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Summary. We have previously reported marked structural
and functional differencces between (H* /K *)-ATPase-rich
vesicles obtained from resting fundic gastric mucosa and
those obtained from secreting tissue. The functional differ-
ences seem to arise from activation of a permeability
pathway for K* salts in the vesicles originating from
stimulated tissue. By providing the intravesicular K7
needed for the ATPase-mediated H*/K* exchange, this
pathway facilitates formation of large pH gradients (J.M.
Wolosin & J.G. Forte. FEBS Lert. 125:208-212, 1981).
We have now expanded our observations on the charac-
teristics of the K-salt transport. The dependence of in-
travesicular acidification on the concentration of various
anions or of K* was monitored using the rate of fluores-
cence quenching of the pH probe, acridine orange. Rates
of acid accumulation followed the series I~ >Br~ >
Cl~>NOj3 >CH,S0j >isethionate>gluconate. The effects
of exogenous ionophores on pH gradients suggested that
K*-salt transport is electroneutral. On the basis of the
known properties of the H*/K* pump, we devised a
method by which the rates of unidirectional K* salt influx
can be monitored via the resulting rates of H* accumu-
lation. Accordingly, the dependence of these rates on the
concentration of K* and Cl~ was studied and subjected
to a kinetic analysis. It was found that the dependence
follows that expected for an electroneutral K* and CI-
transport system with apparent Michaelis constants equal
to 15+2mm for K* and 46+5mm for CI-. It is con-
cluded that intravesicular acid accumulation, believed to
represent HCI secretion in whole tissue, results from the
combined action of a KCl symport and the well- known
(H* +K*)-ATPase. Though the calculated maximal trans-
port capacity of the symport exceeds by several times the
maximal transport capacity of the puntp, at physiological
concentrations of the ions both transport systems are ex-
pected to transport K* in opposite directions at similar
rates. Implications of these observations to HCI secretion
by intact tissue are discussed.
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Introduction

The stimulated mammalian oxyntic mucosa is
capable of secreting an isotonic HCI solution,

imposing a 10° H* gradient across the luminal
surface of the gastric epithelium. A large body
of evidence identifies the oxyntic cell present in
the glands of the fundic and main body areas of
the stomach as responsible for this extreme sec-
retory process (Bradford & Davies, 1950; Dav-
enport, 1971; Berglindh, Di Bona, Ito & Sachs,
1980). In the last decade, with the advent of
suitable biochemical and biophysical tech-
niques, our knowledge of the molecular mecha-
nisms involved has been significantly advanced.
Ganser and Forte (1973) identified a K™*-
dependent ATPase in purified light density
microsomes derived from homogenates of oxyn-
tic cells. The microsomes were subsequently
shown to be capable of H* accumulation in the
presence of K* at the expense of ATP (Lee,
Simpson & Scholes, 1974) and it was estab-
lished that H™ accumulation was mediated by
an electroneutral H¥/K™ exchange pump
(Sachs et al., 1976) which utilizes intravesicular
K* and is currently known as (H*+K™*-
ATPase.

The enzyme has been recently localized by
immunochemical techniques to the apical sur-
face of the oxyntic cell (Saccomani et al., 1979).
It would be logical, then, to propose that the
gastric microsomes are simply ‘inside-out’
membranes derived from the apical surface of
the oxyntic cell so that their intravesicular vol-
ume corresponds to the canalicular and luminal
space of the cell, and the extravesicular medium
corresponds to the cell cytoplasm. The K* per-
meability in gastric microsomes, however, is
very limited and unable to sustain intravesi-
cular acidification (Lee & Forte, 1978). Efficient
and sustained H* accumulation requires the
presence of the exogenous K* ionophore vali-
nomycin. The ionophore allows efficient K+
(and Cl7) internalization, then the ATPase
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pump exchanges the cation for hydrogen ion.
In addition, concentrations of Cl~ larger than
100mm are required; concentrations corre-
sponding to those present in the cell cytoplasm
(le., 20-40mm Cl7) are unable to promote ra-
pid rates of H* accumulation (Lee, Breitbart,
Berman & Forte, 1979). Clearly, K* and Cl~
permeabilities in gastric microsomes are in-
adequate to explain the acid secretory process.
Since K™ is an essential requirement for acid
secretion (Sanders, Noyes, Spangler & Rehm,
1973) and since K* secretion accompanies H*
secretion (Davenport, 1971; Sen, Tague & Ray,
1980), it seems highly poss1ble that in the intact
cell an endogeneous mechanism is responsible
for the delivery of K™ from cell to lumen.

We have recently reported the striking dif-
ferences in distribution of K*-ATPase in cell
fractions derived from resting versus maximally
stimulated gastric mucosa {(Wolosin & Forte,
19814). Stimulation induced a large decrease in
the yield of gastric microsomes (50-70%,) and
the concurrent appearance of a new type of
K*-ATPase-rich membrane vesicles, larger and
heavier than gastric microsomes. We have link-
ed these membrane changes and K*-ATPase
redistribution with the known morphological
transformations that occur during the secretory
cycle of the oxyntic cell (Ito & Schofield, 1974;
Forte, Machen & Forte, 1977) by proposing
that gastric microsomes are directly derived
from the endoplasmic tubulovesicular system of
the resting oxyntic cell while the new mem-
brane vesicles derive from the expanded apical
membrane of the stimulated state. Sub-
sequently, we demonstrated that the new mem-
branes, which we call stimulation-associated (or
s.a.) vesicles, display a high passive, and prob-
ably electroneutral K salt permeability. With
this symport system, the vesicles can generate
intravesicular acid through the ATP-driven ex-
change of H* for pre-internalized K* (Wolosin
& Forte, 19815, ¢). Some of the properties dis-
played by this symport indicate that its activity
is under metabolic regulatlon implying that the
system is active only in the stimulated cell. Re-
cently, studies on isolated gastric glands have
substantiated the existence of such a K-salt per-
meability pathway in the apical cell membrane
(Malinowska, XKoelz, Hersey & Sachs, 1981). In
this report, we provide further evidence of the
electroneutral character of the passive K* and
Cl~ permeability system. We also present a
method for the study of the kinetics of the

symport and report some kinetic parameters
determined by this method.

