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it cannot be predicted from hydropathy analysis whether the C-tc minal end of the a subunit t.~f the gastric H,K-ATPase i~; 
;)'toplasmic or extracytoplasmic. The sidcncss of the C-terminal amino acids was ~etermined by taking advantage of the two 
C-terminal tyrosines in the primary sequence of the enzs, me. Intact, cytoplasmic side 6ut vesicle,.; derived from hog gastric mucosa 
or detergent ~lubilized vesi,:ies were iodinated by the lactoperoxidase method ~.nd then the C-terminal amino acids hydrolyzed 
~.Jy carbo~i~ptidase Y. The a and /3 subunits were separated by SDS gel elcctrophoresis. The level of iodination of the a 
subunit following solubilization was about three fold greater than when intact vesicles were iodinatcd, and the ~ subunit was 
iodinated only when solubilizcd enzyme was used. Carboxypeptidase Y removed 28 + 4% of the radioactivity from the a subunit 
iodinated in intact vesicles. These data are consistent with a cytoplasmic location of the C-terminal amino acids of the a subunit 
and wi~h a mostly extracytoplasmic location of lhe amino acids of the ~ subunit. " 

Introduction 

The H,K-ATPase and the Na,K-ATPase are com- 
posed of a large a nubunit of about 1000 amino acids 
and a smaller glycosylated /i subunit of about 300 
amino acids [1,2]. The location of the C-termine! re- 
gion of these enzymes a subunits is not known. The 
kw, ation of the C-terminal region of the plasma mem- 
brane Ca-ATPase is almost certainly cytoplasmic since 
it contains the calmodulin binding region. Mutation 
and antibody sidedness studies on the Ca-ATPase of 
the sar~plasmic reticulum have been interpreted as 
demonstrating 10 membrane spanning regions [3]. Hy- 
dropathy plots of the a subunits of the H,K-ATPase 
and the Na,K-ATPase have been interpreted as repre- 
senting 6, 7, 8, 9 and 10 membrane spanning domains 
for the a subunit and one or four such domains for tne 
~1 subunit [1,4]. Tryptic hydrolysis and sequencing of 
fragments have led to the conclusion that the/J subunit 
has only one membrane spanning domain. Reaction 
with antibodies against the Na,K-ATt'ase [4] and de- 
termination of the site of pyridoxal 5-phosphate bind- 
ing have been interpreted as showing that the C-termi- 
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nai region is extracellular, which means that there must 
be an odd number of membrane spanning regions [5]. 

In the case of the gastric H,K-ATPase as well as the 
Na,K-ATPase, the a subunits terminate with two tyro- 
sine residues. In the B subunit, only one tyrosine is 
p~redicted to be in the cytoplasmic N-terminal region~ 
three in the membrane and the other 14 in the extra- 
cellular domain for a single membrane spanning model 
(Fig. lb). 

Gastric vesicles from hog mucosa are isolated as 
largely cytoplasmic side out particles. Electron micro- 
scopic analysis and WGA staining have shown that at 
least 94% of the vesicles are in the inside-out orienta- 
tion [6], therefore the C-terminal tyrosines if located in 
the cytoplasmic domain are available for lactoperoxi- 
dase dependent iodination and subsequent carboxy- 
~eptidase Y cleavage from intact vesicles. On the as- 
sumption that mostly only the cytoplasmic tyrosines are 
likely to be iodinated under mild conditions, only 14 of 
the 29 tyrosines of the a subunit would be available for 
iodination in the eight membrane segment model pre- 
sented in Fig. la. In fact the C-terminal region may be 
more accessible than residues buried in the secondary 
structure of the N.terminal and central t:ytoplasmic 
region (at least two of these tyrosines are in hydropho- 
bic regions here). Based on these predictions minimally 
15% (two tyrosines out of 14) of ti~e label should be 



found at the C-terminal end of the molecule foiio~ing 
comroiled iodination of intact vesicles and perhaps as 
much as 25% given restriction of iodination of some 
tyrosines of the cytoplasmic domain of the a subunit. 
Only 5% of the label would be in the cytoplasmic 
domain of the fl subunit, in a single membrane seg- 
ment model. 

