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Abstract

Structural and functional interactions between «- and S-subunits of the H,K-ATPase were explored. The sensitivity to trypsinolysis of
a-subunit was monitored by SDS-PAGE in control H,K-ATPase-enriched microsomes and in microsomes in which disulfide bonds of the
B-subunit were reduced using 2-mercaptoethanol (2-ME). Reduction of B-subunit disulfide bonds increased the susceptibility of the
a-subunit to tryptic digestion. Kinetics of trypsinolysis were also carried out in the presence of ligands known to bind with H,K-ATPase
and favor a particular conformer state in the native enzyme. The time-course for release of tryptic peptides was monitored in protein
stained gels and Western blots probed with monoclonal antibody «-H,K,12.18. In control preparations, where S-subunit disulfides
remained intact, trypsinolysis in the presence of ATP or K™ produced distinctive patterns of tryptic fragments, each characteristic of the
conformational states induced by the respective ligand. For 2-ME-treated microsomes the altered «-subunit was unable to undergo
ligand-induced conformational changes. The increased susceptibility of the a-subunit to trypsinization, the change in accessibility of
tryptic cleavage sites and the inability of the a-subunit to undergo ligand-induced conformational changes after reduction of the B-subunit
disulfides suggest that the interactions between «- and B-subunits are important for the conformational stability of the functional

holoenzyme. A model localizing the most susceptible tryptic cleavage sites in control and 2-ME-reduced states is presented.
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1. Introduction

The H,K-ATPase is the gastric proton pump which
secretes acid into the gastric lumen by catalyzing the
electroneutral exchange of H* for K* [1]. The HK-
ATPase belongs to the family of P-type ATPases and
shares a high degree of homology with the Na,K-ATPase
in terms of sequence, function and structure [2]. The
gastric enzyme functions as a heterodimer and consists of
two subunits — the catalytic a-subunit, a protein of about
96 kDa which contains the sites of nucleotide binding and
phosphorylation, and a glycoprotein S-subunit whose pre-
cise function is not clearly known and which runs as a
broad band of 60-80 kDa in SDS-PAGE gels and as a
sharp 34 kDa band in its deglycosylated form. Both sub-
units, from several species, have been cloned and analyzed
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[3-5]. Topology studies have demonstrated that the a-sub-
unit spans the membrane 8—10 times and is oriented with
most of its mass, including the nucleotide binding site,
exposed to the cytoplasm [2]. On the other hand, the best
estimate of S-subunit topology suggests a single trans-
membrane segment, a short N-terminal cytoplasmic piece
and a large extracellular C-terminal domain containing six
highly conserved cysteine residues and over 70% of the
peptide mass [4,6]. By analogy with the Na,K-ATPase it
has been proposed that the extracellular cysteine residues
in the B-subunit of H,K-ATPase exist as oxidized disulfide
bonds in a sequential pattern [7].

Several experiments have demonstrated close associa-
tions between the a- and B-subunits of H,K-ATPase and
the importance of these associations. The heterodimeric
a—f3 interactions are stable to non-ionic detergents [8], and
the importance of the B-subunit for functional H,K-ATPase
activity has been inferred from studies with B-specific
antibodies [9]. Furthermore, recent studies using a bac-
ulovirus expression system have demonstrated that both a-
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and B-subunits are required for functional H,K-ATPase
activity [10]. Close association between a-and B-subunits
has been shown to be also important in the stable expres-
sion of the a-subunit of Na,K-ATPase in Xenopus oocytes
[11]. The B-subunit of H,K-ATPase can serve as a substi-
tute in supporting some of the functional activities of
Na,K-ATPase when expressed together with the a-subunit
of Na,K-ATPase in both Xenopus [12] and yeast expres-
sion systems [13]. Treatment of either Na,K-ATPase [14,15]
or H,K-ATPase [7] with 2-mercaptoethanol (2-ME) inacti-
vates the respective enzymatic activity, and the inactiva-
tion has been directly correlated with the reduction of
disulfide bonds within the [B-subunit. Furthermore, the
stability of B-subunit disulfide bonds and H,K-ATPase
activity was preserved in the presence of K¥ to promote
the E, conformer state. Recent work has also demonstrated
the importance of B-subunit disulfides in the occlusion of
K™ in the catalytic cycle of the Na,K-ATPase [16].