Materials and Methods

Membrane Preparations

Gastric microsomes and stimulation-associated (s.a). ves-
icles were isolated from the fundus and main body of
rabbit gastric mucosae by the methods previously de-
scribed (Wolosin & Forte, 1981b) with some modifi-
cations. Animals were fasted for 24 hr. Unstimulated mu-
cosae were obtained by subcutaneous administration of
metiamide (0.5mg/kg body weight), stomachs were taken
one hour later. For stimulated mucosae the animals were
allowed to feed on staple food for 10min followed by one
subcutaneous injection of chlorophenearamine maleate
(Img/kg body weight) and two histamine injections
{0.2mg/kg) 15min and 30 min later. Stomachs were taken
20min after the last injection. The oxyntic glandular re-
gions of the mucosa, cleaned of mucus and surface cells by
blotting and light scraping, were separated from the mus-
cle layer, minced with surgical scissors and homogenized
in 30 volumes of ice-cold buffer (125 mM mannitol, 40 mm
sucrose, L mm EDTA, 5mM piperazine N,N-1-bis (2 etha-
nesulfonic acid), pH 6.7, by 15 passes at 200rpm through a
Teflon piston homogenizer (Potter-Elvehejm). The homo-
genate was centrifuged twice at 2000rpm x 4min in a SS-
34 Sorval Rotor. The pH of the supernatant was raised to
7.4 by addition of 1M Tris base and centrifuged twice at
11,000rpm for 11 min. The precipitates were combined to
form the crude mitochondrial pellet and the supernatant
was centrifuged at 20,000rpm x 90min yielding a crude
microsomal pellet. The final supernatant was discarded.
To obtain s.a. vesicles, the crude mitochondrial pellet de-
rived from stimulated tissue was suspended in a 300mm
sucrose-5 mM Tris buffer, pH 7.4, and fractionated in a 9-
15% Ficoll step gradient built in the same medium at
27,000 rpm for 6 to 16hr using a Beckman SW27 rotor.
The material in the 9-159% interface was recovered and
freed from polymer by dilution in 20 volumes of 300 mm
sucrose and recentrifugation. The final material with a
K*-ATPase specific activity of around 40 pmol P/mg x hr
was resuspended in 1 M sucrose and stored at —20°C until
use. Gastric microsomes were obtained by fractionating
the crude microsomal pellet derived from unstimulated
mucosae in a 22-27-33 9%, sucrose step gradient. The pu-
rified microsomes were recovered from the 22-279% suc-
rose interface and stored at —20°C. The preparation has
typical specific activities for K*-ATPase of 60-70pmol
B/mg x hr. (K* +H¥)-ATPase activity was assayed as pre-
viously described (Wolosin & Forte, 1981a). Protein was
determined according to Bradford (1976).

Uptake of *°Cl by s.a. Vesicles

Vesicles (500 pl) were suspended in 250 mM sucrose at 2mg
protein/ml and mixed with an equal volume of a solution
containing 250mM sucrose, twice the desired final con-
centrations of the other solutes and 2pCi 3°CL Both so-
lutions were pre-equilibrated to the desired incubation
temperature. At various times, 70-pl aliquots were added
to 5ml of ice-cold stopping solution (25mm K gluconate)
which was immediately filtered through Sartorius hydro-
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phobic rim filters (0.45 um). The filters were washed twice
with Sml of stopping solution and the trapped radioac-
tivity was determined by liquid scintillation.

Measurements of Proton Accumulation Rates
by the Fluorescence Quenching
of Acridine Orange

Vesicular transport of H* was assessed by the fluores-
cence quenching of the probe acridine orange. All fluores-
cence measurements were performed using a Perkin Elmer
MPF44A spectrofluorometer. Earlier studies have shown
that the quenching of fluorescence is proportional to the
amount of probe accumulated in response to a pH gra-
dient (Lee & Forte, 1978). The actual 4 pH achieved in
s.a. vesicles and gastric microsomes is usually determined
by calibration against artificially generated pH gradients
using the Tris-succinate method (Jagendorf & Uribe,
1966). This method, however, does not provide direct in-
sight into the relationship between rate of proton accumu-
lation and rate of fluorescence quenching. An approach to
provide a semiquantitative analysis of that relationship is
presented below. First, {a) we analyze the relationship
between the rate of net proton transfer from extra- to
intravesicular space and the rate of accumulation of a
monoamine dye probe, then (b) we discuss the effect of
acridine orange accumulation on total sample flyores-
cence, and finally (c¢) we describe the use of fluorescence
quenching rates to estimate the relative rates of H* pump-
ing by an ATPase pump whose activity is independent of
the generated pH gradient.

a) The distribution of a weak base between the intra-
and extravesicular space of a membrane vesicle suspension
is influenced by the ApH between both compartments.
For a monamine which is highly permeable in its unpro-
tonated form (A) but impermeable as the cationic species
(AH*) and whose constant of dissociation, K, (where K,
=[A]J[H*Y/[AH™"Y), is much smaller than the intra- and
extravesicular H* concentrations (ie, K,<[H];, [H]), it
holds that (Lee & Forte, 1978)

Yy

AH;
[H*J/LH 1, =[AH"]/[AH "], =20 (1

where v is the compartment volume and the subscripts o
and i refer to the respective extra- and intravesicular com-
partments. If v;<v,, for {H*],=[H*],, the amount of
extravesicular protonated amine practically equals the to-
tal amine (TA) present in the system (ie., AH; ~0). Hence
for experiments carried out in well-buffered media ([H;]
=const), Eq.(1) can be rewritten H =[H*], v, AH;"(TA
— AH;"). Taking the derivative,

TA
°(TA—AH;)?

Under conditions when AH,<0.05TA, e.g., near initial
rate of change,

dH; =[H*],0 dAH; . )

+ o + _DL +7.
dH; ~[H'], 25 d[AH ], 3

Thus, provided H) is kept constant (e.g., by a well-buf-
fered medium), the initial change in extravesicular con-
centration of monoamine is roughly proportional to the
change in intravesicular H* concentration.

