of H,K-ATPase resolved by SDS-PAGE shqwed both N-poptide and C-peptide antil~qdies reacting with a single 94 
kDa band. All sera selectively stained parietal celts in pig gagtric mucosal sections. Preimmune sera gave negative or weak signals 
in all assays. In competition ELISAs, N-peptide antibedies, but not C-peptide antibodies, were displaced from the corresponding 
bound s~thctic peptides by added microsomal H,K-ATPase. One of the N-poptide antibodies inhibited H,K-ATPase activity by 
htore than 50%; binding of this antibody was dccre~ sed when ATP or K + were bound to the enzyme. These results indicate a 
cytoplasmically-oricnted a-subunit N-terminus which may part!cipate conformationally in the H,K-A'fPase catalytic cycle, ann 
suggest that antibodies against synthetic H,K-ATPase peplides arc potentially useful i)rnhes oi native microsomal H,K-ATPase 
topography. 

Introduction 

Secretion of protons acrc.'~-s.khe apical membrane of 
gastric parietal cells is mediated"~"y-~ .~-,~gncsium-de- 
,,endcnt, pt,tassium-stimulated, p r o t o n - i ~  
adenosine triphosphatase (H,K-ATPase, EC 3.6.1.2~p 
[1]. 'I his enzyme belongs to the class of plasma mem- 
brane ATPases which form a phosphorylated interme- 
diate and are inhibited by vanadate. Other members of 
this class are Na,K-ATPase and CaZ+-ATPase .  Like 
the Na,K-A1 Paso, ~he gastric H,K-ATPase ¢oiisi~,ts of 
an ct-~ubunit which bears the ca,,aiyt!c site,.n,id a 
/3-subunit whose function is unknown. The rat and pig 
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gastric H,K-ATPasc a-subunits have been ciored and 
sequenced [2,3]. Hydropathy analysis [3] predicts a cy- 
tosolic N-terminus followed by four hydrophobic a-  
helices (HI-H4),  a [ydrophilic cytosolic domain which 
contains the phosphorylation site [4] and FITC [5] anu 
pyridoxal phosphate [6] binding sites, and finally four 
more hydrophobie a-helices (H5-H8) preceding the 
putative c~tosolic C-terminus. The rat and rabbit ~- 
subunits have also been cloned and sequenced [7,8]; 
hydropathy plots predict a single transmembrane do- 
main with uncertain I,~catiea of  h-and  C-termini with 
respect to the membrane. 

Direct verification of secondary structure models of  
the H,K-ATPase a-subunit based on hydropathy anab-  
sis awaits acquisition of X-ray diffraction data frr}rn 
a-snbunit crystals which are not yet available. Our 
approach to r~-subunit secondary structure is based on 
measurements of the interactions of site-directed poly- 
clonal antibodies with gastric microsomes enriched in 
H,K-ATPase. We formed panels of antibodies by im- 
maai',i~8 rabbits with ~,.ynthetic peptides based on the 
deduced amino acid setluence of the N- and C-termini 
of the pi~ gastric H,K-r~TP~se ,~-sl~b~knit We verified 
that the antibodies bou:~d to native it ,K-ATPase by 
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means of competitive enzyme linked immunosorbent 
assays (ELISA), immunoblotdng, and immunocyto- 
chemistry. Antibody binding assays and effects on en- 
zyme activity ind;cated a cytosolie, conformation-sensi- 
tive orien'.:~tion of the a-subunit N-terminus. 

Experimental I:ro~edurcs 

Material 
Microplates (96-well polystyrc~e) were obtained 

from Flow Laboratories. KLH, BSA, and MBS were 
from Sigma, while dialysis membranes were from Spec- 
'.rapor. Polyvin~jdi~a.~ride membranes (lmmobiloo-P) 
were supplied by Millipore, and goat. anti-rabbit Ig- 
horseradish peroxidase conjugate was from Bio-Rad. 
Sepl:adex G-10 and CNBr-activated Sepharose 4B were 
acq,~ired from Pharmaeia, and reagents for immuno-cy- 
tochemistry (Dako Pap Kit) were obtained from Dako. 
Precast SDS-PAGE ~;els, electrophoresis apparatus, 
and transblotting cells were produeis o~" Novex. All 
other chemicals ~'cre ef the hlgaest quality available. 

Methods 
Synti~etic Felmdes. ~ l e  heptadecapeptide corre- 

sponding to the NHe-terminal amino acid sequence 
1-i7 (N-peptide), and ;.he hexadecapeptide corre- 
sponding to the COOH-terminal amino acid sequence 
1019-1034 (C-peptide) of the pig gastric H,K-ATPase 
~-subnnit wore syn!hc~iTed hy Dr Chrislian Schwabe, 
Peptide Synthesis and Microsequeneing Core Facility, 
Dcpa, tment of Biochemistry, Medical University of 
South Carolina, using an Applied Biosystems Mod.~l 
430A peptide s:~nthesizer using t-butoxycarbonyl chem- 
istry. A cysteinc residue was added ,o the caibo~l- 
terminus af the N-peptide to allow coupling of carrier 
proteins to cy.~;.e.~nes and not to amino grt~dT.: o-£h:e- 
where on the peptidc~ Completion of coupling reac- 
tions was verified by the ~finhydrin test. The sequence 
of the N-~,erminal pepti~.e was Met-Gly-Lys-Ala-Glu- 
Asn-Tyr-Giu-l.eu-Tyr-GIn-VaI-Glu-Leu-Gly-Pro-Gly- 
Os's-OH, while the sequence of the C-terminal pepfide 
was Oly-VaI-Arg-Cys-Cyx-Pro-Gly-Ser-Trp-Trp-Asp- 
GIn-Glu-Leu-Tyr-Tyr-OH. 