The present work was initiated to determine whether the
B-subunit of H,K-ATPase plays a role in the structural
stabilization of the a-subunit. H,K-ATPase-enriched gas-
tric microsomes (which are oriented cytoplasmic side out)
were subjected to 2-ME followed by controlled trypsinoly-
sis to study how changes in the extracellular domain,
caused by reduction of the disulfide bridges in the B-sub-
unit, would affect enzyme conformation as judged by the
accessibility of the cytoplasmic side of the a-subunit to
trypsin. We offer evidence that reduction of the S-subunit
disulfides results in a destabilization of the «-subunit
which now becomes trypsinized very rapidly. Furthermore,
the altered a-subunit is unable to undergo ligand-induced
conformational changes thereby indicating the importance
of the B-subunit for the conformational stability of the
functional holoenzyme.

2. Materials and methods
2.1. Materials

Trypsin, 2-mercaptoethanol (2-ME), N-ethylmaleimide,
sodium dodecylsulfate (SDS) and tributylphosphine were
purchased from Sigma. Pefabloc was purchased from
Boehringer-Mannheim. Fluorescein-5-maleimide was from
Molecular Probes. All other chemicals were of reagent
grade.

2.2. Isolation of H,K-ATPase-enriched microsomes (tubu-
lovesicles)

The H,K-ATPase-containing gastric microsomes were
isolated from rabbit stomach as previously described [17].
Crude microsomes were harvested from homogenized mu-
cosa of unstimulated rabbit stomach (H, receptor-blocked)
as the membrane pellet sedimenting between 10 min at
13000 X g and 1 h at 100000 X g. The pellet was resus-

pended in 10% sucrose, brought to 40% sucrose in ~ 8 ml
volume, and overlaid with successive layers of 35% su-
crose (15 ml) and 10% sucrose (12 ml) in a 37 ml tube. All
sucrose media were made in 5 mM tris(thydroxy-
methyl)aminomethane (Tris), and 0.2 mM EDTA, pH 7.4.
After centrifugation at 80000 X g for 4 h, the purified
gastric microsomes were collected from the interface be-
tween 10% and 35% sucrose and stored at 4° C until use.
H,K-ATPase was assayed on the diluted samples as potas-
sium-stimulated ouabain-insensitive p-nitrophenylphos-
phatase activity (K*-pNPPase) as previously described [7].
Specific activities for various preparations were in the
range of 800-1400 nmol /mg per min.

2.3. Treatment of gastric microsomes with 2-ME

Gastric microsomes (~4-5 mg/ml) were incubated
for 25 min at 44° C with 0.4 M 2-ME. The microsomes
were then diluted 15-fold at 0°C to prevent any further
reduction [9). Two sets of controls were routinely carried
out: one control used 0.4 M ethanol as an organic solvent
control, and the other control was a zero time of 2-ME
treatment (i.e., sample diluted immediately after adding
2-ME). An additional experimental test, treated with 25
mM KCl during the 2-ME reduction process, was also
performed and described in Results. Before exposing the
microsomal samples to tryptic digestion, ethanol or 2-ME
were added to the respective test and control tubes so that
both samples were chemically identical during trypsiniza-
tion.

2.4. Disulfide labeling of H K-ATPase subunits

We previously showed that inhibition of H,K-ATPase
by 2-ME was correlated with the reduction of disulfide
bonds within the B-subunit, but not the a-subunit [7].
Here, we employed an alternative protocol, using tri-
butylphosphine to reduce the oxidized cystine, to further
confirm that the reduction of H,K-ATPase disulfide bonds
is restricted to the B-subunit. The advantage of using
tributylphosphine is in its power to reduce disulfide bonds
completely without interfering with the subsequent label-
ing reaction. H,K-ATPase-enriched microsomes (~ 1
mg/ml) were treated with 0.4 M 2-ME at 44° C as in the
protocol described above. At selected intervals, 1 ml of
sample was diluted 20-fold in ice-cold suspending medium,
25 mM N-ethylmaleimide was added to quench any re-
maining 2-ME, and the sample was centrifuged at 100000
X g for 60 min. The membrane pellet was solubilized in
2% SDS, 10 mM Tris, pH 7.4. 10 mM N-ethylmaleimide
was then added and incubated at 55° C for 20 min in order
to alkylate all available SH groups. Proteins were precipi-
tated with 70% methanol at —20° C. The protein was then
solubilized in 2% SDS, 20 mM phosphate, pH 7.1, con-
taining 1 mM fluorescein-5-maleimide, and tributylphos-
phine was added to a final concentration of 1 mM. The
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mixture was incubated at room temperature for 10 min,
then warmed to 55° C for 20 min. The proteins were again
precipitated with 70% methanol, separated by SDS-PAGE
and the fluorescence was recorded on film as previously
described [7]. In cases where we wished to label total
cysteine SH, the microsomes were not treated with 2-ME
or alkylated with N-ethylmaleimide, but only the last two
steps were followed. That is, proteins were precipitated
with methanol, solubilized in 2% SDS, 20 mM phosphate,
pH 7.1, and treated with | mM tributylphosphine to reduce
all disulfide bonds and 1 mM fluorescein-maleimide in
order to label total cysteine sulfhydryl.