Protons transferred into an intravesicular space (Hy)
will distribute in three distinguishable states: i) as free
protons (H*), ii) bound to permeable amines (ie, AH™Y),
and iii) bound to fixed H* acceptors (BH), thus

dH} =dH} +dAH;',+dBH (4)

where AH[; is the total amine (free and bound) accumu-
lated in the vesicle, hence dAH}, = —dAH}. If for each
mole of free amine in solution n moles become bound to
sites in the membrane, dAH/ =(1+n)dAH;". Under the
conditions AH;* <0.05TA, Eq.{4) can be arranged, and
after inserting Eq.(3) and replacing d[AH*],v, by dAH,
we have

dH; =(1+(1 +n) TA/H; + dBH/dH;") dH; . ()

Thus if dBH/dAH;" is either constant or very small over
the range in question (AH;" <0.05 TA), then dH; will be
proportional to the rate of H* accumulation and con-
sidering Eq.(3) and the relationships between dAH;,
dAH}; and dAH] we obtain

dH7 = —constdAH, . (6)

b) A convenient way to monitor the changes in extra-
vesicular amine concentration is with the use of fluores-
cent acridine amines. The fluorescence of these dyes has a
strong negative dependence on the concentration and is
completely quenched by binding to negative sites (Lee,
Quintanilha & Forte, 1976). The relationship between the
fluorescence change, dF/dt, and the change in extravesi-
cular dye with uptake can be written in a general form as

g A di= -—%dF/dt )

where 7 is a function expressing the proportional decrease
in total sample fluorescence resulting from each additional
AH* molecule internalized. When each accumulated mo-
lecule completely loses its fluorescence then 3 is maximal
and equals 1; when no decrease in fluorescence is ob-
served, y=0. For a nonbinding dye, y will approach 1 only
after enough dye has accumulated to produce the self-
quenching concentration effect (Lee & Forte, 1978),

In the case of acridine orange, however, Lee and
Forte (1978) have demonstrated that the extent of dye
accumulation is more than 10 times larger than the accu-
mulation expected on the basis of Eq.(1). This was in-
terpreted as the result of extensive binding (ie., n>10) of
the accurnulated dye to intravesicular negative sites. It was
also shown by correlating fluorescence quenching and
extravesicular dye disappearance that, even for low pH
gradients, conditions equivalent to y=1 occur. Providing
that the expression dBH/dH;" behaves independently of
H} over the H;" range considered, a hypothesis that is
subject to experimental testing, measurements of dF/dt
will provide an accurate relative measure of dH#/dt. In
practice, dF/dt may display a time lag with respect to acid
accumulation. This lag will occur if the intravesicular pH
at the start of the experiment is higher than that of the
medium (since amine dye accumulation will not occur
until pH <pH;), or if a certain intravesicular concen-
tration of dye is indeed necessary to produce the required
y=1 value. Experimentally, we have found it convenient
to pre-equilibrate the membranes at one pH unit lower
than that of the medium so as to promote a small accu-
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mulation of dye prior to the initiation of the ATP-de-
pendent transport of H*.

c) In the particular case studied here, H* accumu-
lation is the result of a constant pumping mechanism, the
so-called (H*/K*)-ATPase (4J). At least for moderate
pH; values the activity of this pump seems to be inde-
pendent of changes in [H*]; (Lee et al.,, 1979). This is not
surprising considering the extreme pH gradients that the
enzyme can generate in the intact tissue. Because the assay
of fluorescence quenching requires pre-establishment of
some pH difference at the time measurements are made,
the contribution of any existing H* ‘leak’ through dissi-
pative pathways (L) to the net proton gain (dHF/dr)
should be taken into consideration, hence

dBf =J, di—L[AH] dt (8)

where it is assumed that over the short period of time
considered L(AH™*), which is among other things a func-
tion of the H* gradient across the membrane (Lee et al,
1979), can be taken as a constant. To obtain L(4H™), the
pump is stopped after a AH has been established, then J,
=0 and

Liguy= —(dHF [dyr=°.

Utilizing Eqs. (6) and (7) and rearranging terms, Eq. (8)
assumes the final form

J,= —const[(dF/dt)— (dF /dt)’»=°] = const(4 dFdt). 9)

Materials

Acridine orange was from Eastman Kodak. Chemicals
were of highest purity available. Gluconate salts were pre-
pared by titrating solutions of D-gluconic acid lactone
with either KOH or N-methylglucamine (NMG) to
pH 7.0. ¢Cl was purchased from New England Nuclear.

Results

Functional Properties
of Stimulation-Associated (s.a.) Vesicles

When s.a. membranes are incubated in K" salts
in the presence of Mg— ATP, a large uptake of
acridine orange, corresponding to pH gradients
over 4 units (Wolosin & Forte, 1981b), is ob-
served (Fig.14). Unlike the case for gastric
microsomes, which is depicted in Fig. 1B, acid
accumulation is not dependent on the K* iono-
phore, valinomycin. While vahnomycm does
not induce a significant change in either rate of
accumulation or maximal accumulation by s.a.
vesicles, it has a dramatic effect on the rate of
H* gradient dissipation induced by the pro-
tonophore, CCCP, suggesting that the endo-
geneous mechamsm(s) for K™ internalization in
s.a. vesicles differs from the valinomycin-type
mechanism.