In this paper we present data showing labelling of 
intact vesicles with peroxidase catalysed iodination of 
the a subunit, as detected following separation on SDS 
gels. About 30% of the label is removed by carboxy- 
peptidase Y digestion. Significant labelling of the /~ 
subunit was obtained only after solubilizat,:on in C ~2 Es. 
Hence the C-terminal end of the catalytic subunit of 
the H,K-ATPase is cytosolic and most of the/ /subunit  
is ext~'acellular. 

Methods 
Labdling procedure. Purified hog gastric vesicles 

were prepared as described previously [6]. The vesicles 
(360/zg) were resuspended in 20 mM Tris buffer (pH 
7.4) containing 8.9% sucrose, 100 p, Ci/ml L"Sl 2, 400 
/zg/ml lactoperoxidast: and 3 .uM Nal. The labelling 
reaction was initiated by the addition of 0.06% H20 2 
at room temperature. After 10 min another pulse of 
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0.06% H 2 0  z was added. Following 10 rain oi" incuba- 
tion the labelling reaction was terminated by the addi- 
tion of ice-cold 20 mM Tris buffer (pH 7.4) containing 
8.9% sucrose. The vesicle suspension was centrifuged 
at 100000 x g in a Beckman Ti 65 rotor for 45 rain at 
4°C and the supernatant discarded. For the experi- 
ments with soluble enzyme the vesicles were treated 
with C=2E 8 (2: 1, Cl2Es/enzyme) as previously de- 
scribed [7] and labelled as above. 

Carb.~xypeptidase Y d(~,,estion. The pellet was resus- 
pendcd in 50 mM Na citrate buffer (pH 7.0) containing 
8.9% sucrose. Carboxyp,~',ptidase Y (4 /zmol//zl) was 
added to the vesicle susp,~.nsion and the digestion mix- 
ture was incubated at 37 °C for 1 h. The digestion was 
terminated by the addition of elect=aphoresis sample 
buffer containing 0.3 M Tris, 10% SDS, 50% sucrose, 
0.025% Bromophenol blue and 10% /~-mercapto- 
ethanol. The digested vesicle suspension was then sub- 
jected to analysis by PAGE on a tricine gradient gel 
(8%-15%). The gel was sliced at 1 mm intervals and 
the amount of radioactivity jr, each gel slice was deter- 
mined by liquid scintillation counting in an LKB 1219 
scintillation counter using BCS (Amershar,) scintilla- 
tion cocktail. The background radioactivity in the in- 
tact vesicles was 220 cpm, and in the solubilised experi- 

alpha subunlt topology 

,Ul 

a l  

I B  

' l l  

- M I  

-;,,lid 

- 3 0  

. 4 0  ¸ 

A 

i 
. . . . . . .  ~ ,  . . . . . . .  ;:.., . . . . . . .  . ,  . . . . . . .  . ~  . . . . . .  . ~ ,  

b e t a  su~_.._~un!t t o p o l o g y  

4 8  

3B 

i l l  

O 

- I l l  

- 3 0  

- 3 e  

- 4 0  
. . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  I " w ' r s ' ' ~ ' ~  

50 tO0 tSO ZOO ~ 0  

n ri }ll r°sines i  ooo 14 
!i!i i 

M !2 3,4 5,6 7,8 2 /: 

,' rosines 
\ ,oo 2o0 1 

llitlIN, IIII :,I!,,,I,j! IIII IIIIII!IIBI, It 
. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  14 

Fig. 1. Hydropathy plots and suggested topology maps of the a and/3 ,subunits of the H,K-ATPase. (A) Kyte-Doolitti~ hydropathy plot of the a 
subunit of the hog gastric H,K-ATPase. Membrane spanning regions are identified as shaded areas. Below is a topological model of the a 
subunit based en eight membrane spanning regions with the N- and C-terminals being on the cytoplasmic face, (B) Kyte-Doolittle hydropadly 
plot of the ,8-subunit of the hog gastric H,K-ATPase with the suggested membrane spanning region shaded. Below is a topological model for a 

single membrar,,e spanning; ~egment. A moving average of 11 amino acids was used to generate these plots. 
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ment, 490 cpm. This was subtracted from the radioac- 
tivity in each peak prior to calculation of the effects of 
carboxypeptidase Y digestion. 