2.5. Tryptic digestion

Treatment with trypsin was carried out at 37° C in 25
mM imidazole-HCl (pH 7.5) at a microsomal protein
concentration of 0.25-0.35 mg/ml. In some experiments
either 10 mM KCI or 2 mM ATP were included as
modifying ligands during trypsinization. The ratio of
trypsin to membrane protein was in the range of 1:100-—
1:500, as stated for particular experiments. Digestion was
initiated by the addition of trypsin. Aliquots were taken at
selected times and quenched with trypsin inhibitor, Pefa-
bloc, such that the final concentration of inhibitor was 1
mM. The zero time point in all cases has trypsin added to
inhibitor followed by the addition of microsomes.

2.6. Immunoblots

Proteins were separated by SDS-PAGE using 10 or
12% polyacrylamide gels. For immunoprobing, proteins
were transferred to nitrocellulose, and blocked for 1 h at
room temperature in 5% non-fat milk. The monoclonal
antibody anti-a-H.K.12.18 was used to probe for the 96
kDa «-subunit and tryptic fragments containing the epi-
tope [20]. Nitrocellulose blots were incubated at room
temperature for 1 hr with the primary antibody in 150 mM
NaCl and 5 mM phosphate (pH 7.4) containing 0.5%
bovine serum albumin (w /v), and then washed three times
for 10 min each in 150 mM NaCl, 5 mM phosphate (pH
7.4). The blots were incubated for 1 h with goat anti-mouse
secondary antibody conjugated with alkaline phosphatase,
washed as above and developed with 5-bromo-4-chloro-3-
indolylphosphate p-toluidine and p-nitroblue tetrazolium
color reagents.

3. Results

We had previously shown that the H,K-ATPase was
irreversibly inhibited by 2-ME, and that the inhibition was
correlated with the reduction of disulfide bonds within the
B-subunit, but not within the a-subunit [7]. Here we used
an alternative protocol, as described in Materials and meth-
ods, to more efficiently localize and assay the reduction of
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Fig. 1. Progressive reduction of B-subunit disulfide bonds as a function
of time of treatment with 2-ME. H,K-ATPase-enriched microsomes { ~ 1
mg/ml) were treated with 0.4 M 2-ME at 44° C for 0, 5, 10 and 25 min,
as indicated. In one case the 25 min incubation with 2-ME included 25
mM KCI. An aliquot of each sample was taken for measurement of
pNPPase activity; values are shown relative to the O time control. In the
remaining sample, membrane proteins were precipitated, solubilized in
2% SDS and treated with 10 mM N-ethylmaleimide in order to block all
available SH groups, as described in Materials and methods. Proteins
were again precipitated and solubilized in 2% SDS containing | mM
tributylphosphine to reduce all remaining SS bonds and | mM fluores-
cein-maleimide to label the resulting SH groups. In the case where total
cysteine SH was labeled (last lane), the samples were not treated with
2-ME or alkylated with N-ethylmaleimide, but they were solubilized and
subjected to total reduction by tributylphosphine and total SH labelling by
fluorescein-maleimide. All samples were subjected to SDS-PAGE and
photographed under uitraviolet light.