The pattern of accumulation for each one of
the K* salts tested can be analyzed in terms of
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Fig.1. Comparison of patterns of intravesicular acidific-
ation in stimulation-associated vesicles (4) and gastric
microsomes (B). Development of pH gradients was moni-
tored by the quenching of fluorescence of acridine orange.
Experiments were started by addition of a small aliquot of
vesicles (ves, 50 ug protein) to a medium consisting of (mm}
150 K* salt, 10 Na(TES), 0.1 EDTA, 1MgSO,, 1 NaATP
and 4pM acridine orange, pH 7.05. The various anions are
indicated on the Figure. RCOO™ is either acetate, gluco-
nate or maleate. Other additions, where indicated by ar-
rows, are 1075 M valinomycin (val) and 10~°pm CCCP.
(TES = N-tris[ hydroxymethyl Jmethyl 2 amino (ethane sul-
fonic acid)

rates of intravesicular acidification and/or ma-
ximal pH gradient achievable. Because the lat-
ter is a combined function of the rate of proton
accumulation and proton dissipation, its analy-
sis is rather complex and will be resumed in the
Discussion section. The initial rate of fluores-
cence quenching is largely determined by the
rate of proton pumping (since H* dissipation is
small for small H* gradients). As such, it seems
to provide a satisfactory experimental basis to
perform a comparative analysis of the function-
al similarities and differences between s.a. ves-
icles and valinomycin-complemented gastric
microsomes seen with the various K* salts. Ha-
logens and nitrate promote fast H* accumu-
lation in both cases, but it is apparent from
Fig. 1 that the rate of accumulation decreases in
gastric microsomes with the series
NOj; >Br~>Cl", while the initial rates are in-
dlstlngulshable for these anions in s.a. vesicles.
Relative to these anions the sulfonates seem to
elicit higher rates of accumulation in s.a. ves-
icles than in gastric microsomes, with methyl
solfate >isethionate. Organic ions are com-
pletely incapable of eliciting any noticeable H*
accumulation in either vesicular type. An in-
eresting observation, for which a tentative ex-
planation is given in the Discussion section, is
that the maximal accumulations achieved in s.a.
vesicles with NOjz, Br~, Cl~ and CH,SO;
seem to be inversely proportional to the initial
rates of accumulation for these anions in gastric
microsomes.
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Fig.2. Time course of fluorescence quenching in s.a. vesicles for various Cl~ concentrations. Experiments were performed
as described in Fig. | in a medium comnsisting of (mm} 100 sucrose, 0.5 MgSO,, 10NaTES, pH 7.05, I NaATP, 4umM acridine
orange and 100 K* gluconate which was replaced as necessary by KCl in order to achieve the concentrations of Cl- as

noted in the Figure

Fig.3. The rate of fluorescence quenching in s.a. vesicles as a function of the concentration of various anions (4) or as a
function of K*(B). A. Anions were increased by an equivalent replacement for gluconate; K+ was maintained at 100 mm.
B. K* was increased by an equivalent replacement for choline with Cl~ maintained at 100mu. The rate of fluorescence
quenching at t=0 is looked upon as a relative measure of the actual rate of H* accumulation

Another important functional feature ob-
served in s.a. vesicles is that, unlike the case for
gastric microsomes (Leeetal., 1979), the K* or
anion concentrations in the extravesicular me-
dium can be greatly reduced before a decrease
in the rate of H* uptake or the magnitude of
the final pH gradient is visible. Figure2 shows
how the time course of fluorescence quenching
depends on the concentration of Cl=. As the
concentration of anion is raised, the rate of
accumulation and maximal uptake increase but
both reach saturation around 20mMm Cl. The
dependence of the rates of quenching on the
concentration of various anions is depicted in
Fig.34. When the concentration of anion is
below 10mwm, differences in the rate of H* ac-
cumulation for the various anions become vis-
ible and follow the series I~ >Br~>Cl~ >NOj;.
The dependence of dF/dt on the concentration
of K* is even sharper than that for the various
anions (Fig. 3B).

The results above are conveniently ex-
plained on the basis of a high passive per-
meability in s.a. vesicles towards KCl and other
K salts. This is demonstrated in Fig.44 where
rapid uptake of *°Cl is shown for KCl in con-
trast to choline Cl. These experiments were car-
ried out at lowered temperatures in order to
permit a more accurate evaluation of the ki-
netics of uptake. At physiological temperatures

the uptake is extremely fast (Fig.4B) with a
half-time for equilibration of about 10sec. In-
creasing the co-ion concentration resulted in
equilibrium ratios for Cl,/Cl, greater than 1. In
gastric microsomes, K-salt permeation is slow
and is accelerated four- to sevenfold by ad-
dition of valinomycin (Schackmann, Schwartz,
Saccomani & Sachs, 1977; Leeetal., 1979; Wo-
losin & Forte, 19810).

From the properties of s.a. vesicles described
above, the following observations can be made:
a) the valinomycin-induced K* influx is small
compared to the intrinsic K* influx, and b) the
valinomycin-induced K* influx is much larger
than the endogenous conductive K* influx,
which in the presence of CCCP seems insuf-
ficient to generate rapid gradient dissipation by
K*/H* conductive exchange. These obser-
vations, coupled with the high passive C1~ per-
meability, lead to the conclusion that s.a. ves-
icles incorporate a passive K* salt electroneut-
ral symport which generates large rates of K*
(and corresponding anion) influx. The resulting
intravesicular concentrations of K+ appear to
be sufficient to promote maximal ATPase-me-
diated H*/K™ exchange over a broad range of
extravesicular K*-salt concentrations. To pos-
tulate that K* enters s.a. vesicles through an
electroneutral KCI pathway leads also to the
conclusion that the conductive Cl~ permea-
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Fig.4. Penectration of °Cl into s.a. vesicles. Isotope influx was measured as described in Materials and Methods. A4:
Experiments at 12°C. The incubation medium contained 250mm sucrose, 7.5mm TrisTES (pH 7.2) and either 25 mm
K3¢Cl (@) or 25mm choline *°Cl (o). B: Experiments at 36 °C. The incubation medium contained 250 mM sucrose, 7.5 mM
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Fig. 5. Proposed functional model for the s.a. vesicles. KCl
enters rapidly through an electroneutral KCl symport
(Jec); KT is then recycled in exchange for H* through
the ATP-driven pump (J,); the net effect is HCI accumu-
lation. In order to accommodate the observations made
with various ionophores, it must be postulated that the
fluxes through the electroneutral pathways (Jy¢ and J)
are normally much larger than the fluxes through any of
the possible conductive pathways (J¢)

bility of the membrane is relatively small.
Otherwise, in the presence of a protonophore a
significant gradient dissipation should take
place by the electrically coupled co-efflux of H*
and Cl~. A similar consideration for the case of
acid accumulation in the presence of valino-
mycin (and no CCCP) allows us to conclude
that the intrinsic H* permeability of the mem-
brane is low when compared to the rate of H*
accumulation, and hence to the rate of elec-
troneutral influx of KCL