Preparation of peptide cotzjugates. Peptides were cou- 
pled to KLH or BSA using MBS [9]. Before coupling, 
pf'ptides were desalted by passage over Sephadex G-10, 
and to ensure coupling Ihrough cystei;les, free amino 
groups in the oeptides were blocked with citracooic 
anhydride before MBS treatment (these and subse- 
quent coupling procedures were carried out at room 
temperature) 10 mg peptide was dissolved in 1 ml 100 
mM Tris (pH 8.5) and applied to a 1.0 cm x ;7.0 cm 
Sephadex G-10 column equilibrated in the same buffer. 
The first peak eluting from the column (10 mg pepfide 
in approx. 2 ml 100 mM "Iris, pH 8.5) was incubated 
with 20 rag citraconic anhydride ir~ 2 ml H~O,. keeping 

thc pH at 8.5. After I h, the reaction was stopped by 
adding 0.4 ml 1.0 M sodimu phosptlate (pH 7.2). MtIS 
(dissolved in dimethylformamide at 25 mg/ml) was 
added dropwise with agitation to a final concentration 
of 5 mg/ml;  after 30 min, the solution was made 35 
mM in/3-mercaptoethanol aud incubated for l h. KI.H 
or BSA (4 mg in 250/zl PBS, pH 7.4) was added, the 
solution was incubated for 3 h with stirring, and then 
uncoupled peptidc was removed by overnight dialysis 
(12000-14000 molecular weight cut-off membranes) 
against PBS. 

Gc.:eration o] antil~ies. Antibodies were raised in 
adult female New Zealand White rabbits; three rabbits 
were immunized with N-pcptide-ELH conjugate, and 
three with C-peptide-KLH conjugate. On day 0, each 
rabbit was bled frora the ear marginal vein (pyeimmune 
serum), and then received 500 izg of peptide-KLH 
conjugate emulsified with Freund's complete adjuvar, t, 
,~istribu~ed subcutaneously into multiple dorsal sites. 
On days 18 and 56, peptide antigen emulsified in 
Freund's incomplete adjuvant was administered simi- 
larly. Rabbits were bled from the ear marginal vein on 
days 18, 28, 42, 70 and 105, the sera were made 0.02% 
in ,;odium azide, and were stored aliquoted at -20°C. 
For some assays, imm-noglobulin G (lgG) was isolated 
from the sera by protein A-£epharose chromatography 
as described previously [10]. 

N-peptide-specific antibotzy was recovered from im- 
mune |gG by peptide affinity chromatography. N- 
peptide-BSA conjugate was coupled to CNBr-activated 
Sepharose 4B according to the manufacturer's proto- 
col. The affinity column (2 r,d bed-vok~me) was equili- 
brated in 50 mM Tris-HC! (pH 7.~,), and then 100 p.I 
HKaN2-1gG (15 mg/ml)  in the same buffer was ap- 
plied/After a pre-elution wash with 10 mM phospha.l'e 
(pH 8.0), specific antibody was eluted with 3 column 
volumes of 100 mM triethylamine (pH 11.5), collected 
into 1/20 volume 1 M phosphate (pH 6.8) and dialysed 
overnight against 50 mM Tris-HCI (pH 7.4). 

Preparation of H,K-A TPase. Gastric microsomal vesi- 
cles enriched in H,K-ATPase activity were prepared by 
differential al~d ~ucrose/Ficoll step gradient centrif- 
ugation of pig gastric muco.qal homogenates. Briefly, 
pig stomachs obtained at a slaughter-house within 1 h 
post-mortem were washed with ice-cold 0.25 M sucrose 
and the fundus was dissected from the cardia~ and 
antral regions. All subsequent procedures were at 4°C. 
The mucosa was flooded with saturated NaCI, and the 
surface mucu.~ and superficial cells wiped off with 
paper towels. The mueosa was scraped from the under- 
lying connective tissue, suspended (10% w/v)  in is,.;la- 
tion buffer (0.25 M sucrose, 20 mM Hepes (pH 7.4), 1 
mM EDTA, ! mM phenyimethylsulfonyl fluoride), and 
disrupted by two 10-s bursts at maximum power in a 
Tissumizer (Tekmar, Cincinnati, OH). The ho- 
mogenate was centrifuged at 20000×g for 30 min, 



and the supernatant was centrifuged at 10000 × g  ff, r 1 
h. The resulting microsomal pelle: was resuspended in 
isolation buffer, and applied to a discont':nuous gr.'.d;, 
ent of 7% w/v  Ficoll and 34% sucrose (both in isola- 
tion buffer). After 3 h at 32500 rpm (Sorvall AH 629 
rotor), the microsomal band (GI) recovered from the 
7% Ficoll interface was resuspe~ded to 10 mg/ml in 
15 mM Pipes-Tris (pH 6.8), diluted ! : 1 with cold 60% 
sucrose, and stored in 0.5 ml aliquots at -70°C. GI 
microsomes are about 0.1 p.m in diameter, arc en- 
riched in H,K-ATPase activity, and more than 80% of 
their protein content bands at 94 kDa by SDS-PA~E. 

Enzyme activity. K+-stimulated ATPase activity was 
measured in 200 #l reaction volumes containing 50 
mM Tris-HCI (pH 7.2), 5 mM MgCi 2, 2 p.g H,K- 
ATPase, plus or minus 20 mM KCI. After addition of 
20 mM ATP-Tris (final coacentr,~tion), the enzymatic 
reaction proceeded for 15 rain at 37°C; inorganic phos- 
phate release was quamitated by the. method of For- 
bush [1 I], adapted for 96-well microplates. The sensi- 
tivity of K+-stimulated ATPase activity to ionophores 
was measured by additioz~ of 10 -5 M valinomyc!n or 
10 -s M nigericin (final concentration) to the assay 
reaction volumes. To measure the effects of antibodies 
on H,K-ATPase activity, immune l eg  or peptide- 

specific lgG were added to ATPase assay mixtures at 
room temperature 15 rain before addition of ATP. 

