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Proton ATPase in rat renal cortical endocytotic vesicles
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To relate ATPase activity to the ATP-driven H *-pump in rat renal endocytotic vesicles we applied an in
vitro coupled optical test and a P;-liberation assay. Endocytotic vesicles contain an ouabain-, vanadate- and
oligomycin-insensitive ATPase. The ionophores for K* and H ¥, valinomycin and carbonylcyanide p-chloro-
methoxyphenylhydrazone (CCCP), respectively, stimulated ATPase activity, indicating its relation to the
electrogenic H *-pump. This conclusion is supported by a similar distribution on a Percoll gradient of
ATP-driven H* uptake into endosomes and ionophore-stimulated ATPase activity. Coupled optical and
P;-liberation assays were then used to characterize the H *-ATPase with respect to the requirement for pH,
nucleotides, anions, and mono- and divalent cations. The H *-ATPase activity was decreased by widely used
blockers: N-ethylmaleimide (NEM), dicyclohexylcarbodiimide (DCCD) and diethylstilbestrol (DES). Differ-
ent sensitivities to these blockers proved that alkaline phosphatase and H *-ATPase are separate entities. To
investigate whether the NEM-, DCCD- and DES-sensitive ATPase activity is confined to intact endocytotic
vesicles, cellular membranes from rat kidney cortex were separated on a Percoll density gradient.
Surprisingly, endocytotic vesicles contain only a small fraction of the total NEM-, DCCD- and DES-sensi-
tive ATPase activity. The majority of the blocker-sensitive ATPases belongs to membranes of as yet
undefined cellular origin.

Introduction

A variety of organelles in eukaryotic cells wich
serve in adsorptive and receptor-mediated endo-
cytosis as well as exocytosis possess an acidic
interior generated by an ATP-driven H*-pump
(for literature, see Ref. 1). At present, it is not
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ATPase, H* translocating ATPase (H*-pump); Hepes, 4-(2-
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(—)-2,3,5,6-tetrahydro-6-phenylimidazo{2,1, b]thiazole hydro-
chloride; Mes, 4-morpholineethanesulfonic acid; TMA ™, tetra-
methylammonium (cation).
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clear whether the same H*-pump is present in all
of these organelles or a family of H™-pumps exists
with comparable properties. The characteristics of
these H*-pumps are basically similar. They are
electrogenic and dependent on ATP. Permeant
anions stimulate their activity whereas the carbo-
xyl group reagent DCCD and the sulfhydryl group
reagent N-ethylmaleimide strongly inhibit. On the
contrary, ouabain, oligomycin and vanadate do
not affect their activity. Thereby, these H*-pumps
are different from the oligomycin-sensitive
mitochondrial H*-ATPase and the vanadate-in-
hibitable H*-pump present in gastric mucosa.
Most of the characteristics of the H*-pumps in
clathrin-coated vesicles, endosomes, lysosomes,
endoplasmic reticulum and Golgi membranes have
been investigating by studying ATP-driven H*
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transport with fluorescent indicators rather than
by measuring the ATPase activity. In a few cases,
the ATPase activity in isolated organelles has been
determined, but a good -correlation between
ATPase and ATP-driven H™ transport has not
been obtained [2-7].

In this contribution we used endocytotic vesicles
from rat renal cortex which containe a well studied
ATP-driven H*-pump [3,8,9] to demonstrate and
characterize the H -ATPase activity. Applying two
different ATPase assays, a high degree of correla-
tion between characteristics of ATP-driven H*
uptake and ATPase activity has been found.

Materials and Methods

Preparation of endocytotic vesicles

Endocytotic vesicles were isolated from rat re-
nal cortical homogenate by differential and Per-
coll gradient density centrifugation as described in
detail previously [3,8], with modifications to yield
a much higher enrichment of the H*-pump activ-
ity [9]. As estimated from the initial rates of
ATP-driven, Cl -stimulated acridine orange
quenching, vesicles were enriched in H*-pump
activity about 40-fold (38.6 +2.36, n=29) com-
pared to the homogenate. The enrichment factors
for leucine arylamidase (1.63 + 0.08, n=16) and
alkaline phosphatase (1.73 4+ 0.03, n = 6), markers
for luminal membranes, and for (Na*+ K™*)-
ATPase (0.45 +0.14, n=4), a marker for con-
traluminal membranes, indicate that the prepara-
tions of vesicles were slightly contaminated with
brush-border membranes, but not at all with
basolateral membranes.

For the measurements of the H*-pump and
ATPase activities, the vesicles were prepared in
the following buffer: 300 mM mannitol, 100 mM
potassium gluconate, 5 mM MgSO,, 5 mM
Hepes-Tris (pH 7.0).

Assays

Protein was meausred by the method of Brad-
ford [10}], using bovine serum albumin as a stan-
dard. Leucine arylamidase (EC 3.4.11.2) and al-
kaline phosphatase activities (EC 3.1.3.1) were
measured at 37°C using commercial kits
(Merckotests 3359 and 3344, respectively). (Na*
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+ K™)-ATPase activity (EC 3.6.1.3) was measured
by the coupled optical assay described by Berner
and Kinne [11]. ATP-driven, Cl~ stimulated H*-
pump activity was measured by the quench method
of acridine orange fluorescence as described in
detail previously [3,8,9].