disulfide bonds within subunits of the H,K-ATPase under
the same conditions that were employed throughout this
work. A typical assay is exemplified in Fig. 1, along with
relative pNPPase activity for the same samples. The first
four lanes represent fluorescent gel images of a time-course
of disulfide bond reduction in the B-subunit following
treatment with 0.4 M 2-ME at 44° C. Fluorescence (index
of disulfide bonds) of the 60-80 kDa B-subunit was most
intense at 0 time of treatment (lane 1) and progressively
diminished up to 25 min of treatment with 2-ME (lane 4),
although these reducing conditions were not sufficient to
eliminate all B-subunit disulfides. The inclusion of 25 mM
KCl in the incubation, along with 0.4 M 2-ME at 44° C for
25 min (lane 5), prevented the reduction of B-subunit
disulfides as well as the loss of enzyme activity. For all of
these assays (lanes 1-5), the B-subunit was the only
peptide with significant disuifide bond content; the a-sub-
unit showed no labeling. On the other hand, when total
cysteine SH content was assayed (lane 6), a predictably
large signal was observed in the a-subunit. Thus, consis-
tent with our previous observations [7], treatment with
2-ME caused exclusive reduction of disulfide bonds in the
B-subunit, which was correlated with a decrease in enzy-
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Fig. 2. Time-course of trypsinization for control (upper panel) and 2-ME
treated microsomes (lower panel). Gastric microsomes were treated with
0.4 M ethanol (control) or 2-ME, as described in Materials and methods,
diluted and then trypsinized at 37° C using a trypsin/substrate ratio of
1:500. Aliquots were taken at the indicated time points, subjected to
SDS-PAGE, and the proteins stained with Coomassie blue. Each lane was
loaded with 25 ug of protein.

matic activity, and these effects were attenuated by the
presence of K™,

To test whether reductive alterations in the extracellular
domain of the B-subunit influence the structural integrity
of the a-subunit, H,K-ATPase-enriched microsomes were
treated with 0.4 M 2-ME (or 0.4 M ethanol as a control) at
44° C for 25 min, the reaction was quenched by dilution,
and the microsomes were subjected to trypsinization as
described in Materials and methods. The time-course of
trypsinization at 37° C was monitored over a broad range
of trypsin concentrations and analyzed. Fig. 2 shows the
time-course of trypsinization for control and 2-ME-treated
microsomes at a trypsin to substrate ratio of 1:500 (w/w),
and with no additional ligands in the digestion medium.
The Coomassie blue stained gel for the control micro-
somes (upper panel) shows that the 96 kDa a-band was
degraded at a gradual rate, with a decrease becoming
prominent at about 5 min. On the other hand the 96 kDa
a-subunit band was rapidly trypsinized for the 2-ME-
treated microsomes (lower panel), such that more than
50% disappeared in less than 2 min. The broad 60-80 kDa
[B-subunit band was also decreased slightly with time in
trypsin, but unlike the a-subunit there were no apparent
differences between 2-ME-treated and control microsomes.
The same effect of rapid trypsinization of the a-subunit for
2-ME-treated microsomes versus control microsomes was
observed over a range of trypsin to substrate concentra-
tions. At higher trypsin concentrations, the a-subunit of

the 2-ME-treated microsomes was degraded very rapidly,
making it difficult to analyze the rate of degradation.
Hence subsequent analyses were performed at the lower
trypsin to substrate ratios in the range of 1:300—1:500
using more discrete time points. It was also noted that the
a-subunit in 2-ME-treated microsomes showed increased
aggregation as evidenced by the bands at 200 kDa and at
the interface between the stacking and resolving gel as
compared to control. The reduction of the B-subunit disul-
fides which results in a loosened a-conformation might
also produce a more sticky form for enhanced interaction
of the a-subunit with its neighbors. The time-course of
trypsinization for five preparations was quantitated by
measuring the relative volume density of the Coomassie
blue stained 96 kDa a-band. These data, plotted in Fig. 3,
clearly show that the a-subunit of the 2-ME-treated micro-
somes is degraded at a faster rate than the control micro-
somes. Thus 2-ME-treatment which results in the reduction
of [B-subunit disulfide bonds and inhibition of enzyme
activity also increased the susceptibility of the a-subunit to
trypsinization.

To verify that increased susceptibility to trypsin of
a-subunit in 2-ME-treated is due to reduction of B-subunit
disulfides, a test was performed which included 25 mM
KCl during the 2-ME-treatment process. It has been
demonstrated that K* and its congeners protect against the
2-ME-induced inactivation of the H,K-ATPase and that the
protective effect of K* is accompanied by a preservation
of B-subunit disulfides [7]. Measurements of enzyme activ-
ity for samples prior to trypsinization revealed that the
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Fig. 3. Reduction of B-subunit disulfide bonds makes the a-subunit more
susceptible to trypsinolysis. Preparations of gastric microsomes were
treated with ethanol (control) or 2-ME, subjected to trypsinolysis (1:500)
just as described in Fig. 2. The 96 kDa a-subunit on Coomassie blue
stained gels was assayed by densitometry, and the band density, relative
to the measured value at zero time for each preparation, was plotted as a
function of time. For all time points n = 4, except for 0 and 25 min where
n=25, and for 100 min where n=3. The asterisk (*) indicates a
significance of P < 0.05.
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Fig. 4. A comparison of a-subunit trypsinolysis for microsomes treated
with 2-ME in the presence and absence of 25 mM KCI. Gastric micro-
somes were treated for 25 min at 44° C with 0.4 M 2-ME (closed circles)
or 04 M 2-ME plus 25 mM KCI (open triangles); a control set of
microsomes were treated with .4 M ethanol (open circles). The prepara-
tions were then diluted and trypsinized, as described in Materials and
methods, and aliquots taken for SDS-PAGE. The gels were stained with
Coomassie blue and the 96 kDa a-band quantitated by densitometry.