The preceding conclusions are schematically
summarized in Fig.5. KCl is accumulated in
the intravesicular space (corresponding to the

luminal space in the intact cell); K* is then
recycled by the MgATP-dependent pump in ex-
change for HY, resulting in the net accumu-
lation of HCIL All possible electrodiffusive leak
pathways (J°) are considerably smaller than
clectroneutral pathways (J,, Jgc)-

The Relationship between the Rate
of KCl Influx and the Rate of H" Accumulation
at Steady State

Having established that in the s.a. membrane
an electroneutral transport system co-exists
with the electroneutral (K*+H™)-ATPase
pump, we sought to study the kinetic properties
of the newly discovered system. Accurate
measurements of kinetic parameters by conven-
tional radioisotopic techniques seemed ex-
tremely difficult, given a) the short half-times
for isotopic equilibration described above, and
b) the fact that the purified preparation might
contain an unknown fraction of membrane ves-
icles not derived from the oxyntic cell apical
membrane. Alternatively, as will be shown be-
low, acid accumulation can be used under cer-
tain conditions, as a measure of the unidirec-
tional influx of KCl and hence serve to estimate
kinetic parameters of the KCI transport system.

As depicted in Fig.5 the rate of H* pump-
ing at fixed extravesicular pH depends on the
intravesicular concentration of K*, [K*];, and
the extravesicular concentration of MgATP.
Assuming a simple, random bireactant system
for the activated enzyme-substrate complex, the
pump activity could be represented by
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Jp =nATPase
Jms[MgATP[K*], 1
=K [MgATP]) (KX [K*1) g

where J, is the rate of the H*/K™ exchange
pump, J““ax is the maximal pump velocity, K%
and KMATP are the respective Michaelis con-
stants for K;* and MgATP, and # is the num-
ber of moles of H* exchanged for K* per mole
of ATP hydrolyzed (ATPase). For saturating
concentrations of MgATP the rate of HY
pumping becomes solely dependent on [K*]..
This will vary according to

. d[K*];
odt

:Jinf_‘]p_‘]eff

where J,; and J are the unidirectional influx
and efﬂux respectively, through the electroneu-
tral KCI symport and v, is the internal volume.
Upon establishment of a steady state,
d[K7*],/dt=0, and

I =doe—Juir- (ID)

inf
At constant [MgATP], according to Eq.(I), for
any concentration of K* and/or Cl~ in the
medium for which the resulting pumping rate is
equal to or smaller than half of the maximal

max
) , then

T,=%
[K*], =K% Wallmark et al. (1980) have shown
that KK is about 0.2mMm. Because this concen-
tration' of K* is, in physiological terms, very
low, we considered the possibility that for

=T

J,~J,

inf*

rate  of pumping (i.e.,

2> Jog and therefore that

(1)

Hence, in certain ranges of extravesicular con-
centrations of K™ and ClI7, it is possible that J,
will be equivalent to the zero-trans unidirec-
tional influx of KCI through the symport sys-
tem. Since the J is treated as a nonmeasur-
able unknown, the ultimate test for the validity
of the assumption will be the consistency of
measurements of J, with J, ¢ values calculated
from a suitable cotransport model.

A Linear Relationship between the Rate
of H* Accumulation and the Rate
of Fluorescence Quenching of Acridine Orange

The formation of pH gradients have con-
veniently been measured in small vesicles by
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Fig. 6. Evaluation of the experimental relationship between
(4dF/dr), and J,. A: The method used to obtain
(4dF/dy),. Experlments were started by addition of vesicles
pre-equilibrated at pH 6.0 to the desired medium and the
rate of fluorescence quenching (dF/dt), was measured. Af-
ter stopping the H*¥ pump by the addition of 2mm
ZnSO,(Zn?*), the gradient was allowed to dissipate and
the rate of more fluorescence surge (dF/df)’=° was mea-
sured. (4dF/dt), is obtained by algebraic subtraction of
both measurements. B: Lineweaver-Burk plots of the de-
pendence of K*-ATPase activity and (4dF/dt), on the
concentration of MgATP. Experiments were performed in
a medium containing (mm) 75 KCl, 10 NaPipes, 1 Na-
ATP plus the indicated amounts of MgATP. Values for
(4dF/dt), were obtained as described in 4 using 30pg
protein/ml and 4um acridine orange. ATPase activities
were measured by incubating vesicles (10 ug/ml) for 10 min
in the control medium described above or in a medium in
which KCl was replaced by choline Cl. K*-ATPase ac-
tivity was taken as the difference in ATPase activity be-
tween K* and choline media. [Pipes=Piperazine N, N’
bis (methane sulfonic acid)]

indirect methods such as the accumulation of
permeable amines. In Materials and Methods,
we have analyzed the relationship between the
rate of H* accumulation (dH; /dt) and the rate
of quenching of fluorescence (dF/dt) of acridine
orange. It was shown that by measuring dF/dt
at appropriate H* and by correcting for the
contribution of H* leak through dissipative
pathways, L(AH™), estimates of J, might be
obtained. A typical expenment to determine
(dF/dt) and (dF/dty’»=° is presented in Fig. 6A4.
The subindex o points to the fact that dF/dt
was taken a few seconds after vesicle addition.
As pointed out in Materials and Methods, the
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Fig.7. The dependence of (4dF/dt), on the concentrations of Cl~ (4) and K*(B). (4dF/dt), was measured as described in
Fig.64. The assay medium consisted of 10mm TrisTES, 50um EDTA, 0.5mM MgSO,, 0.5mM NaATP, 160mM sucrose
(pH 7.2) plus combinations of K-gluconate, NMG—Cl and NMG-gluconate required to achieve the desired concen-
trations of K* and Cl~ with the total salt concentration maintained at 60 mMm. The correction for the contribution of
dissipative leak, (dF/dt),, amounted to less than 4 %, of maximal value of (dF/dt),. A. The dependence on Cl~ is plotted at
various fixed concentrations of K*. B. The dependence on K™ is plotted at various fixed concentrations of C1™.