Materials. Trizma base, sucrose, sodium citrate, cit- 
ric acid and sodium iodide were from Sigma. Lactoper- 
oxidase and carboxypeptidase Y (sequencing grade) 
were obtained from Boehringer Mannheim. All chemi- 
cals used for electrophoresis were obtained from Bio- 
Rad. 

Results 

Lactoperoxidase dependem iodination of hog gastric 
vestcks followed by carboxypt;ptidase Y digestion and 
subsequent Tricine gel electrophoretic analysis showed 
that there was no apparent change in the molet:ular 
weight of the a subunit as shown in the Coomassie 
stained gel (Fig. 2A, ~anes 1 and 3). Slicing the gel into 
I mn'= pieces and measuring the radioactivity in ezch 
slice showed a peak of radioactivity ~sociated with the 
a subunit and a minor peak associated with lactoper- 
oxidase. A typical experiment is shown in Fig. 3a. In 
the area between the two peaks, where the/3 subunit 
resides, the measured amount of radioactivity was not 
above background suggesting that the /3 subunit was 
weakly labelled if at all. The absence of labelling of the 
/3 subunit is not unexpected as the proposed secondary 
structure of the/3 subunit would predict that only one 
tyrosine would he accessible for labelling in intact 
vesicles. 

There was a 28 + 4% (n = 4) loss of radioactivity 
from the a subunit following I h of carboxypeptidase 
Y digestion of the intact vesicles (Fig. 3a) as compared 
to non-digested labelled material. The loss of counts 
from the 0r subunit is in approximat,.' agreement with 
the model that predicts tha.t of the 29 tyrosines in the a 
subunit, only 10 are probably iodinated in intact inside- 
out vesicles and of those 10, the two C-terminal ty- 
tosines and possibly a third, are cleaved by carboxy- 
I~¢ptidase Y digestion. This also implies that of the 14 
cytoplasmically Iucated tyrosines, four are largely un- 
available for iodination by this procedure. 

The self iodination of lactoperoxidase in the case of 
the intact vesicles was significant (Fig. 3a). The counts 
incorporated are about two thirds of those incorpo- 
rated into the a subuni~. Treatment with carboxypepti- 
dase Y had no effect on the iactopcroxidase self la- 
~lling. The positron of lactoperoxidase is indicated in 
Fig. 2, 

Carboxypeptidase Y digestion of the solubilized en- 
zyme also resulted in no detectable change in the 
moi~ular weight of the enzyme (Fig. 2B, lanes 1 and 
2). The level of iodination of the solubilized enzyme 
was about hree fold that of the intact enzyme, vs 
shown in Fig. 3b. This would be anticipated from 
htcreased exposure of tyrosines following detergent 
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Fig. 2. Polyacwlamide gel electrophoresis of intact and C t., EM solubi- 
lized H,K-ATPase ¢~richcd gastric vesicles with and without 
carboxypeptidase Y digestion. (A) Intact gastric vesicles subjected to 
PAGE on a tricinc gradient gel (lane !, molecular mass standards in 
kDa; lane 2, gastric vesicles following iactoperoxidase driven iodina- 
tion: lane 3, gastric vesicLs following 60 min of inclination at 37 °C 
in the prescnce of carboxypeptidase Y: lane 4, gastric-vesicles follow- 
ing 60 min of incub:ttion at 37 ° C in the absence of carboxypeptidase 
Y. (B) CI2E s solubilized ga,~tric vesicles subjected to PAGE on a 
tricinv gradient gel (lane !, Ci2E s solubilized gtts-tric vesic~,~s follow- 
ing lactoperoxidase driven iodination; lane 2, Ct2E s ~lubilized 
gastric vesicles following ~0 min of incubation at 37°C in the 
pt'csence of carbo~peptidase Y: lane 3, CI2E ~ solubilized gastric 
vesicles following 60 min of incubation at 37 °C in the absence of 
carboxypeptidase Y; lane 4, molecular weight standards in kDa. The 

position of the lactoperoxidase band is indicated by the arrows. 