ELISA-based binding assays. The solid phase en -  

zyme- l i n ked  immunosorbent assay (ELISA) was the 
primary assay for measuring interactions of antibodies 
present in immunizea rabbit antiserum with the H,K. 
ATPase and with bynthetic peptides. Assays were car- 
ried out in 96-well polystyrene plates at room tempera- 
ture, with the plates rinsed five times with phosphate- 
buffered saline (PBS) between each of the sequential 
reagent incubations. Antigens were coupled to the 
plates by incubating microsomal H,K-ATPase, syn- 
thetic peptide, or peptide-BSA conjugates (one p,g 
antigen in 1(30 p.l 0.1 M Na2CO 3, pH 9.6) in the wells 
for 1 h. Non-specific protein edsorptiol, sites in tlt¢ 
wells were then blocked by the addition of 260 p,I 5% 
BSA/PBS, 0.02% sodium azide for 45 min.' Primary 
antibodies in 100 p,I dilution buffel (1% BSA/PBS, 
0.02% sodium azide) were incubated m the wells for 1 
h, followed by 100/zi secondary, antibody (1:500 dilu- 
tion of alkaline phosphatase cor.,iagated-goat anti-rab- 
bit antibody in di!v.tio.-, b)fffer), also fur :. h. Signal was 
developed by addition of 100 p,I 1.0 mg/ml p- 
nitrophenyl phosphate in 1.0 M diethanolamine (pH 
f.8) to the wells for 30 rain. Quantitation of the signal 

TABLE 1: 

D:,:'el.pment of antila~diez in rabbits immunized with aynthetic peptides bu,~ed wJ N.terminus or C.termhms of H,K.ATt~ase a-,subunit 

Three N.pcptide.immunized rabbits and three C-peptide-immunized rabbits were bled on the dP.~/s indicated, and the sera were tested by ELISA 
for immune reactivity with appropriate synthetic peptide, peptidc-BSA conjugate, or microsomal H,K-ATPase as the bom.'t antigen. 

Bound antigen ELISA absorbance at 405 nm a 

Preimmune day 18 day 28 day 42 day 70 day 105 

N-peplide sera 
N-peptidc 0.092 0.0!0 0.106 0.143 0.311 I.I 17 

0.009 0.035 0.219 0.285 0.402 1.408 
0 0.004 0.034 0.071 0.237 1.034 

N-peptide-BSA 0.112 0.113 0,918 1.124 1,181 1.3~9 
0.079 0.539 0.979 1.106 1.453 1.334 
0.041 0.08b 0.513 0.952 1.442 1.336 

H.K-ATPt.se 0.062 O.O~ O, 170 0.200 0. | 73 0 654 
0.175 0.259 0.337 0.478 0.485 0.950 
0.043 0.055 0.994 O. 109 0.166 0.46{" 

C-peptide scra 
C.peptide 0 0.03 i 0.542 9.538 0.783 1.315 

0 ~643 1.528 1.369 1.290 I.b41 
0 0.617 1.556 1.388 1.171 1.643 

C-peptide-BSA 0.118 0.137 I.!67 1.384 1.11. 1.066 
0.091 1.093 1.282 1.289 1.241 1.242 
0.097 1.083 1.293 I.I 10 1.307 1.358 

H.K-ATPa:,e 6.i63 0APl 0.191 0.237 0.273 0.690 
0.199 0.222 0.273 0.339 0.340 0.780 
~) ! 7.~ 0.305 0.272 0.276 0.296 0.531 

a Data are showa as the abso,/bane(zs at 405 nm of ELISA r..'acf~on products, and rep%esent the meal|s of triplicate measurements of each serum 
samvle. 



was by measurement of the absorbance of the wells at 
405 nm in a Titertek Mu!tiskan plate reader (F~,~v 
Laboratories). For competition ELISAs, synthetic pep- 
tides were pla~e(-I in microtiter wells and blocked with 
BSA a~ de~ribed above. In separate sets of microtiter 
wells, antibodies diluted in 50 mM Tris-HCl (pH 7.2), 
were incubated for 1 h with H,K-ATPase microsomes 
suspended in the same buffer, then transferred to the 
peptide-eoated wells fo~ quantitat!,;n by ELISA. 

lmmunoblo;ting. Microsomes prepared from pig gas- 
tric mucosa as detailed abc'ce were resolved by SDS- 
PAGE (4%-20% acrylamide gradient), and the result- 
ing gel patterns were transferred electrophoretically to 
polyvinyldifluoride membranes at 300 mA for 1 h in 10 
mM 3-(cyclohexylamino)-l-propanesulfonic acid 
(CAPS), 10% methanol, pH 11.0 transfer buffer. The 
sheets were incubated for 1 h with 3% nonfat dry milk 
Jr, 20 mM Tris, 150 mM NaCi (oH 7.5) (THS), then for 
1 h with varying dilutions of rabbit antisera in 1% 
nonfat dry milk, I% Tween 20/TBS ('Iq'BS). The 
sheets were washed 3 times in TTBS, and incubated 
foe 1 h with ! : 250,0 dilution in "I'I'BS of goat anti-rab- 
bit lg conjugated to horseradish pcroxidase. After 
washing as above, the color reaction was developed by 
addition of 0.05% 4-chloro-naphlhol, 0.0i5% H,O., in 
TBS/15% methanol for 30 rain. 

lmmunocytochemistry. Pieces of pig and rat gastric 
mucosa (2 m m x  10 ram) from the acid-secreting re- 
gion on  i.he greaier ;'t~l'4~tu,.':" of the .~toi,adt v,e~¢ 
fixed for 1 h in Bouin's fixative, then embedded in 
paraffin, sectioned at 5 tim, and deparaffinized by 
standard procedures. Tissne sections were treated with 
3% t-t20 2 for 5 rain, then washed three times in PBS. 
Primary antibod~ bindir.g to the sections at l : 25 dilu- 
tion ";~aa a: sessed using the peroxidase-anti-peroxidase 
technique and phase-contrast microscopy (Zeiss IM 
35). 