For determination of ATPase activity in mem-
brane vesicles by the coupled optical assay, a
Shimadzu UV-300 double-beam /dual wavelength
spectrophotometer with a chart recorder was used.
Vesicles (50 pg protein) were added to 2.0 mli
ATPase buffer I (330 mM mannitol, 110 mM
potassium gluconate, 5.5 mM MgSO,, 2.2 mM
ouabain, 1.1 mM levamisole, 5.5 pg/ml oligomy-
cin, 55 mM Hepes-Tris (pH 7.0)) or 1l (the same
as the preceding but containing 110 mM KCl
instead of potassium gluconate) and preincubated
at 37°C for 10 min in the absence (controls
containing solvent) or presence of various iono-
phores and inhibitors added from stocks. The
measurement of ATPase activity was started by
addition of 0.2 ml substrate/enzyme buffer (5.5
mM phosphoenolpyruvate, 55 mM ATP, 2.42 mM
NADH, 105 U/ml pyruvate kinase, 195 U/ml
lactate dehydrogenase, 5.5 mM Hepes-Tris (pH
7.0). The decrease in NADH absorbance was con-
tinuously monitored at 340 nm. During the mea-
surement, the vesicles were constantly stirred. For
calculations of ATPase activity we used the rates
which were recorded between the 5th and the 6th
minute (cf, Fig. 1). The ATPase activity, thus
obtained, was linear up to 75 pg vesicle protein
per assay (data not shown) and is expressed in
nmol NADH split per min per mg protein
(nmol/min per mg protein).

ATPase activity measured by the P.-liberation
assay was also performed at 37° C. Vesicles (50 pg
protein) were added to 1.0 ml prewarmed ATPase
buffer III (250 mM sucrose, 100 mM KCl, 5 mM
MgSO,, 2 mM ouabain, 1 mM levamisole, 5 pg/ml
oligomycin, 5 mM ATP, 50 mM Hepes-Tris (pH
7.0)) which contained either solvent or various
ionophores and inhibitors, without preincubation.
The reaction was stopped 15 min later by addition
of 0.1 ml ice-cold 20% (w /v) trichloroacetic acid.
The liberated phosphate (P,) was determined col-
orimetrically [12]. The ATPase activity was linear
up to 75 pg vesicle protein per assay (data not
shown) and is expressed in pmol liberated P, per
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15 min per mg protein (pmol P,/15 min per mg
protein).

Deviations from the above described specifica-
tions are indicated in the text or in the legends of
the figures and tables.

Inhibitors and ionophores were added from
water (vanadate, N-ethylmaleimide) or ethanol
stocks (valinomycin, oligomycin, CCCP, DCCD,
diethylstilbestrol, gramicidin) before addition of
vesicles. The final concentrations of these com-
pounds are indicated in the legends of the figures
and tables. Controls contained an equivalent
amount (1%) of ethanol.

Statistical evaluation of the data
The data were evaluated statistically by means
of Student’s s-test at the 5% level of significance.

Materials

Lactate dehydrogenase, pyruvate kinase (both
from rabbit muscle, in glycerol solution),
valinomycin, NADH (disodium salt), phos-
phoenolpyruvate (tricyclohexylammonium salt),
ATP, GTP, UTP, ITP, and CTP (all disodium
salts) were from Boehringer (Mannheim, F.R.G.).
Oligomycin, N-ethylmaleimide and diethylstil-
bestrol were from Serva (Heidelberg, F.R.G.).
DCCD was from Calbiochem (Los Angeles, CA,
U.S.A.), vanadate, ascorbic acid and L-cysteine
from Merck (Darmstadt, F.R.G.), and levamisole
from Sigma (St. Louis, MO, U.S.A.). Other chem-
icals were of analytical grade. A stock solution of
vanadate was prepared in water at least 10 days
before use.

Results

H *-ATPase in endocytotic vesicles

Following addition of ATP to a suspension
containing endocytotic vesicles and the compo-
nents of the coupled optical assay (for details see
Materials and Methods), a time-dependent de-
crease of NADH absorbance was observed (Fig. 1,
gluconate, EtOH). This absorbance decrease indi-
cates the presence of ATPase activity in endocyto-
tic vesicles. In the presence of chloride (CI7,
EtOH), and to a much greater extent in the pres-
ence of ionophores for K* and HT, ie,
valinomycin and CCCP, respectively (C1™ + Val +

041

0.34 Gluc™ + EtOH
£
c
S0.24
o
5 Ct--EtOH
b
c
(=]
o
2014
2

Cr«val .CCCP
2min
O 3

Fig. 1. ATPase activity in endocytotic vesicles as demonstrated
by the coupled optical assay. Vesicles were added to ATPase
buffer 1 (gluconate) or II (C17) which contained ethanol
(EtOH) or valinomycin plus CCCP (Val + CCCP). The reaction
was started by adding substrate/enzyme buffer (for details see
Materials and Methods). Before starting the reaction, the
vesicles were preincubated with EtOH or ionophores at 37°C
for 10 min.

CCCP), the absorbance decrease proceeded faster,
indicating the stimulation of ATPase. Since the
NADH absorbance decrease started to be propor-
tional to time after 4—5 min, the absorbance dif-
ference between the fifth and sixth minute was
used to estimate the ATPase activity in all further
experiments.

The ATPase activities in endocytotic vesicles as
measured by the coupled optical assay, and, in
addition, by a P-liberation assay, are listed in
Table I. As found by the optical test, endocytotic
vesicles exhibited an ouabain-, levamisole- and
oligomycin-insensitive ATPase activity in the ab-
sence of permeant anions and ionophores (gluco-
nate + ethanol). This ATPase was stimulated by
Cl~ (chloride + ethanol) and further by valinomy-
cin in the presence of K*, i.e., by dissipation of
the inside-positive membrane potential created by
the electrogenic H™-pump present in the vesicle
membrane [3,13]. A bigger stimulation of ATPase
activity was observed with the protonophore CCCP
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TABLE 1

EFFECTS OF CHLORIDE, IONOPHORES AND AMMONIA ON ATPase ACTIVITY IN ENDOCYTOTIC VESICLES, AS
MEAUSRED BY THE COUPLED OPTICAL TEST AND P,-LIBERATION ASSAYS

ATPase activity was measured in either ATPase buffer 1 (gluconate) or II (chloride) and in ATPase buffer III with the optical test
and the P-liberation assays, respectively. The buffers contained the indicated additions in the following final concentrations: ethanol,
1%; valinomycin, 5 pM; CCCP, 10 pM; gramicidin, 10 pg/mi; NH,CI, 22.5 mM. Shown are means+ S.E., obtained with 4-9
different vesicle preparations. Statistically significant differences are indicated by * (vs. gluconate + ethanol) and ** (vs. chloride +
ethanol). n.d., not determined.