presence of 25 mM KCI in the preincubation mixture
attenuated the inhibition by 2-ME, such that the enzyme
retained almost all of its activity, as compared to the
ethanol-treated control. Patterns of trypsinization were
compared for 2-ME-treated microsomes with and without
KCl protection, as well as for control microsomes treated
with ethanol. Results in Fig. 4 reveal that the a-subunit of
2-ME-treated microsomes was highly susceptible to trypsin,
whereas, when 25 mM KCl was present during the 2-ME
treatment tryptic digesticn of the a-subunit was very much

attenuated and similar to the non-reduced, ethanol-treated,
control. Thus, the data support the postulate that increased
rate of trypsinization of the a-subunit is a direct conse-
quence of disulfide bond reduction in the S-subunit.

Previous studies have shown that specific products
formed on tryptic digestion of gastric H,K-ATPase depend
on the conformational state of the enzyme [18,19]. In the
presence of K™, for example, different sites on the protein
are exposed than in the presence of ATP and each of the
two conformations, termed K* conformation and ATP
conformation, respectively, can be defined by their charac-
teristic patterns of digestion. To study the conformational
responsiveness of the a-subunit in control and 2-ME-
treated microsomes, the patterns of tryptic digestion were
followed in the presence of ATP, which is known to favor
the E, conformation of the enzyme, or in the presence of
K™, which is known to induce the E, conformer.

When control microsomes were trypsinized in the pres-
ence of 2 mM ATP, the Coomassie blue stained gels
showed a gradual degradation of the 96 kDa a-subunit
band with the appearance of characteristic intermediates at
67 kDa and 38 kDa (Fig. 5A, upper panel). The prominent
67 kDa intermediate first appeared at about 10 min and
remained over the time-course of the experiment. Fainter
bands at 38 kDa and 55 kDa also appeared at 10 min and
remained over the experimental time-course. When the
2-ME-treated microsomes were trypsinized in the presence
of ATP, the 96 kDa a-subunit rapidly disappeared (Fig.
5A, lower panel), similar to the rapid loss of a-subunit in
the case with no additional ligands (cf. Figs. 2 and 5). The
pattern of tryptic fragments for the 2-ME-treated micro-
somes did not reveal the presence of sharp and well
defined intermediates seen in the control microsomes.

Fig. 5. The time-course of trypsinolysis in the presence of ATP for control (upper panels) and 2-ME treated microsomes {lower panels). Gastric
microsomes were treated with ethanol (control) or 2-ME as described in Materials and methods, The preparations were then diluted and trypsinized in the
presence of 2 mM ATP at a trypsin-to-substrate ratio of 1:500 at 37° C. Aliquots were taken at the various indicated times and the samples subjected to
SDS-PAGE. (A) Gels were loaded with 12 g of protein per lane and stained with Coomassie blue. (B) Western blots probed with anti-a-H,K12.18. Gels
were loaded with 7 ug per lane then blotted to nitrocellulose. Molecular mass standards (kDa) are shown on the left.
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Several faint bands could be seen in the region of 35-80
kDa which seemed to fade away and disappear after 10
min. The Coomassie stained tryptic pattern of the 2-ME
treated microsomes in the presence of ATP also appeared
similar to the tryptic pattern with no additional ligands.