Results 

Binding assays 
In the course ot immunizatmn with s,,,nthetic pep- 

t[de-KLH conjugates, rabbit sera developed specific 
antibody binding activity towards syntl:-~tie peptides 
alone, peptide-BSA conjugates, and H,K-ATPase-en- 
tithed pig gastric microsomes. These immunoreaetivi- 
ties were measured by ELISA with the aplnopriaic 
antigens adsorbed to microtiter plates, and are shown 
in Table I. Two of three rabbits immunized with C- 
oeptide-KLH con~u,.g.ate promptly (within 18 days) de- 
veloped high levels of specific binding act!vity towards 
C-peptide and C-peptide-BSA conjugate. In compari- 
son, development of activity towards microsomal H,K- 
ATPase was slow, with binding activity after 105 days 
api)roxiraating only half that measured against peptide 

atone or peptide-BSA conjugate. N-peptide-KLH con- 
jugates elicited comparably high levels of activity 
against N-pcptidc and N-peptide-BSA conjugate, and 
again much slower development of activity against 
H,K-ATPase. Due to their relatively high titers, anti- 
sera HKaN2 and HKaC2 were the primary focus of 
further immunochemical assays. 

Tilers of N-peptide and C-peptide antibodies with 
respect to synthetic peptides, peptide-BSA conjugates, 
and pig gastric microsomes enriched in H,K-ATPase, 
compared to the binding of preimmune serum to the 
same antigens, were measured by ELISA, and a repre- 
sentative set of data for the N-peptide antibody 
HKaN2 and the C-peptide antibody HKaC2 is shown 
in Fig. 1. Titers of C-peptide antibodies against syn- 
thetic peptide and conjugate (expressed as the dilution 
of antibody yielding half-maximal bi.nding to antigen) 
were approximately equivalent (1:8192) and somewhat 
higher than the corresponding titers for N-peptide 
antibodies (~ :512 for N-peptide, and 1:4096 for N- 
peptide-BSA conjugate). Titers of both N- and C- 
peptide antibodies against native H,K-ATPase ad- 
sorbed to microplate wells were equivalent (1:512). 
Preimmune sera showed no specific binding to either 
synthetic peptides or peptide-BSA conjugates, and 
marginal reactivity-with native H,K-ATPase, which 
could reflect low levels of gastritis-associated au!oim- 
mune antibodies against endogenous H,K-AI Pose. 

Immunocytochemistry 
Since H,K-A'fPase mediates acid secretic,', by the 

gastric parietal cell, we sought to confirm by light 
microscopic immunocytochem".stry tha~: both N- and 
C-peptide antibodies would label the ~:ppropriate cell 
type in gastric mucosa, in the pig, N- and C-peptide 
antibodies labelled parietal cells exclusiv,.~ly, as shown 
in Fig 2 for the antibodies HKetN2 vnd HKaC2. 
Labelling was most dense with the three C-peptide 
antibodies and HK~N2 (+ + -~ ~ ); the remaining N- 
peptide antibodies, HKaNI  anti HKaN3. labelled 
parielal cells less intensely ( + + ). In the rat, N-peptide 
antibodies did not label parietal cells, or any o'.E~r 
cells; the C-peptide antibodies HKaC2 and l-lKaC3 
gave dense labelling of parietal cells, ,~hile HKaC1 
!abeii~d I~'.~.rletal cells more weakly (+) .  In both pig 
and rat, labelling w~:s distributea throughout the cyto- 
plasm of parietal cells, with somewhat more dense 
labelling o'a the apical side of the cells. At the magnifi- 
cations possible on the light microscope, localization of 
labelling to tubulovesicular ot other membranes couid 
not be confirmed. Nuclei were not labelled. When pig 
and rat gastric sections were exposed to preimmune 
sera, n'~ labelling was apparent in any ceil type in 
either mueosa (shown far pig gastric mucosa in Fig. 2, 
at. 
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Fig. I. Antibody titers against synthetic peptldc, peptlde-conjugate, 
and microsomal H,K-ATPase. Microtiter wells were coated with N- 
or C-pcptide (A), N- or C-pcptide-BSA conjugate (B), and H,K- 
ATPase-ennched gastric microsomes (C), and then incubated with 
serial twofold d',lutions (abscissa, starting with 1:128 dilution) of 
HKaN2 ([:]. preimmuite; ,n, postimmune) ~r HKaC2 (a, preim- 
mune; a,, postimmune). Antibody binding was measured by ELISA 

at 405 nm (ordinate, see Methods). 

bnmunoblotting 
Separa',ion of the proteins r~resent in H,I~-ATPase- 

enriched microsomes by means of SDS-PAGE on 4%-  
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20% acrylamide gels followed by staining with 
c~-vt;tassie bluc showed two prominent polypeptidc 
h~.,ds, one at 94 kDa and another at 42 kDa tFig. 3, 
lane a). The former band corresponds to the H,K- 
ATPase ot-subunit, while the latter band is actin. In 
addition, numerous bands of intermediate and lower 
molecular weight whose identity is unknown were evi- 
dent. Both N-and C-peptide antibodies were shown to 
bind only to the 94 kDa polypeptide, with no cross-re- 
activity with other bands on the gel (Fig, 3, lanes N2 
and C2). The C-peptide antibodies appeared to exhibit 
lower affinity for denatured and reduced H,K-ATPase 
a-subunit; in order to obtain comparable immunoblot 
signal strength, we 'oaded five times more microsomal 
pro_!ein onto electrophoretic &els for anti-C-peptide 
blots than for anti.N.peptide olots. At the dilutions of 
sera yielding the signal shown in Fig. 3 (1:1000 for 
HKaN2 and l : 2000 for HK¢C2), parallel SDS-PAGE 
immunoblots of the same ,~mounts of sheep kidney 
Na,K-ATPase showed no signal anywhere on the blots. 
At dilutions el l : 500, N-pegtide antibodies still showed 
no reactivity with Na,K-ATPase immunoblots, while 
two of the C-peptide antibodies (HKaC2 and HKaC3) 
showed a barely visible signal at 94 kDa, presumably 
with the Na,K-ATPase a-subunit (data not shown). 
Preimmune sera at dilutions greater than 1 : 2110 showea 
no reactivity with eidter H,K-ATPase or Na,K-ATPase 
immunoblots. Both N- and C-peptide antibodies re- 
tained their reactivity with tryptic peofides of the H,K- 
ATPase a-subunit (mam~script in preparation). 