Buffer Additions ATPase activity
Optical test P, liberation
(nmol/min per mg protein) (pmol /15 min per mg protein)
Gluconate ethanol 161.8 +£10.2 n.d.
valinomycin + CCCP 35454285 * n.d.
Chloride ethanol 202.3+£11.3 * 2.09+0.17
valinomycin 212.1+£12.7 2.57+0.25
CCCP 262.24155 ** 3.2340.19 **
valinomycin + CCCP 40844176 ** 3.834+0.20 **
gramicidin 34754 99 ** 3.00+0.16 **
NH,Cl 369.3+£152 ** 3.574£0.26 **

and the cation ionophore gramicidin, ie., com-
pounds which dissipate proton gradients and
membrane potential [13]. A high stimulation of
ATPase activity was observed also with 22.5 mM
ammonium buffer (NH,Cl). Under this condition,
NH,; enters the vesicles by nonionic diffusion and
binds a proton, leading to formation of am-
monium ions. This results in the dissipation of the
H™ gradient, but not of the membrane potential
[13]. The highest ATPase activity was recorded in
the presence of valinomycin + CCCP, ie., when
both membrane potential and proton gradient are
rapidly and completely abolished. Stimulation of
ATPase by valinomycin + CCCP was present in
both, gluconate- and chloride-containing buffers.
The activity of the ATPase in the presence of
valinomycin + CCCP was by 15% higher in the
chloride buffer than in the gluconate buffer, indi-
cating that chloride may have a small direct stimu-
latory effect on the ATPase activity.

Comparable data were obtained with the P.-
liberation assay. Here, however, we were not able
to measure the ATPase activity in the
gluconate-containing ATPase buffer I, as commer-
cially available potassium gluconate contains P; as
an impurity. As shown in Table I, the ATPase
activity measured by the P-liberation assay in the
chloride-containing buffer (ATPase buffer III) was

also slightly stimulated by valinomycin (K* was
present in the buffer), more by CCCP, gramicidin
and NH,Cl, and most by valinomycin + CCCP.
Stimulation of ATPase activity by the compounds
which dissipate membrane potential or proton
gradient, or both directly proves the presence of
an electrogenic H"-ATPase in endocytotic vesicles.
In further experiments, the (valinomycin +
CCCP)-stimulated portion of the ATPase activity
was taken as a measure for the H*-ATPase in
endocytotic vesicles.

Effect of anions

As shown in our previous studies with the
acridine orange fluorescence quench technique [3],
the ATP-driven H* accumulation in endocytotic
vesicles is stimulated by monovalent anions such
as ClI7, I7, Br~ and SCN™. Therefore, besides
Cl™, which has already been shown to stimulate
ATPase activity in endocytotic vesicles (Table I),
we tested the effect of various other anions. The
ATPase activity was measured by the coupled
optical test in buffers which contained 25 mM of
various anions. The data are shown in Table II as
specific and relative activities. To calculate rela-
tive activities, we used the activities observed in
the gluconate-containing buffer as a reference. In
complete accordance with the findings in acridine
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TABLE 11

ANION STIMULATION OF ATPase ACTIVITY IN ENDO-
CYTOTIC VESICLES

ATPase was measured by the coupled optical assay in a buffer
which contained 300 mM mannitol, 5 mM MgSO,, 2 mM
ouabain, 1 mM levamisole, 5 pg/ml oligomycin, 50 mM Tris-
Hepes (pH 7.0) and 25 mM indicated anions in the form of
potassium salts. Relative activity vs. gluconate was calculated
for each membrane preparation separately. Shown are means
+ S.E. obtained with five different vesicle preparations. Statis-
tically significant differences (vs. gluconate) are indicated by
an asterisk.

Anion ATPase activity

nmol,/min per mg protein  relative activity

cccp

Gluconate™  157.1+11.2 100( +4.96)
Cl- 198.7+12.5 * 126.5+6.20 *
SCN~ 177.5+10.2 113.1+£3.59 *
1~ 1848+ 9.6 * 117.6 +4.55 *
Br- 185.5+14.2 118.1+4.13 *
F- 159.1+ 8.9 101.3+1.57
NO; 1353+ 8.6 86.1+2.37 *
HCO; 185.5+14.2 118.1+£3.93 *
SO~ 163.0+12.5 103.8 +4.59
S0i- 88.4+ 33* 56.3+3.84 *
PO}~ 164.3+10.6 102.6 +5.49
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orange studies, not only Cl~, but also SCN~, I~
and Br~ stimulated the ATPase activity. In ad-
dition, a stimulation by 18% was measured with
HCO; . A slight inhibition (about 14%) of the
activity was observed with NO; |, and a stronger
inhibition (about 44%) with SO?~. F~, SO2~ and
PO;~ had no effect.

Optimum pH

ATPase activity in endocytotic vesicles was
measured at various pH values in chloride-con-
taining buffers in nonstimulated (Fig. 2, EtOH)
and ionophore-stimulated conditions (Fig. 2, Val
+ CCCP). As measured by both assays, the
ATPase in endocytotic vesicles exhibited a peak of
activity at pH values between 6.75 and 7.50. The
(valinomycin + CCCP)-stimulated portion of the
ATPase activity, i.e., the activity of the H*-ATPase
in endocytotic vesicles, showed an optimum at pH
7.0 (Fig. 2, triangles).