In order to visualize the intermediate-pattern more
clearly, immunoblots were performed using anti-o-
H.K.12.18 which binds in the region of amino acids
888-906 of the a-subunit [20]. For control microsomes,
blots of the trypsinization pattern in the presence of ATP
showed immunoreactivity with two tryptic products: a
dominant 38 kDa band, which starts to appear at about 10
min and reaches a maximum at about 50 min; and a faint
55 kDa band (Fig. 5B, upper panel). This is in agreement
with published data demonstrating that, in the presence of
ATP, tryptic cleavage of the a-subunit gives rise to a
N-terminal 67 kDa band and a carboxy-terminal 38 kDa
band, respectively [19]. On the other hand, for the 2-ME-
treated microsomes tryptic mapping in the presence of
ATP revealed that the ¢-subunit is degraded more rapidly,
and proceeds though additional intermediates as compared
to control (Fig. 5B, lower panel). A dominant band at 80
kDa was seen as early as 20 s and almost disappeared by 5
min; a fainter triplet cluster in the region of 45-55 kDa
was seen at about 1 min and disappeared by 10 min; and a
dominant doublet appeared at 38—40 kDa, first appearing
at about 20 s, reaching a maximum at about 5 min and
disappearing by 50 min. These data suggest that reduction
of extracytoplasmic disulfide bonds in the S-subunit re-
sults in an altered a@-conformation which then exposes
additional tryptic sites on the cytoplasmic side giving rise
to additional intermediates.

To further test the sensitivity of 2-ME-treated H,K-
ATPase to ligand-induced conformational changes,
trypsinization of the microsomes was performed in the
presence of KCI. Control microsomes treated with trypsin
in the presence of 10 mM KCI showed the characteristic
pattern of 55 kDa and 42 kDa bands on Coomassie blue
stained gels, while the 2-ME-treated microsomes did not
show these distinct bands (data not shown). Blots of the
tryptic pattern probed with anti-a-H,K 12.18 showed that,
for control microsomes in presence of KCI, the 55 kDa
band is the predominant immunoreactive band while the
38 kDa band was very faint (Fig. 6, upper panel). Im-
munoblots of the tryptic pattern of 2-ME-treated micro-
somes in presence of KCI revealed additional immuno-
reactive fragments at 80 kDa, a fainter triplet cluster in the
region of 45-55 kDa and a dominant doublet at 38-40
kDa (Fig. 6, lower panel). It is of interest to note that the
immunoblots for 2-ME-treated microsomes exhibited an
almost identical pattern of intermediates whether
trypsinization was carried out in presence KCI or ATP, or
when no ligands were present (cf. lower panels of Figs. 5
and 6)._ This contrasted with control microsomes, where
trypsinization in presence of ATP revealed a 38 kDa
predominant intermediate and trypsinization in the pres-
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Fig. 6. The time-course of trypsinolysis in the presence of KCl for control
(upper panel) and 2-ME treated microsomes (lower panel). Trypsinization
of control and 2-ME-treated microsomes was performed at 37° C in the
presence of 10 mM KCl at a trypsin to substrate ratio of 1:500. Aliquots
were taken at the indicated times and subjected to SDS-PAGE and
Western biotting. Nitrocellulose blots were probed with anti-a-H,K-12.18.
Each lane was loaded with 7 ug of protein.

ence of KCl showed the predominant 55 kDa intermediate,
demonstrating the more typical response to ligands. The
digestion pattern for 2-ME treated microsomes was the
same and did not change in the presence or absence of
different ligands. Thus it appears that the a-subunit of
H,K-ATPase is unable to undergo ligand-induced confor-
mational changes when the B-subunit disulfides are re-
duced.

4. Discussion

The present studies demonstrate that the a-subunit of
H,K-ATPase becomes increasingly susceptible to
trypsinization on reduction of disulfide bonds within the
B-subunit. Control studies indicated that the increased
tryptic sensitivity of the a-subunit was not directly due to
the conditions of incubation or to the effect of 2-ME as an
organic solvent; rather, tryptic sensitivity was correlated
with the reduction of disuifide bonds in the 8-subunit. Any
temporary instability or unfolding of the enzyme held at
44° C for 25-30 min is reversible, and does not directly
account for the permanent alterations of enzyme activity or
susceptibility to trypsin. However, cleavage of B-subunit
disulfide bonds for both H,K-ATPase and Na,K-ATPase
requires rather strong reducing conditions that are certainly
facilitated by the elevated temperature used here [7,14].
We can also rule out the direct effects of 2-ME as solvent
as the primary cause for the irreversible inactivation of
H,K-ATPase. We have measured the oil /water partition
coefficient of 2-ME to be 0.76 (personal observation),
between the values of 0.48 and 0.98 reported for ethanol
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and 2-propanol, respectively [21], and neither of these
latter solvents inhibits H,K-ATPase activity when em-
ployed at the conditions used here for 2-ME [22]. How-
ever, reversible destabilization of 2-ME as it partitions into
the membrane may serve to facilitate the reduction of
disulfide bonds as enzyme structure is permanently altered.
Such a multiple participation of bonding forces to stabi-
lize /destabilize protein structure is the hallmark of the
phenomenon of cooperativity [23]. At this time we can not
specify the degree to which the thermal and solvent effects
contribute to holoenzyme inactivation. Under the condi-
tions used here treatment with 2-ME is essential for the
correlative reduction of disulfide bonds in the B-subunit,
thus presenting a system for to study the corresponding
changes in a-subunit coriformation.