treatment. Further, there were counts now associated 
with the region contaimng the ,8 subunit, again pre- 
dictea if the extracytoplasmic tyrosines were now avail- 
able for iodinatior~. In contrast there was no change in 
the ievel uf lactoperoxidase labelling, which repre- 
sented about one fifth of the counts incorporated into 
the a subunit. As before, treatment with carboxypepti- 
dase Y digestion ~ad no effect on the label found over 
the iactoperoxidase peak. The percentage of counts 
released from the a subunit upon carboxypeptidase Y 
d:gestion was 20%. This lower release of counts is 
p~obably due to the fact that after solubilization and 
i~_~dination, the C-terminal tyrosines represent a smaller 



1200 [ (1 A 

lOOO 1" T ~ • 60mln+CPY 
o 60 rain -CPY 

' tt22_2_2_D_ 
0 5 10 15 20 25 30 

mm from top 

3000 [ a B 
2500 ~ • 60 rain +CPY 

lOO0 

5oo 

o - -  ' . . . . . . . .  
3o  o 5 10 15 20 25 

mm |rom top 

Fig. 3. Radioactive profile of intact and solubilized H,K-ATPase 
enrichet~ gastric vesicles labelled with 1"Sl~. The o~sition of the a 
and /~ subunits are indicated by the arrows. (A) Representative 
graph of the amount of radioactivity in 1 mm slices from a tricine 
gradient gel of intact gastric vesicles labelled with t~l, incubated for 
61) rain without and with carboxTpeptidase Y. (B) Representative 
graph of the amount of radioactivity in i mm slices from a tricine 
gradient gel of C t.,E~ solubilized gastric vesicles labelled with IZSl, 

again incubated lot O{) rain without and with calboxTpeptidase Y. 

pcrc~:,ta~c uf the iodinatcd tyrosir~es in the enzyme. 
However, if all the tyrosines were equally iodinated, 
the two C-terminal tyrosines would represent only 6% 
of the radioactivity. Hence even after solubilization, 
there appears to be preferential iodination of the C- 
terminal resk:iucs, and probably they become more 
accessible after detergent treatment compared to in- 
tact, detergent free vesicles. 

Discussion 

The analysis of the secondary structure of the EP 
type transport ATPases has relied heavily on hydropa- 
th~ plots. The hydropathy profi!e of the H,K-ATPase 
raises problems as to the interpretation of the number 
of membrane spanning segments. Fig. la shows a 
Kyte-Doolhtle plot, using a moving average of 11 amino 
acids which has been shown to be the best for this scale 
of hydrophobicity [8]. Other plots predicting membrane 
spanning segments all show similar profiles but can 
differ in detail. 
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The Kyte-Doolittle plot, predicts the first third of 
the protein to contain two pairs of membrane spanning 
segments as outlined. The sector between M4 and M5 
is considered as cytoplasmic, based on phosphorylation 
at Asp 385, pyridoxal phosphate Schiff base formation at 
Lys 492 and FITC labelling at Lys 516. However, there 
are significant regions of hydrophobicity before M5 
predicted to start at about Leu 796. The hydropathy 
analysis subsequent to M5 predicts the presence of 3 to 
5 membrane spanning segments using the Kyte-Doolit- 
tie algorithm. In the case of the Ca-ATPase, five mem- 
brane spanning segments following M5 have been pos- 
tulated [3,9] to give a total of 10 segments tor this 
end, me. It is cte',.r that experimental evidence has to 
be obtained for the membrane segments in the H,K- 
ATPase 

With an even number of membrane segments, the 
C-terminal tyrosines would be cytoplasmic, and accessi- 
ble not only to limited iodination but also to carboxy- 
peptidase ¥ cleavage after Idbeliing in the inside out 
preparation as obtained from hog gastric mucosa. 