buffer capacity in the intravesicular volume is
an unknown element on which linear relations
between J, and (4dF/dt), will depend. It be-
comes necessary then to perform an experimen-
tal test of Eq.(9). In order to do this, it is
necessary to change the J, as an independent
variable in a known and controllable way. For
this purpose we exploited the functional proper-
ties of the (K" +H™)-ATPase. From Eq.(I), at
saturating K* concentration

et
KMeATF | TV g ATP]

J,=nATPase= Iv)

Thus, J, can be changed by varying the con-
centration of MgATP, and values obtained can
be compared with a parallel set of measure-
ments of ATPase activity. The results of such
experiments are given in Fig.6B. A double re-
ciprocal plot of (4dF/dt), and [MgATP] pro-
duced a straight line demonstrating Michaelis-
Menten kinetics and yielding a KY#A™ of 44 um
in good agreement with the value of 55pum ob-
tained from the direct K*-ATPase measure-
ments. This leads to the conclusion that

(4dF/dt),=C, xJ,. V)

The Experimental Relationship
between the Rate of H™ Accumulation
and the K* and Cl~ Concentration

From Eq.(I), we can see that J, can also be
changed by varying [K™], while keeping
[MgATP] constant. [K*], will depend, in turn,
on the extravesicular concentration of K* and/or
Cl~. In this case, by combining Egs. (III) and

(V), and adhering to the limiting condition that
the pump rate, as reflected in (4dF/dt),, is
equal to or less than 1/2 of the maximal pump
rate,

(4dF/dt),~C, J... (VI)

The dependence of (4dF/dt), on the con-
centration of K™ or Cl~ at various constant
concentrations of the co-ion was studied. Re-
sults of these studies are depicted in Fig. 7. [The
values of (4dF/dt), are presented as the fraction
of the maximal (AdF/dt),. In this relative unit
system, Ji**=1.] An interrelationship between
K* and Cl™ is readily evident. As the con-
centration of one ion is raised, the concen-
tration of co-ion that is required to achieve a
certain rate of fluorescence quenching de-
creases. In the past, to explain the lack of effect
of vesicle preincubation in KCl medium on the
rates of H™ uptake we have postulated that the
maximal rate of KCI influx into the s.a. vesicle
exceeds the maximal rate of ATP-driven
H*/K* exchange (Wolosin & Forte, 1981b).
The sharp decrease in the K* concentration
required to achieve saturation of the rates of
H* uptake at high Cl~ concentrations (and
vice versa) seems consistent with that postulate.
The validity of Eq.(VI) could now be tested by
confronting the experimental results for
(4dF/dr), in Fig.6 with an explicit expression
for J. ;.

Kinetics of Unidirectional Flux
through al:1 Obligatory Cotransport System

A random sequential binding model for the
unidirectional influx under zero-trans con-
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ditions through a 1:1 K* and Cl~ cotransport
system (J_,) is shown in Fig.8. The binding con-
stants for K* and CI~ are given by k* and k~,
respectively; « is the extent to which binding of
one of the ions can modify the affinity for the
other; and x is the rate constant for translo-
cation of the fully loaded carrier. The general
equation describing the flux (J,,) for such a bi-
substrate system, along with a detailed descrip-
tion of its kinetic properties, is available in the
text by Segel (1975). In the context of the terms
and model of Fig. 8, we have

J_ I K I(C Yk g
“ T IRT VK] + LCT 1k + [KFLICT 1akT k;
(VID)

where k™, k= are the apparent Michaelis con-
stants for K™ and Cl-, respectively, in the ab-
sence of co-ion. The relationship between the
ks and true equilibrium binding constants
(k*,k~) depends on the ratio between the rates
of translocation of the loaded (k) and unloaded
(returning) carrier. In the simplest model, the
symmetric carrier with identical loaded and un-
loaded translocation rates k,=k and J?*=T.E.
k/2 where T.E. is the total amount of carrier in
the membrane (Heinz, 1978).

By keeping one of the substrates constant
while varying the other, the complexity of the
analysis of Eq.(VII) can be greatly simplified. If,
for example, the Cl concentration is kept con-
stant, the equation can be rearranged to the
standard Michaelis-Menten format

_ V&K
ct K5+[K+]

with  KE=oakt(k; +[Cl ]/ek +Cl") and
Viey =Ja™ [Cl7 Jak™ +C17). Following the
Lmeweaver Burk analysis, if J,,=J,, a double
reciprocal plot of J, ;vs.[K*] for a given con-
centration of C1™ will yield a straight line in-
tercepting the 1/J;,, or y axis at 1/ Ve and the
1/[K*] or x axis at 1/K%. When various con-
centrations of Cl™ are studled simultaneously a
family of straight lines, crossing at a single
point, is obtained (Segel, 1975). The common
point of intersection has coordinates —1/k* on
the x axis and (1 —a)/J7* on the y axis. Iff a=1,
the common mtersectlon should occur on the x
axis and k* =KX. By plotting 1/(J,_) vs. 1/[Cl]
for various ﬁxed concentrations of K™, the
equivalent values for Vg™ and K& can be ob-
tained. Finally, doubie rec1procal plots of

Visy vs.(S), where S=CI~ or K7, should in-

D/\L
A%

(EK (EKCI),

Fig.8. Scheme for the random sequential model of KClI
cotransport, ki and k5 are the equilibrium binding con-
stants for CI~ and K7, respectively, in the absence of co-
ion. « represents the extent to which binding of one 1on
can modify the affinity for the other. « is the rate constant
for the translocation of the complex across the membrane

tercept the Vg™ axis at 1/J7** and the S axis at
" 1/ak~ (for C17) and —1/ak* (for K *).

Analysis of the Experimental Results
by the Cotransport Model

The dependence of J,; on substrates was anal-
yzed according to the guidelines established in
the preceding section by using the parameter
(AdF/dt), within the limits of validity imposed
in deriving Eq.(III). Double reciprocal plots of
(4dF/dt), as a function of [Cl~] for concen-
trations of K* ranging from 1.5 to 20mwm are
presented in Fig.9A4. The analogous set of re-
sults when K* was the variable for a series of
fixed concentrations of Cl~ ranging between 4
and 20mm are given in Fig.9B. Only those
experimental values for which (4dF/dt),<1/2
(AdF/dty"*(i.e., 1/AdF/dt),=2) were taken into
consideration for the manual construction of
the slopes. In this way, Michaelis constants for
K* and Cl~ equal to 154+2mm and 46 +5 mmM,
respectively, were obtained. Linear regression
analysis using all experimental points smaller
than 2/3 of (4dF/dt)™ yield essentially the
same results.