Competition assays 
The specificity of the N-peptide antibodies for the 

N-terminus of native, microsomal H,K-ATPase was 
confirmed by competition ELISAs in which N-peptide 
or C-peptide was bound to EL1SA microtiter wells, 
and incubated with N- or C-terminal antibodies in the 
presence of H,K-ATPa~e-enriched microsomes. Fig, 4 
shows the results of competition ELISAs for antibodies 
HKotN2 and HKaCI .  As the amount of native, micro- 
somal H,K-ATPase incubated with N-terminal anti- 
body increased, less antibody was left bound to the 
N-peptide on the microtiter plate. This experhnent 
establishes three important points, i.rrstly, it shows that 
antibodies oinding specifically t~ ~ynthetic N-peptide 
are displaced by intact H,K-ATPase, indicating that 
the atttibodic~ recognize a competing epitopc, presum- 
ably the N-terminus, on the H,K-ATPase. Microsomes 
enriched in Na,K-ATPase did not displace N-peptide 
antibodies from bound N-peptide. Secondly, the cxper- 
intent demonstrates that antibody HKaN2 recognizes 
the native conforms, lion of the H,K-ATPase N- 
terminus, as it exists on the surface of catalytically. 
active vesicular me~n~,ranes, The ELISA data shown in 
Fig, ic also shows reactivity ~:~f aa;ibodies with H,K. 
ATPase vesicles, but only after these have been ad. 
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Fig. 2. lmmuno,~/tochemical reactivity of antibodies with gastric m~,xcosa. Pig gastric mnaosal sections were prepared as de~ribed, in Methods, 
and incubated for i h with ] :?5 dilutions ,)k~: ta) rabbil preimmuue suiz*m; (b) HK~N2. antiserum; and (c) I~K,tC2 antlscru~, Macniflcatlotz is 
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s~rbed to the polystyrene surface of the ELISA plates, 
with uncertain effects on the orientation and conf3r- 
marion of the H,K-ATPase and its N-terminus. Thirdly, 
i~" tile majority of H,K-ATPase-enriched microsomcs 
are oriented with their cytop|~.smic surface on the 
oui,.~de, this experiment establishes that the N-terminus 
of lhe H,K-ATPase a-subunit is exposed on the cyto- 
plasmic side of the parietal cell apical membrane. 

In competitive binding assays as shown in Fig. 4, 
¢reincubation of pative H,K-ATPase microsomes in 5 
mM ATP or 100 mM KCI, inducing an El or an E 2 
conformatioti, respectively, had z~o significa,tt effect on 
the coroT.critique binding of HK~N2 to the enzyme at 
low concentrations of added H,K-ATPase (1 to 2.5 
/zg/mi); at higher concentrations of added H,K- 
ATPase (5 and 10/zg/ml), both Em and E2 forms of 

~ + + +  + 

+ 4 w  

a N2 C2 
Fig. 3. In~manoblot reactivity of antibodtas with g~.stric mi:;osomal 
proteins. Pie gastric microsomes enriched for H,K-ATPase as de- 
scribed in Methods were i.¢3oivecl ~y SDS-PAGE, transferred to 
PVDF membranes, and probed with N- or C-pepti0e-specific rabbit 
antisera. Signal detection was by means of HRP-l':nked goat ant~-:ab- 
l:it le and 4-chloronaphtho~/H~O 2, Lane a: 5 pg of (31 gastric 
microsomes staitzcd in the gel with Coornassic blue. Lanes N2 and 
¢:2: PVDF replicas of 1 p.g SDS-PAGE.rcsolw:d gastric microsome ~ 
probed with n 1:2000 dilution o! antibody HKaN2 (N2), and a 
i : 1000 ditution of antibody HKaC2 (i~). Molecular weight stan- 
0ards (phosphoryla~ b, 94000: bovin,: serum albomin, 07000; oval- 
bumin, 43000; carbonic anhydrase, 30eGO; soybean trypsin inhibitor, 

21 (RV3; ly~me, 14000) are displayed on the left. 

N2, C1 Coml~titive, ELISA 

0.40 

8 o.~.  

o.20. 

o.to. 

o.oo. 
o.oo 0.50 t.oo t.so 

Micfogclims Competil~g H,K-A'IR=,NG. 
Fig. 4. Competitiw ELiSA with synthetic peptide and microsomal 
H,K-ATPase. 1 p.g aliquots of N- or C-peptides were plated.into 
micloplat¢ wet!% blocked with BSA, and incubated with 100-p.I 
aliquols of either HKctN2 or HKcfCI (I : 1000 dilutions) containing 
increasing amounts of microsomal H.K-ATPase, as shown on the 
abscissa. After I h, microplate wells were emptied and processed by 

ELISA as de~ribed in Methods. 

the H,K-ATPase bound 30% less HKaN2 antibody 
than the native H,K-ATPas¢ (data not shown). 