The data ,presented here show labelling of the a but 
not the/~ subunit in intact vesicles. Labelling of the/~ 
subunit is found only after CI2E s solubilization, and 
the labelling of the a subunit is increased 3-told, 
demonstrating the intactness of the vesicles during the 
iodination procedure. 

The k,ss of about 1/3 of the label in the ce subunit 
following carboxypeptidase Y digestion of intact la- 
belled vesicles, and a lesser loss from vesicles that were 
labelled after detergent treatment again supports a 
cytoplasmic location of the C-terminal tyrosines. Hence 
the a subunit has an even number of membrane span- 
ning segments. 

Experimental evidence has bccn obtained that tryp- 
tic cleavage of intact, inside out gastric vesicles pro- 
duces four pairs of membrane spanning segm;~nts, be- 
tween positions 104 and 162 (MI/M2),  291 and 358 
(M3/M4), 776 and 835 (M5/M6) and 853 and 946 
(M7/MS) [10]. Moreover, labelling with the extracyto- 
plasmi: reagents, MeDAZ~P + [11], a id  omepraz,31e 
has provided additional evidence for the presence of 
M1 and M2 as well as M5 and M6, and M7 and M8, 
respectively [10]. These segments correspond to the 
first four pairs of membrane segments postulated for 
the Ca-ATPases. No chemical evidence has been ob- 
tained for the last pair of ;:nembrane segments sug- 
gested for the Ca-ATPase, corresponding to H9 and 
H10. 

From the hydrophobicity analysis shown at the top 
of Fig. !a there is sufficient hydrophobici~y for the 
protein to have one or two membrane segments in this 
region. Since the C-terminal by the data presented 
here is cytoplasnaic, this region of the enzyme either 
remains cytoplasmic or there is an additional pair of 
segments in this region, not detected by our biochemi- 
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cal methods. The model shown at the bottom of Fig. la 
illustrates the presence of eight membrane segments, 
with a hydrophobic stretch in the C-terminal sector, of 
unspecified location, perhaps membrane embedded. In 
this model, of the 29 ~yrosincs present, 14 are calcu- 
lated to be cytoplasmic, 13 in the membrane and two 
extracytoplasmic. Since 30% rather than 15% of the 
radioactivity was released by carboxypeptidase diges- 
tion, it seems that about half of the cytoplasmic tyro- 
sine residues are not accessible under the conditions of 
iodination in the intact enzyme. This then leads to a 
3-fold increase in labelling of the a subunit with deter- 
gent solubilization, rather than a doubling. 

The structure of the 8 subunit is usually thought of 
as having a single membrane spanning segment, basd 
on hydrophobicity, but in the case of the/3 subunit of 
the Na,K-ATPase, there has recently been speculation 
that there may be more such segments [12]. Since 
virtually no iodination was found in intact vesicles, it is 
clear from these data that the majority of the tyrosines 
in this protein are inaccessible to restricted iodination 
with the membrane intact. These data therefore lend 
support to a single membrane spanning segment for 
this subunit, as suggested by hydropathy plots, as in 
Fig. lb. In the model shown in the figure, of the 18 
tyrosines, one is cytoplasmic, three are in the mem- 
blanc and 14 extracytoplasmic. 

The finding that the C-terminal end of the a sub- 
unit of the H,K-ATPase is cytoplasmic is consistent 
with a similar membrane topology as compared to the 
Ca-ATPases. The strong homology between the H,K- 
ATPase and the Na,K.ATPases argues for a similar 
location of the C-terminal amino acids of the Na,K- 

ATPases. In fact, antibody epitope mapping has shown 
a cytoplasmic location for both the N- and C-terminal 
regions of the Na,K-ATPase [13], contradicting previ- 
ous conc'usions [4,5]. 
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