Nucleotide specificity
As the coupled optical assay may not operate
equally effective with all nucleotides, the nucleo-
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Fig. 2. Optimum pH of H*-ATPase in endocytotic vesicles. Optical test: Vesicles (50 pg protein) were diluted into ATPase buffer II
which was buffered with either 50 mM Mes-Tris (pH 6.05-6.56), 50 mM Hepes-Tris (pH 6.75~7.75) or 50 mM Tris-Hepes (pH
8.00-8.50) in the absence (1% ethanol, EtOH) or presence of 5 uM valinomycin+10 pM CCCP (Val+CCCP). (Val+ CCCP)-
stimulated ATPase, which represents the difference in ATPase activity in the presence and absence of ionophores, is shown by 4.
Before starting the reaction with substrate/enzyme buffer, vesicles were preincubated with ethanol and ionophores at 37° C for 10
min. P-liberation: Vesicles (50 pg protein) were diluted into ATPase buffer 111 buffered with 50 mM Tris-Hepes (pH 6.50-8.00) in
the absence (EtOH) and presence of valinomycin+ CCCP (the concentrations see above). The measurements were started without
preincubation by the addition of vesicles. The (Val+ CCCP)-stimulated portion of ATPase activity is shown by A. Data are
mean + S.E. obtained with three vesicle preparations.



TABLE I1I

NUCLEOTIDE DEPENDENCE OF H*-ATPase ACTIVITY
IN ENDOCYTOTIC VESICLES

ATPase activity was measured in ATPase buffer III which
contained 2 mM nucleotides and either 1% ethanol or 5 yM
valinomycin+ 10 pM CCCP. The (valinomycin+ CCCP)-
stimulated part of the ATPase activity is given by A. Shown are
means + S.E. of ATPase activities of three membrane prepara-
tions. Statistically significant differences vs. ethanol are indi-
cated by the asterisk.

Nucleotide ATPase activity; P; liberation
(pmol P; /15 min per mg protein)

ethanol valinomycin+CCCP A
ATP 2464015 3.48+0.18 * 1.02+0.05
GTP 1.47+0.08 1.68+0.25 0.21+0.03
UTP 1454021 1.58+0.21 0.12+0.03
ITP 1.70+0.23 1.79+0.14 0.09+0.02
CTP 1.06 +£0.29 1.17+0.23 0.10+0.03

tide specificity was tested with a P,-liberation as-
say only (Table III). In the absence of ionophores
(ethanol) endocytotic vesicles contain a triphos-
phatase activity which is highest with ATP, and
30-40% lower with other nucleotides. Valinomy-
cin plus CCCP stimulated the triphosphatase ac-
tivity strongly in the presence of ATP, and to a
much smaller extent with GTP, UTP, ITP, or
CTP. Therefore, the preparations of endocytotic
vesicles contain a H*-ATPase which is specific for
ATP and, in addition, a nonspecific triphos-
phatase. The preference of the H*-ATPase for
ATP is in complete agreement with previous
acridine orange studies in which the H* accumula-
tion in endocytotic vesicles was highest with ATP

(3}

Dependence on divalent cation

Table IV displays the ATPase activities as func-
tions of various divalent cations. The data ob-
tained by the coupled optical assay indicate no
significant ATPase activity in the absence of diva-
lent cation (None) and in the presence of 5 mM
Ba’*, Zn**, Cu?* or Ca®*. High enzyme activities
and stimulation by valinomycin plus CCCP were
recorded only with Mg?* and Mn?*. However, the
apparent absence of the ATPase activity with some
divalent cations, as observed in this assay, can be
due to an interference of the cations with the
optical system. Thus, pyruvate kinase, which is
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TABLE IV

DIVALENT CATION DEPENDENCE OF H*-ATPase IN
ENDOCYTOTIC VESICLES

ATPase activity was meausred in ATPase buffer I and ATPase
buffer I1I with the coupled optical assay (A) and the P;-libera-
tion assay (B), respectively. The buffers contained 5 mM of
divalent cations as chloride salts and either 1% ethanol or 5
gM valinomycin+10 pM CCCP. The (valinomycin + CCCP)-
stimulated part of the ATPase activity is given by A. Shown are
means + S.E. of ATPase activities obtained with three mem-
brane preparations. Statistically significant differences vs.
ethanol are indicated by the asterisk.

Divalent ATPase activity
cation

ethanol valinomycin A

+CCCP

A. Coupled optical assay (nmol /min per mg protein)
None 155 + 2.1 85 + 21 0

Mg?* 284.1 +134 5372 +141* 2383 + 35
Mn?* 270.7 +56.4 5682 +19.7* 2975 +36.7
Ba2* 85 + 21 85 + 21 0
Zn®* 282 + 2.1 261 + 00 0
Cu?* 155 + 2.1 134 + 00 0
Ca?* 17.6 + 2.1 17.6 + 2.1 0
B. P, liberation (pmol P; /15 min per mg protein)
None 0.38+ 0.15 090+ 022 0.52+ 0.09
Mg?* 256+ 034 403+ 045 * 148+ 0.11
Mn?* 338+ 043 548+ 0.71* 2.10+ 0.29
Ba2* 0 0.24+ 0.20 024+ 0.20
Zn** 0 0.09+ 0.04 0.09+ 0.04
Cu?* 0184+ 013 042+ 018 024+ 0.07
Ca** 131+ 0.12 1.68+ 0.16 0.19+ 0.08

present as a part of the coupled optical system,
requires Mg>* or Mn?* for full activity [14]. The
possibility that some of the tested cations inhibited
the activity of the enzymes present in the system
could not be excluded. Therefore, we have tested
the effect of divalent cations also by the P,-libera-
tion assay. As shown also in Table 1V, very small
or no ATPase activity was observed in buffers
containing no divalent cations and in the presence
of Ba**, Zn** or Cu®*. A significant activity was
recorded with 5 mM Ca?”, indicating the presence
of a Ca**-dependent ATPase in the preparation of
endocytotic vesicles. Ca?*-stimulated ATPase was
not further investigated. The highest ATPase ac-
tivities were recorded with Mg2?* and Mn**. A
significant stimulation of the ATPase activity by
ionophores was observed only in the presence of
Mg?* or Mn?**. Therefore, Mg?* or Mn®* are
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necessary to support the activity of H"-ATPase in
endocytotic vesicles.