Figure 10 shows a replot of the values of
1/VEn" vs. I/[CI"] and 1/Vg™*vs. 1/[K*] from
data given in Figs. 94 and 9B, respectively.
According to theory, intersections on the x axis
should yield —1/xk™ for the 1/V&" replot, and
—1/ak™ for the 1/Vg* replot. From these re-
spective intercepts, we obtain values of ok™
=14mM and ok~ =50mm. Since these values
are essentially equal to the values calculated
from Figs. 84 and 8B for KX and K, it seems

ct?

rcasonable to conclude that a=1. The 1/Vg™
lines for Cl~and K* should have a common
Intersection on the y axis (equivalent to 1/J7)
and this prediction is closely followed. The cal-

culated value for J, from Fig. 10 is about 8,
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Fig.9. Lineweaver Burk plots of (4dF/dt), vs. the concentration of Cl~ for various constant concentrations of K*(A4) or
vs. the concentration of K* for various constant concentrations of CI~(B). The lines were drawn taking into consideration

only the points for which (AdF/dt),<1/2 (4dF/dt),
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Fig.10. Relationship between 1/V5™ and 1/S for the data
presented in Fig.9. S=Cl~ or K*. The V5™ values (0}
were obtained from the y-axis intercepts for each [C17] of
Fig.94; Vg™ values (@) were obtained from the y-axis
intercepts for each [K*7] of Fig.9B

Le, J7* is 8 times larger than that of the exper-
imentally observed maximum for (44F/dt),,
which is taken to represent the maximum ac-
tivity of the H*/K* pump, J,. Thus, the ob-
served dependence of (4dF/dt), on the concen-
tration of cation and anion can be explained by
the combined action of a fast 1:1 KCI symport
with defined affinities for K* and Cl~ and an
ATP-driven H* /K™ pump.

Discussion

A comparative analysis of the functional pro-
perties of the stimulation-associated vesicles
and gastric microsomes based on the known
properties of the (H™ +K7*)-ATPase enzyme
leads to the conclusion that the differences be-

tween both vesicular types reside in the exis-
tence of an electroneutral KCl symport in the
s.a. membrane. Further confirmation of this
conclusion could be obtained by comparing the
experimental kinetics with that predicted for
cotransport systems. Knowledge of kinetic pa-
rameters could also be very valuable for the
understanding of the oxyntic cell function.

In view of the technical difficulties presented
by the study of kinetic features with isotopes,
we devised an indirect method to measure the
salt influx. The inward flux of KCl was mea-
sured by the resulting H* accumulation under
the assumption that it will equal the salt flux
when the latter is the rate-limiting step. In reach-
ing Eq. (III) two assumptions were made: a)
at the time the values for J, are measured the
backflux of KCl (J) is much smaller than J,
and b) the system has reached (or is sufficiently
close to) a steady state with respect to [K*].
The experimental dH™ /dt values (and hence J)
were obtained, not as absolute, but as relative
values in the form of (AdF/dt),, which were
measured approximately 10sec after initiation
of the H* accumulation. The data obtained in
this way were in remarkably good agreement
with results calculated applying a theoretically
derived equation for the influx of substrate
through a 1:1 obligatory cotransport system,
providing support for the validity of the experi-
mental approach. Still it could be argued that
coincidental or unforeseen compensating factors
(e.g., artifacts arising from the indirect way in
which J, was estimated) might play a role in
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bringing experimental results and theoretical
predictions to confluence. Therefore, it is im-
portant to determine whether our final results
are consistent with the initial assumptions that
were made in order to achieve them. In other
words, do the experimental results justify as-
sumptions a and b described above?

Consider assumption a in a particular case.
In the absence of H*/K™* exchange (J,=0) and
for [KCI],=8mmM, the cotransport system will
be in equilibrium (J=J,)) only when [KCI],
=8mM. When the pump is operating with
[KCI],=8mm, our experimental results
(Fig. 7) show that (AdF /dt) < 1/2(AdF /dt)™, hence
[K*],<K%. Since KX <0.5mwm, J,;; can only be
a small fraction of J_. (This may no longer be
the case when as a result of continued HCI
accumulation [Cl~]; is significantly larger than
[CI7], but our results were all obtained at low
pH gradients.) The same argument may be ap-
plied to any of our experimental points for
which the observed rate of fluorescence quench-
ing is significantly smaller than the maximal
rate, so that low values for [K*]; can be ascer-
tained. To test condition b, i.e., whether [K*],
has approached a steady state at the time of
measurement (£~ 10sec), the equation for [K*],
as a function of time has to be solved,

Jmax[K+]i
v;d [K+]i/dt=Jinf_Jp=Jinf_—I<pK+T+]
)4 i

with [K*],=y K}, N=J2"/J, . and rearranging
we obtain

L+yx Jons
————d[K7].="%dr.
I+1—-N)y [K™; v;
Integrating, we obtain

N X Jint
—] —-N =2t 111
(I—N)Z n[1+(1 )X]—I_(].—N) Ui o (V )

where J, /v, values have to be expressed in
units of mm/min. J, /v, values could be ob-
tained from isotope flux measured as C
(In2/t;,,) where C is the substrate concen-
tration and ¢, , is the half-time of equilibration.
In the relative units of (4dF/dt),, the rate of
unidirectional flux (J,;) for any concentration
of K* and Cl~ can be calculated by introduc-
ing in Eq.(VII) the experimentally determined
values for k;, k}, and J™* To transform this
unidirectional flux from relative units into the
absolute units of mmmin~?, J_. values should
be multiplied by the ratio of the values of J,_; in