The increased proteolytic susceptibility of the a-subunit
is accompanied by the presence of new and additional
intermediate peptides which were seen on immunoblots
with the a-subunit antibody, H,K-12.18. This implies that
reduction of B-subunit disulfides results in a loosening of
a-conformation, exposing additional tryptic sites on the
cytoplasmic side of the gastric vesicles. Tryptic cleavage
of the control microsomes in presence of ATP as a ligand
has been previously identified to occur at Lys-47 to give
the 67 kDa peptide that contains the phosphorylation site
and is non-reactive to carboxy-terminal antibodies [24,25].
The second cleavage in presence of ATP occurs prefer-

A. Control H,K-ATPase
(intact B-subunit)

#2
455

tryptic #1

site #3

47 670

NHz COOH

96 kDa (1034 aa)
No
ligands

TS CooH
4SMWCOOH
EWCOOH

Cleavage
KCl1 and 2
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entially at Lys-670 to give the 38 kDa peptide that has
been sequenced to contain the region from Ala-672 of the
a-subunit (Adam Smolka, unpublished observation). The
control a-subunit in the KC] conformation has been shown
to undergo preferential cleavage at amino acids 47 and 455
to give the 42 kDa N-terminal peptide containing the
phosphorylation site and the 55 kDa peptide that has been
sequenced to contain the region from Ile-456 onward of
the «a-subunit and is reactive to C-terminal antibodies
[24,25). Some amount of cleavage also occurs at Lys-670
to give the 37 kDa peptide but the predominant product
under our conditions was the 55 kDa peptide. Thus, as
schematically represented in Fig. 7 the control a-subunit
in the KCl conformation shows preferential cleavage at
amino acids 47 and 455, while in the ATP bound confor-
mation preferential cleavage occurs at amino acid 47 and
670. Tryptic cleavage of the a-subunit when the S-subunit
was reduced exposes three regions of highly sensitive sites.
These sites, schematically represented in Fig. 7, are (1) an
N-terminal cleavage, which gives rise to the immuno-
reactive 80 kDa tryptic fragment, (2) sites in the neighbor-
hood of Lys-455, which give rise to the immunoreactive
50-55 kDa cluster, and (3) sites in the neighborhood of
amino acid Lys-670, which give rise to the two immuno-
reactive bands in the region of 35-38 kDa. All of these
sites are in the cytoplasmically exposed regions of the
a-subunit and appear to be all in the large cytoplasmically

B. 2-ME-treated H,K-ATPase
(B-subunit reduced)

#2 #3
(multiple) (multip
~4 ~670

tryptic
site #1

47

le)

NH R R E OSSN COOH
6 kDa (1034 aa)
ATP, KCl or
no ligands

A N N \\\\\ \\‘Q\ OOH
BE]

WOOH
a

Wﬁ e OOH

W COOH

W COOH
a

favored
over 3
4@ 4?5
456 a
COOH
kDa

b/ kDa

WCOOH
WCOOH

Immunoreactnve with

anti-o HK.12.18

D Non-immunoreactive

Fig. 7. Suggested tryptic digestion sites on the a-subunit of H,K-ATPase for control and 2-ME treated microsomes: the figure shows a linear polypeptide

map of the catalytic subunit of rabbit H,K-ATPase. For the control microsomes

tryptic cleavage sites in the presence of ligands are indicated on basis of

immunoblots with anti-a-H,K 12.18 and previously published data. For the 2-ME treated microsomes speculated tryptic cleavage sites are indicated on
basis of immunoblots with anti-a-H,K 12.18. The indicated molecular masses of the fragments are the apparent molecular masses observed on SDS-PAGE

gels.
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exposed loop of the a-subunit. Reduction of B-subunit
disulfides has thus caused increased exposure of additional
tryptic sites in the neighborhood of the already susceptible
cleavage sites, in the cytoplasmic region of the H,K-
ATPase. Thus, a change in SB-conformation is communi-
cated to its tightly associated a-conformation.