Dependence on monovalent cation

As the activity of pyruvate kinase in a coupled
optical test depends on K™ [14], the effects of
monovalent cations on ATPase activity in endocy-
totic vesicles were investigated only by the P-
liberation assay. Neither of the tested monovalent
cations affected the activity of ATPase in the
absence of ionophores (Table V, ethanol). More-
over, the potency of valinomycin plus CCCP to
sttmulate the ATPase activity was equal in the
presence of any of the listed monovalent cations,
indicating that the H*-ATPase requires no specific
monovalent cation for the activity. These data
agree completely with the observations in acridine
orange studies, which showed the ATP-driven H™*
accumulation in endocytotic vesicles to be inde-
pendent of monovalent cations [3].

Effect of inhibitors

In previous studies [3], we found that the ATP-
driven H™ uptake into endocytotic vesicles can be
inhibited by N-ethylmaleimide and DCCD.
Vanadate, an inhibitor of various ATPases which
are phosphorylated during the catalytic cycle, did
not inhibit ATP-driven H* uptake. The same was
found for levamisole, an inhibitor of alkaline

TABLE V

EFFECT OF MONOVALENT CATIONS ON H*-ATPase
ACTIVITY IN ENDOCYTOTIC VESICLES

ATPase activity was measured in ATPase buffer III which
contained 100 mM indicated monovalent cations in the form
of chloride salts and either 1% ethanol or 5 pM valinomycin +
10 uM CCCP. The (valinomycin+ CCCP)-stimulated portion
of the ATPase activity is given by A. Shown are means +S.E.
for the enzyme activities in four membrane preparations. Stat-
istically significant differences vs. ethanol are indicated by an
asterisk.

Cation  ATPase activity (pmol P, /15 min per mg protein)

ethanol valinomycin+CCCP A
TMA™® 2454009 4631073 * 2.18+0.64
K* 240+0.11 456+0.78 * 2.16 +0.68
Na' 245+0.14 4.68+0.79 * 2.23+0.68
Li* 244+0.09 472+084* 2.29+0.75
Rb* 2.48+0.11 4594078 * 2.11+0.67
Cs™ 2434013 4484077 * 2.06 £0.65

TABLE VI

INTERACTION OF VARIOUS IONOPHORES WITH THE
COUPLED OPTICAL ASSAY SYSTEM

The reactions were measured at 37°C. The assay mixture
contained 300 mM mannitol, 100 mM KCl, 5 mM MgSQ,, 2
mM ouabain, 50 mM Hepes-Tris (pH 7.0), 0.22 mM NADH, 3
mM ADP, 0.5 mM phosphoenol/pyruvate, 6 U/ml lactate
dehydrogenase, and ionophores or inhibitors in the concentra-
tions as indicated. The reactions were started by the addition
of 10 mU/ml pyruvate kinase. The decrease of NADH ab-
sorbance was continuously recorded at 340 nm. The rates of
absorbance changes between the Sth and the 6th minute of
measurement were used to calculate the relative activities. Each
datum is the mean of two or three measurements.

Additions (concentration) Relative activity (%)

None 100

Ethanol (1%) 105.9
Oligomycin (5 pg/ml) 99.2
Valinomyein (5 pM)+ CCCP (10 uM) 105.2
Vanadate (1 mM) 74.7
N-Ethylmaleimide (1 mM) 63.1
DCCD (1 mM) 100.8
Diethylstilbestrol (50 pM) 89.8
Levamisole (50 mM) 102.9
Zn** (1 mM) 2.9
Ascorbic acid (1 mM) 994
L-Cysteine (10 mM) 102.3

phosphatase. In the present experiments, these
and other putative inhibitors of H*-pumps were
tested on ATPase activity in endocytotic vesicles.
In order to exclude further alkaline phosphatase
as an enzyme which may have contributed to ATP
splitting in our experiments, we have tested also
various inhibitors on this enzyme.

Prior to these measurements, we checked
whether the above-mentioned inhibitors interact
with the coupled optical system, e.g., by inhibiting
the enzymes present in the test. For this purpose,
the activity of the optical system was measured in
the absence of vesicles. In this case, the assay
contained 3 mM ADP instead of 5 mM ATP, and
the concentration of pyruvate kinase was de-
creased from 9.55 U/ml to 10 mU/ml. Under
these condition, the rate of NADH consumption
was limited by low activity of pyruvate kinase.
The reaction was started by addition of PK to the
buffers, with or without ionophores and inhibi-
tors. The concentrations of the tested compounds
were the same or higher than those used in the



preceding experiments. The rates of NADH ab-
sorbance decrease were recorded at 37°C. The
rates observed between the 5th and the 6th minute
of the measurement, i.e., in the interval used to
estimate the ATPase activity in all other experi-
ments, were used also to calculate the relative
ADPase activities. The data are summarized in
Table VI. In comparison with the activity in the
absence of any ionophore or inhibitor (none), the
activity of the coupled optical system was not
affected by 1% ethanol, 5 pg/ml oligomycin, 5
uM valinomycin + 10 pM CCCP, 1 mM DCCD,
50 mM levamisole, 1 mM ascorbic acid or 10 mM
L-cysteine. Vanadate, N-ethylmaleimide, Zn** (1
mM each), 50 uM diethylstilbestrol inhibited the
rate of NADH absorbance decrease by 25, 37, 97
and 10%, respectively. Thus ATPase activities in
the presence of inhibitors which interfered with
the coupled optical system were tested by the
P.-liberation assay. DCCD and L-cysteine were
tested with both assays.