the absolute and relative units at any given
concentration of K* and Cl~. From Fig.4B we
have for C=10mm, ¢,,,=0.167min leading to
Jiue=60mM/min. (This calculation should be
taken only as a rough estimate since the short
half-times of equilibration at 37°C hindered an
accurate determination of ¢,,.) The corre-
sponding value of J,; in relative units calculat-
ed from Eq.(VIII) using k~=46mm, k™
=15mM, a=1 and J7*=8 is 0.56. Therefore,
the constant for conversion into absolute units
should be 60/0.56=107mMmin~!. Numerical
solution of Eq. (VIII) using the calculated J, /v,,
and values of K¥<0.5mmM shows that for all
experimentally relevant cases, Le.,
(AdF/dt),<1/2(AdF /dt)?*, [K "], reaches a con-
centration of 95%, of the steady-state value in
less than 10sec. More important, J, reaches in
this time a value which is within 19 of its
“true” steady-state value. Because all our exper-
imental measurements were started at least
10sec after addition of the vesicles to the up-
take medium, we feel that the steady-state as-
sumption is justified. Thus the final results are
able to sustain the original assumption made in
developing Eq.(III), reinforcing the validity of
the model proposed.

We can proceed now to offer an explanation
for the differences in the profiles of acid accu-
mulation between gastric microsomes and s.a.
vesicles. In valinomycin-complemented gastric
microsomes, acid accumulation is limited by
the permeability of the anion: the more perme-
able the anion the larger the rate of KCl in
flux, and subsequently the rate of H* uptake.
In s.a. vesicles, when the concentration of a
number of anions is high (e.g., 150mm K * salt),
Jins>J,. The ATPase then becomes saturated
with K* and the rates of acid accumulation
become identical for all these anions. As accu-
mulation of HA acid increases, however, so
does the rate of leak of H* and anion through
dissipative pathways. When the rate of acid ac-
cumulation equals the rate of acid dissipation,
the maximal gradient of pH has been reached.
Hence, as may be seen in Fig. 1, the more per-
meable the anion the smaller the maximal pH
achievable. In s.a. vesicles, as the concentration
of the anion is decreased towards the point
where J,. is not greater than J, (Fig.3), the
differences of interaction of the various anions
with the symporter become apparent. When the
concentration of anions is below 20mMm (and
K*=100mm), the halogens are more efficient
than nitrate in eliciting H*-accumulation in
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constrat to that which is seen in gastric micro-
somes.

The case of CH,SO;3 1s interesting in that
the anion seems to be highly impermeable
through conductive pathways. On the other
hand, the anion seems to be slightly permeable
through the electroneutral symport since it is
able to elicit a reasonable rate of H* accumu-
lation in s.a. vesicles when its concentration is
high enough. In fact, at 250mM CH,;SOj the
rates of accumulation approach the maximal
rates observed with the halogens. On the other
hand, due to its limited conductive permeability
it provides a poor dissipative pathway by H*
and anion efflux. As a result, a larger ApH 1s
achieved with CH,SOj; than with the more
ionically permeable anions.

The effect of valinomycin on s.a. vesicles
with preformed gradients is also consistent with
these interpretations. Addition of the ionophore
does not affect the H* gradient in the case of
the halogens and nitrate. This suggests that
K Cl entry through the symport is more efficient
than the valinomycin-mediated salt entry. Un-
der the experimental conditions of Fig.1 there
is only a small gradient of K* across the mem-
brane and valinomycin cannot seriously influ-
ence the rate of H* and anion dissipation. In
the cases of CH,;SO5 and isethionate, valino-
mycin cannot induce an increase in K™-salt
entry due to the impermeable character of the
anions. On the other hand, since the concen-
tration of K* inside the vesicles is probably
low (a conclusion based on the observation that
rates of uptake are significantly smaller than
the maximal rates observable with other anions)
addition of the ionophore may produce a large
membrane potential which favors gradient
dissipation. The accumulated protons which
could not properly dissipative due to the low
anion permeability can now flow down their
electrochemical gradient (in to out); elec-
troneutrality is preserved by K™ which flows
down its chemical gradient (out to in). A simi-
lar effect of valinomycin on maximal pH gra-
dient, though less dramatic, is observed on gra-
dients achieved in high K* and low Cl~ con-
centrations (not shown), but not on gradients
achieved in high Cl~ and low K. This result
can be expected from the preceding discussion.

Thus, the observed functional properties of
the isolated apical membrane of the secreting
oxyntic cell can be explained as the result of
the combined action of the (H* +K™*)-ATPase
pump which displays a high affinity for K* and

the newly identified K™ and anion electroneu-
tral cotransport. This symport system displays a
lack of significant interaction in the binding of
anion and cation and relatively low discri-
minating power with respect to a number of
anions. The calculated apparent Michaelis con-
stants were about 15 and 46 mm for K* and
Cl-, respectively. The maximal velocity of KCl
translocation as calculated from the cotransport
expression is at least eight times larger than the
maximal rate of K* recycling (ie, H™ pump-
ing) by the pump. We cannot completely rule
out the possibility that this larger ratio between
the maximal rates of KCl translocation and
ATP-driven H*/K* exchange results from a
physical segregation of KCl pathways and ATP-
ase pumps occurring at the time of homogeni-
zation, so that H™ uptake is being measured
only in vesicles enriched in KCl symport ac-
tivity. However, the fact that similar ratios were
determined in at least five different membrane
preparations from rabbit and large ratios have
also been confirmed in preparations from piglet
and rat stomachs (unpublished observations)
tend to make the physical segregation hy-
pothesis unlikely. Hence, the significance of
these large ratios to the physiological function
in intact tissue should be analyzed carefully. In
a simplistic approach it might be expected that
a considerable KCl secretion (the equivalent to
KCl influx in the isolated vesicle), should occur
in stimulated tissue. However, because the in-
tracellular concentration of Cl is 20-30mM, ie.,
below the Michaelis constant for Cl-, the ac-
tual KCl translocation will just exceed the max-
imal rates of H™ pumping (see Fig.3). In ad-
dition, the large Cl concentration present at the
luminal face of the gastric epithelium might
produce a significant back flux of KCl even at
low K* concentrations, serving to prevent an
increase in luminal K*, and net K* secretion.
Given the low value of K%, the H*/K* pump
will still be able to produce maximal rates of
acid secretion.

This work was supported by USPHS Grant AM10141.
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