Analogous competition ELISAs were carried out 
with the C-peptide antibodies, in order to confirm their 
specificity for the C-terminus of native H,K-ATPase. 
However, despite extensive manipulations of antigen 
and antibody concentrations, displacement effects simi- 
lar to those observed for HKecN2 were not found when 
C-peptide antibodies were incubated with native, mi- 
crosomal H,K-ATPase in the presence of boun,.-I C- 
peptide (shown in Fig. 4 for antibody HKaCI).  Confir- 
mation that C-pcptide antibodies specifically recog- 
nizea_ H,K-ATPase was obtained with a modified com- 
petition ELISA, whereby C-peptide antibodies were 
first incubated with increasing amounts of C-pepti.de- 
BSA bound to microtiter plate wells, and were then 
removed and incubated with standard am,qtmts of 
bound microsomal H,K-ATPase. Fig. 5 shows the re. 
suit of such an experi,~t~nt for antibody HKaC_.3, com- 
pared to HKaN1. The data clearly indicate that both 
C-peptide and N-poptide antibodies interacting wit} 
epitopes on microsomal H,K-ATPase (adsorbe¢: :+~ 
polystyrene microtiter wells) are specifically tempted 
by prior ~ncubation with synthetic C- or N-peptides, 
The complete absence of C-peptide antibody compet[. 
tire effects with intact mierosomal H,K-ATPase (i.e., 
not adsorbed to polystyrene wells), could result from 
the C-terminus being luminally oriented, that is, being 
exposed on the inside surface of the vesicles, aug 
therefcre not accessible to antibody. The C-pentide 
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Fig. 5. Modified competitive ELISA with C-pepti,,le antibody. In- 
creasing amounts of N- or C-peptid¢-BSA conjugates (abscissa) were 
01ated into microtiter wells and incubated with HKaNI (1:1024 
dilution) or HKaC3 (1:16,000 dilution), as appropriate.. After I h, 
the antiix~;es were aspirated and transferred into microtiter wells 
prodously incubated with i ~.g microsomal H,K-ATPase, and subse- 
quently blocked with USA. Antibody binding ~o ~he,=e wells was 

assayed by ET.ISA as described in Methods. 

antibody competitive ELISAs (as shown in Fig. 4) were 
repeated with microsomal H,K-ATPase solubilized in 
0.125% CtzEg (a concentration found not to affect 
ELISA reactions), and no competitive effects were 
observed. Given that our C-peptide antibodies ap- 
peared not to recognize the C-terminus of native H,K- 
ATPase, lh*.'s negat;,ve result 10recludcd assignment of 
the C-terminus to the luminal or cytoplasmic side of 
the membrane. 

Effects of antib,~ies on enzyme aet~'ily 
Represen*afive specific ac!ivities of freshly-prepared 

gastric microsomal vesicles in 20 mM KCI were 22.7 

,gmo! P~/mg protein per h, 38.0/zmol Pi/mg protein 
per h with 10 -5 M valinomycin (a K + uniport 
ic, nophore), and 124.7 ~mol Pi/mg protein pe.r h with 
10 -s  M nigericin (a K+/H + antiport [onophore). This 
ionophore-dependent stimulation of I~+-ATPase spe- 
cific activity is interpreted in terms of an intra~ ~sicular 
K + binding site which becomes acces',ible to exiraves. 
icular K + only in the presence of K + ionophores; that 
is, the majority of the vesicles (82%) are orienled with 
their luminal or cxtracytosolic side facing Liwards. Since 
the site-directed antibodies appeared to act cytosoli- 
caUy, that is, on the outside surface of microsomal 
vesicles, we measured their effec~ on the K ~-stimulated 
activity of gastric mic~osomes enriched in H,K-ATPase. 
Fig. 6a shows the effects of protein A-purified lXl.term;.- 
nal and C-terminal antibodies on K+-stimulated AT- 
Pase act.ivity in such vesicles. Maximal activity refers to 
the difference between Mg2+-stimulated ATPage and 
MgZ+,K+-stimulated ATPase activity in the absence of 
antibodies. The N-terminal ~ntibody consistently inhib- 
ited enzyme activity in a dose-dependent manner, while 
no significant inhibition of activity w~.s induced in the 
presence of C-terminal antibody. The small reaction 
volume oF the ATPase assay as adapted for microtiter 
l~htes (200 ~1) limited the amount of immune IgG that 
could be added ~o the ~ells, preventing measurement 
of the ~naximal extent of enzyme inhibition. This limi- 
tation was partially overcome by using peptid¢ 
affinity-purified HKaN2 IgG, as shown in Fig. 6b. 
H,K-ATPas¢ activity was maximally inhibited by 55% 
by this antibody fraction, a result consistent with in- 
volvement of the H,K-ATPase N-terminal 0omain in 
catalytic and /or  transport activity of the enzyme. 

Discussion 

,~mtibodies elicited by immunization with synthetic 
peptides have been widely applied to questions to 
nati~.e protein structure and function [12]. This study 
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Fig. 6. Effect of N-peptide and C-pcptide antd~Jies on K+-stinmlated ATP~s¢ a~:tiv~ty. Enzyme activity was measured as specified in Methods, 
and is shown as a perrentag¢ of ihc K+-stimulate'J =ct:~'iw measured in the ~bsencc of a~tibody. (a) Inhibiticn of H,K-ATPase activity by !gQ 
obtained from antLera HKaN2 (**} and HKaC2 ([3) by pro'.ein A-affinity purihcation. (b) inhii~ition of H,K-.~,TPase activity by specific 

HKaN? activity ohtained fiolii 1Lg~N2 igG by N.pepik~e-affinity purification. 



describes some properties of antisera directed against 
synthetic peptide-KLH conjugates based on the pri- 
mary structure of pig gastric H,K-ATPase N- and C- 
~nnini.  In choosing KLH as the carrier protein for 
immunization, we followed Ball and Loftice [13], who 
found timt antisera rai~ed agains~ five unconjugated 
synthetic peptides from the a-subunit of Na,K-ArFase 
did not react with the native enzyme, while four of 
seven antisera raised against synthetic peptides cou- 
pled to KLH, including the N-terminal pep~ide, did 
i'eact. Our finding of d~fferences in the properties of 
anfisera from rabbits immunized with the same conj~a- 
gates (Table I) may reflect genetic differences amongst 
rabbits and the selection of differing dominant elonal 
responses. The varied immune responses to the syn- 
thetic peptides emphasizes the importance of immuniz- 
ing several animals when antisera with specific binding 
properties are sought. 