Table VII lists the effects of various inhibitors
on ATPase activity in endocytotic vesicles. As

TABLE VII
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recorded in the coupled optical test, levamisole (25
mM) and L-cysteine (10 mM) did not change the
rate of ATPase activity in the absence of iono-
phores (ethanol), whereas 1 mM DCCD inhibited
by 84%, and 0.5 mM ascorbic acid by 40%. In the
presence of ionophores (valinomycin + CCCP), the
ATPase was strongly stimulated in the absence of
inhibitors (none), much less with levamisole,
ascorbic acid and L-cysteine, and not at all with
DCCD. Consequently, the H*-ATPase in endocy-
totic vesicles (A) was inhibited by 62% with
levamisole, 58% with ascorbic acid, 91% with L-cy-
steine, and completely with DCCD. In the assay
of P-liberation, 1 mM vanadate and 10 mM L-cy-
steine did not inhibit ATPase activity in control
experiments (ethanol). A partial inhibition (up to
50%) was observed with N-ethylmaleimide, DCCD
and Zn’* (1 mM each) and with 50 pM diethyl-
stilbestrol. With ionophores (valinomycin +
CCCP) we found a strong stimulation of P, forma-
tion in the absence of inhibitors (none), and in the
presence of vanadate. A much smaller stimulation
was measured in the presence of L-cysteine, and

EFFECT OF VARIOUS INHIBITORS ON H*-ATPase ACTIVITY IN ENDOCYTOTIC VESICLES AS MEASURED BY THE

COUPLED OPTICAL AND P;-LIBERATION ASSAYS

The assays were performed with the coupled optical test and P;-liberation assays, respectively. ATPase buffer 11 and 111 contained the
indicated concentrations of inhibitors plus either 1% ethanol or 5 pM valinomycin+ 10 pM CCCP. In the optical assay, vesicles were
preincubated with inhibitors and ionophores at 37° C for 10 min before starting the reaction with substrate/enzyme buffer. In the
assay of P, liberation, the reaction was started by the addition of vesicles, without preincubation. A represents the (valinomycin +
CCCP)-stimulated part of the ATPase activity. Shown are means + S.E. for the number of membrane preparations indicated by n.
Statistically significant differences are indicated by one (vs. ethanol) or two asterisks (vs. none).

Inhibitor (concn.) ATPase activity

ethanol valinomycin + CCCP A
A. Coupled optical assay (nmol /min per mg protein) (n = 4)
None 1539 +11.9 3060 £42.1* 1521 +32.8
Levamisole (25 mM) 157.6 +11.3 216.1 +16.1* 585 + 59 **
DCCD (1 mM) 245 + 46 255 + 50 1.1 + 08 **
Ascorbic acid (0.5 mM) 929 +20.2 156.6+27.0 63.7 £22.7 **
L-Cysteine (10 mM) 162.6 +159 175.7 £17.8 139 + 7.0 **
B. P, liberation (gmol P, /15 min per mg protein) (n = 5)
None 198+ 0.15 317+ 013 * 119+ 0.08
Vanadate (1 mM) 216+ 022 323+ 019 * 1.07+ 0.06
N-Ethylmaleimide (1 mM) 1.39+ 0.20 136+ 0.27 0
DCCD (1 mM) 1.07+ 0.18 0.80+ 0.12 0
Diethylstilbestrol (50 pM) 1.70+ 0.26 1.88+ 0.27 0.18+ 0.07 **
L-Cysteine (10 mM) 211+ 0.11 276+ 014 * 0.65+ 0.09 **
Zn** (1 mM) 124+ 0.11 1.24+ 0.11 0
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negligible stimulation in the presence of diethyl-
stilbestrol. No stimulation of ATP splitting was
obtained in the presence of N-ethylmaleimide,
DCCD and Zn**. The data from these experi-
ments indicate that vanadate does not inhibit H™-
ATPase in endocytotic vesicles, whereas N-ethyl-
maleimide, DCCD, diethylstilbestrol, and Zn?*
are strong inhibitors. Besides Zn?*, also some
other inhibitors of alkaline phosphatase (levami-
sole, ascorbic acid, L-cysteine), used in concentra-
tions known to inhibit the activity of this enzyme
in various tissues [15-18], inhibit partially the
H*-ATPase activity. As meausred by the acridine
orange fluorescence quench method, the same
compounds inhibit also the H*-pump in the
vesicles (data not shown).

The inhibition of the H*-ATPase (H*-pump)
in endocytotic vesicles by compounds which in-
hibit alkaline phosphatase activity suggests that
this enzyme may be responsible for the observed
ATPase and H"-pumping activity. Such a possibil-
ity is further indicated by the finding of a rela-
tively high specific activity of alkaline phos-
phatase in endocytotic vesicles; the vesicle pre-
parations are always enriched in the activity of
this enzyme between 1.5- and 2.5-times compared
with the homogenate. To investigate further a

TABLE VIH

EFFECT OF VARIOUS INHIBITORS ON ALKALINE
PHOSPHATASE ACTIVITY IN ENDOCYTOTIC
VESICLES

Shown are means + S.E. of alkaline phosphatase activity mea-
sured at pH 9.8 with three different membrane preparations.
The vesicles were preincubated with the indicated inhibitors at
37°C for 10 min before starting the reaction by the addition of
substrate. Control (none) contained 1% ethanol. Statistically
significant differences vs. ‘none’ are indicated by the asterisk.

Alkaline phosphatase activity
(pmol/min per mg protein)

None 2.234+0.36

Inhibitor (concentration)

Levamisole (1 mM) 0.10+0.01 *
Ascorbic acid (0.5 mM) 1.82+0.15
L-Cysteine (10 mM) 0.02+0.01 *
Zn’* (1 mM) 0.0940.00 *
Vanadate (1 mM) 0.31+£0.03 *
N-Ethylmaleimide 2224031
DCCD (1 mM) 2234035
Diethylstilbestrol (50 pM)  2.25+0.30

possible relationship between alkaline phos-
phatase and H*-ATPase, we tested the effect of
the above used inhibitors also on alkaline phos-
phatase activity in endocytotic vesicles.