It is also interesting to note that on reduction of disul-
fides in the B-subunit, the a-subunit loses its ability to
respond to conformational changes induced by ligands.
This situation is highly reminiscent of the high sensitivity
to trypsin and the lack of ligand response of the a-subunit
of Na,K-ATPase immediately after synthesis, but which
gains tryptic resistance and the capacity to undergo
cation-dependent conformational changes on maturation
and association with its B-subunit [26]. The B-subunit of
both H,K-ATPase and Na,K-ATPase must therefore play a
very important role in sustaining the right functional con-
formation in the a-subunit and the holoenzyme.

The finding that reduction of S-subunit disulfides desta-
bilizes the a-subunit which can no longer assume ligand-
specific conformation is particularly interesting from a
topological viewpoint. As pointed out earlier the vesicles
used in these studies are cytoplasmic side out and the
conformational transitions in the «-subunit are both de-
tected and most pronounced on the cytoplasmic side of the
secretory membrane. The a-subunit has very little expo-
sure on the lumenal side while the bulk of the S-subunit
including the B-subunit disulfides are on the lumenal side
of the membrane [6,4]. Thus the B-subunit initiated signals
for a-subunit destabilization are transmitted across the
membrane.

If we consider a 8-transmembrane domain model of the
a-subunit, there are four small helical loops which can
potentially interact with the lumenally exposed B-subunit
disulfides. The disposition of one or more of these loops
may be dictated by a—f interactions which in turn places
conformational constraints on the large hydrophilic a-sub-
unit catalytic domain in the cytoplasm. With the reduction
of B-subunit disulfides, these «—pB interactions are loos-
ened, the hairpin helices are cast adrift and the a-subunit
relaxes into non-functional, trypsin-accessible flaccidity
possibly even losing its ligand binding capacity. Recent
studies have suggested that it is the M7 /loop /M8 sector
which are the transmembrane segments in the carboxy
terminal one-third of the a-subunit that are closely associ-
ated to the B-subunit [27].

It is also possible that the interactions between the
B-subunit and a-subunit that influence the conformational
response are mainly cytoplasmic. Evidence supportive of
this speculation is the inhibition of ATPase activity by
antibodies against the N-terminal domains of the S-subunit
{91. In such a model, the reduction in B-subunit disulfides
induces rearrangement of extracellular B-subunit domains
which are communicated to the N-terminus of B-subunit
and the subsequent loosened cytoplasmic interactions be-
tween the a—f subunits are the ones that cause the loss of

conformational response. The exact mechanism by which
changes in the extracellular domain of the B-subunit are
communicated and influence the conformational response
of the a-subunit are not clear, but our data clearly point to
the fact that for the H,K-ATPase the a—B-subunit interac-
tions play an important role in the conformational response
of the a-subunit.

The present data are in agreement with much of the
literature on the importance of subunit interactions in
ion-transport ATPases. A recent report on H,K-ATPase
expression in the baculovirus system demonstrated that the
B-subunit is essential for functional expression, indicating
the importance of a—f interaction for enzymatic function
[10]. Experiments on Na,K-ATPase in yeast and Xenopus
oocyte expression systems have demonstrated that matura-
tion of functional pumps depends on the concomitant
expression of both a- and B-subunits [28]. For Xenopus
oocytes expressing an excess of Na,K-ATPase a over 83,
the a-subunit was highly sensitive to trypsin and became
trypsin-resistant on injection of cRNA for the B-subunit,
demonstrating that assembly of the B-subunit has a stabi-
lizing effect on the a-subunit {26]. Thus, subunit interac-
tion and assembly is a prerequisite for the nominal cat-
alytic subunit to acquire a correct, stable, membrane con-
formation.

If the role of the B-subunit is to structurally assist the
a-subunit in the right functional conformation then that
would explain why the B-subunit of H,K-ATPase can
substitute for the B-subunit of Na,K-ATPase [12,13]. It
would also explain the loss of H,K-ATPase activity on
reduction of B-subunit disulfide bonds, although a direct
involvement of B-subunit in the catalytic cycle can not be
ruled out. Recent experiments on Na,K-ATPase demon-
strate the importance of B-subunit disulfide bonds in K*
occlusion [16].

In summary, the results presented here indicate that the
a- and B-subunits of gastric H,K-ATPase are closely and
tightly associated. The data further demonstrate that the
a—f3 interactions are important for holoenzyme conforma-
tion and structural and functional integrity of the H,K-
ATPase.
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