Our major objective in generating site-specific anti- 
bodies to the gastric H,K-ATPase is to study topogra- 
phy of the enzyme with respect tc~ the apical membrane 
of the gastric parietal cell. Anomalies have arisen in 
the model of H,K-ATPase structure deduced from 
hydropathy plots. Tat et al. (1988) [14] obtained two 

peptides (25 kDa and 15 kDa) from extended tryptic 
digestion of rat H,K-ATPase in the presence of Zwit- 
tergent "3-14. Both peptides contained the FITC-bind- 
ing site of the parent molecule, and also bound con- 
¢8,'~avalin A (Con A), showing that mannoseocontaining 
carbohyd~'ate substituents reside on the peptides. FITC 
bit~ds to Lys-517, which hydropathy analysis places in 
th.~ midst of '.he 52 kDa ~ydrophilic domain on the 
cyt~,~,lic side of the apical membrane~ ~ince protein 
glycosylation occurs co- and post.translatic~nally in ~he 
RER and Golgi apparatus whore glycos)'ltransferases 
are found, it is ue.clear how cytosolically-oriented do- 
mains of the H,K-ATPase o.an be glycosylated. In the 
same vein~ Hall et al. (1989) [15] found that a pair of 
peptides (33 kDa and 31 kDa) were released from 
membrane-bound pig H,K-ATPase with partial tryptic 
digestion. Again, both peptides bound FITC and Con 
A, making Asn-492 a probable accepter site for N-lin- 
ked glycosylation, lmmunngold Con A electron mi- 
crocopy showed the majority of staining to be on the 
luminal side of H,K-ATPase vesicles, and labelling of 
intact and permeabiiized vesicles with UDP-galactosyl 
transferase show~:d greater labdllag of H,K-ATPase on 
the luminal (inside) surface of the vesicles, Thus, Asn- 
492 appear5 to be iuminally-oriented, implying that the 
hydrophilic 22-residue peptide Lys-496-Lys-517, 
thought to be cytosolically.oriented, may in fac~" cross 
the membrane. ~ ~ 

Since the interactions of gasts'ic micro,~tJmal ¢'!siclcs 
with site,directed a~!Ribodies described i.. ~ ibis study 
were interpreted in terms of I-~¥.-ATPase orie.ntation, 
it was important to :.~stablish the sidedness of our 

vesicle preparations. The evidence that our micrr.snn,al 
vesicles are oriented with their cytoplasmic stxfaces 
facing outward comes from previously published re- 
ports using the same preparation of vesicles, and from 
our own measurements of innophoric latency of K +- 
stimulated ATPase activity in our vesictes. Firstly, elec- 
tron microscopy of gastric vesicles fixed in 2% gluter- 
aldehyde and 1% tannic acid revealed dense thickeai~.~g 
of the outer surface of vesicles [16], iodicating that 
most of the membrane protein content of these vesicles 
was associated with external face of the i:ilayer [17]. 
Secondly, electron microscopy of gastric vesicles la- 
belled with wheat germ agglutinin or coneanavalin A 
colloidal gold conjugates revealed more than 70% of 
the gold particles associatsd with the !n,er sin/ace of 
the vesicles, indicating a preferential lum,m-inside (cy- 
• osol-out) vesicle orientation [15]. Thiraly, hypotonic 
lysis of "~ .~ • in l'~ad ..,c v,.s,c.~s does no! to increased pNPPase 
activity (a partial reaction of the H,K-ATPase), while 
H,K-ATPase activity is increased only by 25%, wholly 
accounted for by improved acc~ss of K + to the lumilial 
side of the enzyme [18]. These results indicate the 
presence of ATP-binding sites (which must be cytoso- 
lie) on the outside surface of the vesicles. Lastly, mea- 
surements of proton and potential gradients in such 
vesicles in response to ATP and ionophores confirm 
intravesicular acidification; that i.% the luminal face of 
the ATPase faces inwards [19]. Our measurements of 
K+-stimulated ATPase activity in freshly-prepared gas- 
tric mierosomal vesicles showed that activity was in- 
creased by a factor of 1.6 with valinomyein, and by a 
factor of 4.5 with nigericin. The:~e data confirm the 
impermeability of vesicles to K~ " and the intravesicular 
!oration of the K+-hinding site on the H,K-ATPase 
:,since the enzyme requires K ~ on the luminal side of 
the apical membrane tbr full activity), indicating again 
that t'he- ,~toplasmic side of the H,K-ATPase is extra- 
w'.sicular. In ~:ddition to eonfim~ing the ionic intt,geity 
of the vesicles, aii. a therefore impermeability of the 
ve,=ieles to antibodies/these data suggest that 82% of 
the vesicles were oriented cytoplasmic ~ide.out; since 
up to 18% of vesicles may be oppositely-oriented or 
fragmented, we cannot exclude the possibility that it.~- 
teractions of site-specific antibodies with this fraction 
of vesicles contribute in some degree to our binding 
data. 