As shown in Table VIII, alkaline phosphatase
activity is completely inhibited with 1 mM
levamisole, i.e., at a concentration 25-fold smaller
than that used to inhibit H*-ATPase activity. A
complete inhibition of the enzyme activity was
obtained also with 10 mM L-cysteine and 1 mM
Zn?*. Vanadate (1 mM) inhibited 86%, whereas
0.5 mM ascorbic acid inhibited weakly, N-Ethyl-
maleimide, DCCD, and diethylstilbestrol, in con-
centrations which inhibited H*-ATPase com-
pletely, did not affect the activity of alkaline phos-
phatase. The experiment clearly shows that al-
kaline phosphatase and H*-ATPase are two sep-
arate entities with different sensitivities to inhibi-
tors.

Although these experiments rule out the possi-
bility that alkaline phosphatase plays a role as a
H*-ATPase (H"-pump), all our buffers for ATPase
measurements contained 1 mM levamisole, to di-
minish ATP splitting by the alkaline phoshatase.

Distribution of various ATPases along a Percoll
gradient

The preceding experiments showed the pres-
ence of a (valinomycin + CCCP)-stimulated
ATPase (H*-ATPase) in endocytotic vesicles, the
activity of which can be strongly inhibited by
N-ethylmaleimide, DCCD and diethylstilbestrol.
In order to determine whether the ATPase activity
with a similar inhibitory pattern is present in other
cellular membranes, we measured the distribution
of ATPases along a 16% (w/w) Percoll gradient.
The gradient has been used in previous [3,8,9] and
present experiments to separate endocytotic
vesicles from other cellular membranes. The gradi-
ent was fractionated in 1-ml portions and in each
fraction we measured proteins and the activity of
leucine arylamidase, the total ATPase (in absence
of inhibitors), (Na* + K*)-ATPase, oligomycin-
sensitive and insensitive ATPases, DCCD-, N-eth-
ylmaleimide-, and diethylstilbestrol-sensitive
ATPases as well as the H*-pump activity.

As described previously [3.9], luminal mem-
branes distribute with two peaks along the gradi-
ent (Fig. 3A, leucine arylamidase). Total protein
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Fig. 3. Distribution of protein, leucine arylamidase activity (LAP) and the activity of H* pump and various ATPases along a Percoll
gradient. The gradient was divided into 1-ml fractions. Fraction 1 denotes the top of the gradient. Protein was measured after diluting
50 pl of fraction sample into 1 ml water by testing the absorbance at 280 nm. Leucine arylamidase (LAP) activity was measured as
described in Materials and Methods using 50 p! of fraction sample. 1 unit of enzyme activity corresponds to the splitting of 1 gpmol
leucine-p-nitroanilide at 37°C per min. Total ATPase, (Na* + K™ )-ATPase, oligomycin-sensitive and insensitive ATPases, DCCD-
sensitive ATPase and (Val+ CCCP)-stimulated ATPase were measured by the coupled optical assay using 50-100 pl of fraction
sample. Total ATPase was measured in ATPase buffer II, which was devoid of ouabain and oligomycin. (Na™ + K™ )-ATPase is the
difference between the total ATPase and the ATPase activity in the presence of 2 mM ouabain. Oligomycin-sensitive ATPase is the
difference between the total ATPase and the ATPase activity in the presence of 5 pg/ml oligomycin. Oligomycin-insensitive ATPase
was recorded in the presence of 2 mM ouabain +5 pg/ml oligomycin. (Val + CCCP)-stimulated ATPase was measured in a complete
ATPase buffer II and is shown as the difference in ATPase activity in the absence (1% ethanol) and presence of 5 uM
valinomycin + 10 uM CCCP. H*-pump activity was measured by fluorescence quenching of acridine orange and expressed as the
initial rate of ATP-driven, Cl -stimulated fluorescence quenching (A F/min). DCCD-sensitive ATPase was measured in ATPase
buffer II and is shown as the difference of ATPase activities in the absence and presence of 1 mM DCCD. Before starting the
reaction with substrate /enzyme buffer (ATPase measurements) or ATP (H*-pump), vesicles were preincubated with indicated
ionophores and inhibitors at 37°C for 10 min. N-ethylmaleimide (NEM)- and diethylstilbestrol (DES)-sensitive ATPases were
measured by the P,-liberation assay in ATPase buffer III using 50 pl of fraction samples. The results are the differences of ATPase
activities in the absence (1% ethanol) and presence of 1 mM inhibitors. The reactions were started without preincubation by the

addition of vesicles.
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shows a similar distribution. The total ATPase
shows a high peak in the fractions at the top of the
gradient and a decreasing activity toward the bot-
tom. (Na*+ K*)-ATPase, a marker for baso-
lateral membranes, exhibited a peak of activity
also at the top of the gradient, and a negligible
activity in the bottom fractions. On the contrary,
the (valinomycin + CCCP)-stimulated ATPase,
which corresponds to the H*-ATPase in endocyto-
tic vesicles, comigrates at the bottom of the gradi-
ent with the peak of the H*-pump activity mea-
sured by the acridine orange fluorescence quench
method. This experiment indicates unequivocally
that both (valinomycin + CCCP)-stimulated
ATPase and the ATP-driven, Cl -stimulated in-
travesicular proton uptake reflect the same system,
the H*-ATPase (H*-pump) in endocytotic vesicles.
Fig. 3B shows the distribution of ATPases sen-
sitive to various inhibitors. The indicator for
mitochondrial membranes, the oligomycin-sensi-
tive ATPase, distributed all over the gradient, with
a relatively broad peak at the top. Furthermore,
the distribution of DCCD-, N-ethylmaleimide, and
diethylstilbestrol-sensitive ATPases indicates that
only a small part of the ATPase activity inhibi-
table by these compounds is present at the bottom
of the gradient, where the peak of H'-ATPase
(H"-pump) is localized. The highest activities of
DCCD-, N-ethylmaleimide, and diethylstilbestrol-
sensitive ATPases are found at the top of the
gradient and copurify with (Na* + K*)-ATPase.

Discussion

By using two different assays we demonstrated
the presence of an ATPase activity in endosomes
prepared from rat kidney cortex. As all measure-
ments have been performed in the presence of
ouabain, oligomycin and levamisole, this ATPase
activity cannot be due to the presence of (Na* +
K *)-ATPase, mitochondrial H*-ATPase and al-
kaline phosphatase, respectively. Stimulation of
ATPase activity by ionophores that dissipate
membrane potential and ApH rather indicates the
presence of an electrogenic H*-ATPase in the
vesicle membrane.

Interestingly, valinomycin in the presence of
K™*, and permeant anions (C1~, Br™, I", SCN ),
which all dissipate membrane potential [13],

stimulated ATPase activity only weakly. In con-
trast, NH;, which solely dissipates ApH, and
gramicidin or valinomycin plus CCCP, which dis-
sipate both membrane potential and ApH [13],
exhibited much stronger stimulation. Thus, the
H*-ATPase activity in endosomes is affected more
by the ApH than by the membrane potential built
up during ATP-driven H™ transport. The sys-
tematic survey of the characteristics of H"-ATPase
as described here, and of ATP-driven H* uptake
described in our previous studies [3,8,9], reveals a
complete agreement of properties. H*-ATPase and
H " pumping are insensitive to ouabain, oligomy-
cin and vanadate, require Mg?* or Mn?" but no
specific monovalent cation, are specific for ATP,
and are inhibited by Zn**, DCCD, N-ethyl-
maleimide, and diethylstilbestrol. The indepen-
dence of H*-ATPase on K* and vanadate rules
out that the endosomal H*-pump is similar to the
gastric (K* + H")-ATPase. Furthermore, the
failure of Na™ to stimulate ATPase activity is in
accordance with our previous finding that rat re-
nal endocytotic vesicles do not possess an Na*-H*
exchanger in parallel to a H*-pump [8].

In extension to our previous studies we demon-
strate here that the H*-ATPase works optimally at
pH 7.0 and is affected by some well known inhibi-
tors of alkaline phosphatase, such as Zn**, ascorbic
acid, L-cysteine and levamisole. By investigating in
more detail the inhibitor sensitivity of H*-ATPase
and alkaline phosphatase, we found that L-cys-
teine and levamisole are moderate inhibitors of
the H"-ATPase (at high concentrations) and strong
inhibitors of alkaline phosphatase activity. Unlike
the H*-ATPase, alkaline phosphatase is strongly
inhibited by vanadate, slightly by ascorbic acid
and not at all by DCCD, N-ethylmaleimide, and
diethylstilbestrol, demonstrating that H*-ATPase
and alkaline phosphatase are two different en-
zymes.

As shown in our experiments with various
nucleotides, the preparations of endocytotic
vesicles exhibit, in addition to H*-ATPase, a non-
specific triphosphatase. Besides ATP, it splits GTP,
UTP, CTP, and ITP with equal or slightly lower
rates. The activity of this triphosphatase cannot be
stimulated by ionophores which dissipate mem-
brane potential or proton gradients, indicating
that this enzyme does not serve as a proton trans-



locator. Furthermore, the experiments with diva-
lent cations indicated the presence of a Ca’*-
stimulated ATPase in endocytotic vesicles. Also,
this ATPase cannot account for the proton-pump-
ing activity in the vesicles as it was not stimulated
by ionophores. At present, it is not clear whether
the nonspecific triphosphatase and the Ca**-de-
pendent ATPase activities belong to endocytotic
vesicles or to some other, contaminating mem-
branes. A Ca?*-stimulated ATPase has been found
in basolateral membranes [20-22] and endo-
plasmic reticulum [19] of the renal proximal tubu-
lar cells, i.e., in the membranes which slightly
contaminate our preparations of endocytotic
vesicles [8,9].

The distribution of ATPases along a Percoll
gradient demonstrated that the DCCD-, N-ethyl-
maleimide- and diethylstilbestrol-sensitive H*-
ATPase activity in intact endocytotic vesicles
accounts for only a small part of the total
oligomycin-insensitive ATPase. The majority of
DCCD-, N-ethylmaleimide, and diethylstilbestrol-
sensitive ATPases was found on the top of the
gradient, whereas intact endosomes migrate at the
bottom of the gradient. As DCCD- and diethyl-
stilbestrol-sensitive ATPases were measured in the
presence of ouabain and oligomycin, they do not
reflect the activities of either (Na* + K™ )-ATPase
or mitochondrial H*-ATPase. Both of these
ATPases are sensitive to DCCD [23,24], whereas
diethylstilbestrol is a potent inhibitor of the
mitochondrial H*-ATPase [25]. On the other hand,
neither of these ATPases is sensitive to N-ethyl-
maleimide, a potent inhibitor of the H*-pump in
various intracellular organelles (for literature, see
Refs. 1 and 3). Therefore, the comigration of the
high activities of DCCD-, N-ethylmaleimide-, and
diethylstilbestrol-sensitive ATPases on the top of a
Percoll gradient can be attributed to some mem-
branes which may contain an H*-ATPase, but are
not able to accumulate protons. Although the
exact origin of these membranes has to be
investigated, our unpublished data indicate that
these membranes cannot be basolateral mem-
branes from the proximal tubule. Basolateral
membrane vesicles isolated from rat renal cortex
exhibit a high ATPase activity in the presence of
ouabain, oligomycin and levamisole wich is, how-
ever, stimulated neither by Cl™ nor by valinomy-
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cin plus CCCP. It is strongly inhibited by DCCD
and diethylstilbestrol, but insensitive to N-ethyl-
maleimide (data not shown), and thus is dissimilar
to H"-ATPase in endosomes. In accord with this
finding is our previous observation of limited H*
pumping activity in basolateral membrane vesicle
preparations due to contaminating endosomes [8].
Further possible candidates could be broken
endocytotic vesicles or unsealed Golgi or lyso-
somal membrane or the membranes from endo-
plasmic reticulum.
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