The ability of intact microsomes enriched in H,K- 
ATPas¢ to compete with an ~ sabunit N-terminal 
synthetic peptide for antibody HKaN2 (Fig. 4) shows 
that the a-subunit N-terminal domain is located on the 
outer surfac~ of the mieroso, nes. Th,~ o'-subur~t N- 
~erminus is therefore located on the cytoplasmic side of 
the parietal cell apical membrane. Confirmatory evi- 
dence for sidedness of the N.terminus of rat H,K- 
ATPase has previously appeared in abstract tbrm [20]; 
in that ~tudy, immunoelectron microscopic localization 



of an antibody against a synthetic peptide correspond- 
ing to the rat H,K-ATPase amino terminal sequence 
demonstrated that the N-terminus faced the cytoplasm. 
We cannot deduce the sidedness of the C-tcrmintis of 
~.he H,K-ATPase from our competitive ELI3A data. 
The lack of competitive effects with C-peptide antibod- 
ies in such experiments, using both intact and solubi- 
lized microsomes, suggests either that C-peptide anti- 
bodies do not recognize the native conformation of the 
¢, subunit C-terminal domain, or that this domain is 
shielded by hydrophilic domains of the a- or fl-s::b- 
units of the H.K-ATPase (even in the presence of a 
non-denaturing detergent), and thus is sterically unable 
to interact with C-terminu,;-specific antibodies. Ball 
and Loftice [13], using antibodies against a synthetic 
pcp~idc based on the C-terminus of Na,K-ATPase a- 
subunit found a similar lack of reactivity of C-peptide 
antibodies with native Na,K-ATPase, although the same 
antibodies gave a posil~v,: signal on electroblotted a- 
subunit. Thus, specific binding of our C-peptide anti- 
bodies to: (a) microsomes adsorbed t,3 polystyrene mi- 
cr'~p!~'.e wells; (b) H,K-A.TP~se r.-subunit resolved by 
SDS-PAGE and transfened to PVDF membrane; and 
(c) H.K-ATPa~e fixed in situ in gastric mucosal sec- 
tions, is not necessarily predictive of antibody binding 
to the native enzyme. This finding emphasizes the 
importance of verifying experimentally that synthetic 
peptide-based antibodies recognize the ,rfive r~nri~en 
particularly when such antibodies are being used as 
probes of native conformation. This caveat notwith- 
standing, our C-peptide antibodies are potentially use- 
ful probes of a-subunit C-ternfinus sidedness, since 
they are immunocytochemically reactiw: and thus lend 
themselves to immunogo~d electror, microscopy Evi- 
dence that the H,K-ATPase C-terminua is cytosolieally 
oriented has recently appeared in abstract forrf~ [21]. in 
that stady, digestion of ,'arface iodinated Q251) intact 
microsomal vesicles with c~trboxypeptidase Y reduced 
I~l counts in the a-s~:SuaR b~" 24%; this result was 
interpreted in terms of selective removal from the 
outer surface of vesicles of the two a-subunit C-termi- 
nal E~resines, which must therefore face the cytosol. 
With the closely relate6 Na,K-ATPase, Antolovic c! al. 
[??] have re:enfiy shown t~sing synthetic peptide-based 
af~nity-purified antibodies that both the N- and C- 
termini of the a-subu:i~t are t:y.:og'lasmically oriented. 

Polyclonal antibody [23,24] and m~moclonal antibody 
[25-28] inhibition of gastric H,K-ATPase has been 
reported previously, ~tthough tK¢ location of epitopes 
associated with inhibition was not specified, hi addi- 
tion to effects on H,K-ATPase activity, the po!ycl,aal 
ant~be,'ies and two monnc!onals [25,27] al~o inhibited 
p-nitrophenylphosphatase activity; o~.e monoclonat -an- 
tibody [25] was reported :o inhibit chloride conduc- 
tance associated with gastric microsomes. Our N- 
terminus-specific antibody HKaN2 dose-dependently 

inhibits K+-stimulated ATPase activity in gastric micro- 
sprees enriched it.. H.K-ATPase; the specificity of this 
effect is reinforced by the inability of our C-p~ptide 
antibody HKaC2 to inhibit activity, consistent with th['~ 
antibody's non-recognition of the native enzyme. The 
effects of HKaN2 on pNPPase activity, phosphoen- 
zyme formation, and chloride conductance remain to 
be examined. For now, the inhibitory effect of this 
site-directed antibody on H,K-ATPase activity suggests 
that the N-terminal domain may play a role in the 
catalytic mechanism of the en,:,me. Alternatively. anti- 
body binding tc the N-terminus may simply restrict 
access of physiological ligands to their binding sites 
elsewhere on the enzyme, thereby inhibiting activity. 
This interpretation is not supported by our obsc ~vation 
that HKaN2 binding to native t~ subunit decreases by 
30% when the physiological ligands ATP and K + are 
bound to the enz~ne. Our results are consistent there- 
fore with the N-terminus undergoing conformational 
changes as the enzyme goes through its catalytic cycle. 
The possibility remains that conformational changes 
elsewhere in the enzyme may also restrict the antibody's 
access to its N-tettitir.aI cp~:3pe. Inhibition of H,K- 
ATPasc activity by our N-peptide antibody comrasts 
with the lack of inhibition of Na,K-ATPa:;e by the 
corresponding N-peptide antibodies [22], a disparity 
which may reflect the different ion binding and trans- 
duetion functions of N-terminal domains ia the two 
enzymes. 

Previou~ studies with monochmal antibodies to gas- 
tric H,K-ATPase have shown them to be useful probes 
of the enzyme at both tire cellular and molecular level. 
Such antibodies have clarified the location and secreta- 
gogue-slimulated migration of H,K-ATPase within the 
gastric parietal cell [29], have shown the existence of 
H,K-ATPase-like structures in renal cortical collecting 
duct intercalated cells [30], colonic epithelial cells [31]~ 
and non-pigmented epithelial cells of the ciliary, body 
[32], have led to development of an ELISA-based assay 
of H,K-ATPase in human gastric biopsies [33], and 
have resulted in purification of H,K-ATPase messen- 
ger RNA and its translation in a cell-free system [34]. 
In addition, antibodies are unique immunocyto- 
chemical markers of gastric parietal cells [35,36]. The 
present study extends '.he armo~ of immuno~hemical 
probes of the H,K*ATPase by verifying that ~oly,.lo~al 
antibodies directed against synthetic H,K-ATPase pep- 
tides interact with native enzyme, and are consequently 
important probes of H,K.ATPase topography and the 
conformational transitions undergone by the enzyme 
during catalysis. 
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