THEJOURNALOF BIOLOGICAL
CHEMISTRY

Vol. 256, No. 21, lasue of November 10.pp. 10859-10863, 1981
Printed in U.S.A.

Properties of H+-translocating Adenosine Triphosphatase in Vacuolar
Membranes of Saccharomyces cerevisiae*
(Received for publication, June 12, 1981)

Yoshimi Kakinuma,Yoshinori Ohsumi, and Yasuhiro AnrakuS
From the Department of Biology, Faculty of Science, University of Tokyo, Hongo, Tokyo 113, Japan
(40 mCi/mmol) and [I4C]KSCN (60 mCi/mmol) were purchased from
The properties ofM8+-ATPasein the vacuole Sacof
was obcharomyces cerevisiae were studied, using purified in- Amersham. 4-Methylumbelliferyl-a-~-mannopyranoside
tained from Koch-Light Laboratories, England. SF6847' was a gift
tact vacuoles and right-side-out vacuolar membrane
from Dr. Y. Nishizawa of Sumitomo Chemicals, Osaka. Other chemvesicles prepared by the method of Y. Ohsumi and Y.
used, which were commercial products of analytical grade, were
Anraku ((1981) J. BioL Chem. 256, 2079). The enzyme icals
described in the previous paper (1).The haploid strain of S. cereuisiae,
requires M&+ ion but not Ca2+ ion. Cu2+ and Zn2+
ions X2180-1A, from the Yeast Genetic Stock Center, Berkeley, was used
inhibit the activity. The optimal pH is at pH 7.0. The
(1).A mitochondrion-defective strain X2180-1A(p-) was isolated by
enzyme hydrolyzes ATP, GTP,U T P , andCTP in this the method of Wilkie (5) andthe defect of mitochondrial DNA of the
order and theK , value forATP was determined as 0.2 strain was examined by the method of Williamson and Fennel1 ( 6 ) .
m ~ It.does not hydrolyze ADP, adenosyl-5'-yl imido- Cells were grown aerobically in YEPD medium containing 1%yeast
diphosphate,orp-nitrophenylphosphate. ADP does not extract (Difco), 2% polypeptone, and 2% glucose at 30 "C, and harinhibit hydrolysisof ATP by the enzyme.The activities vested at a cell density of 3 X IO7 cells/ ml of medium.
Preparations of Intact Vacuoles, Vacuolar Membrane Vesicles,
of intact vacuoles and of vacuolar membrane vesicles
and SubmitochondrialParticles-Intact
vacuoles and vacuolar
were stimulated 3- and1.5-fold, respectively, by the
membrane vesicleswere prepared by the method of Ohsumi and
3,5-di-tert-butyl-4-hydroxy-Anraku (1).(For details, see Scheme 1.) Unless otherwise noted, they
protonophoreuncoupler
benzilidenemalononitrileand the K+/H' antiporter ion- were prepared from strain X2180-1A. The vacuoles were suspended
ophore nigericin. Sodium azide at a concentration ex- in buffer B containing 10 mM MES/Tris (pH 6.9),0.5 mM MgClz, and
erting an uncoupler effectalso stimulated theactivity. 8% Ficoll (I), and promptly used for assays of Mg2+-ATPase and
N , W - other enzyme activities. Vacuolar membrane vesicles suspended in
The activity was sensitive to the ATPase inhibitor
dicyclohexylcarbodiimide, but notto sodium vanadate. buffer C (Scheme l ) , were used immediately as mentioned above, or
The ATP-dependent formation of an electrochemical frozen at -80 "C for a month before use without significant loss of
potential difference of protons, measured by the flow-ATPase activity. Submitochondrial particles were prepared by the
dialysis method, was determined as 180 mV, with con- method of Tzagoloff and Meagher (2).
Assays of Mg+-ATPase andOther Enzymes-The standard retribution of 1.7 pH units, interior acid, and of a memaction mixture for assay of Mg*+-ATPase(0.6 ml) contained 10 mM
brane potential of76 mV. Itis concluded that theM&+- MES/Tris, pH 7.0,4 mM ATP, 4mM MgCL, 25mMKC1, and enzyme.
ATPase of vacuoles is a new marker enzyme forthese For assay of Mg2+-ATPasein intact vacuoles, 8% Ficoll wasadded to
organelles and is a N,N"dicyclohexylcarbodiimide-sen- the standard mixture. Where indicated, the inhibitor in ethanolic
sitive, H+-translocatingATPase whose catalytic site is solution was added to the mixture at a final concentration of ethanol
exposed to the cytoplasm.
of less than 1%(v/v). Incubation was for IO min at 30 "C, and the

reaction was stopped by adding 0.35 ml of 15%
sodium dodecyl sulfate.
Inorganic phosphate liberated was measured by the method of Futai
et a!. (7) and 1 unit of enzyme was defined as the amount liberating
Recently, we established a procedure for preparing right- 1 pmol of inorganic phosphate/min under the standard conditions
side-out vacuolar membrane vesicles
of high purityfrom cells described above. MgZ+-ATPaseactivity increased linearly with up to
of the yeast Saccharomyces cerevisiae and showed that the 200 pg and 50 pg of protein per reaction mixture with intact vacuoles
vesicles catalyze active arginine transport whichis driven by and vacuolar membrane vesicles, respectively. a-Mannosidase (8),
an electrochemical potential difference of protons formed by glucose-6-phosphate dehydrogenase (9), succinate dehydrogenase
ATP hydrolysis (1). Subsequent studies on ATP hydrolysis (IO), NADPH-cytochrome c reductase ( I l ) , chitin synthetase (12),
and alkaline phosphatase (13) were assayed by published methods.
by intact vacuolesand vacuolar membrane vesicles indicated Protein was determined by the method of Lowry et al. (14).
the presence of a newMg2'-ATPasewith
a catalytic site
Determination of Quinacrine Quenching-The method of Tsuoriented externally.
chiya and Rosen (15) wasused with a modification. The reaction
T h i s paper describes the properties of vacuolar membrane- mixture (2.5 m l ) , which contained 50 mM Tricine/NaOH, pH 7.5, 5
mM MgCIz, 2 p~ quinacrine, and 180 pgof protein of membrane
bound M8+-ATPase and its characteristic functionas a H'translocating ATPase.The Mg2+-dependent, H+-translocating vesicles,was incubated in a quartz cuvette in a Hitachi-MPF-4
spectrofluorometer at 25 "C for 2 to 5 min. To this mixture, ATP (0.5
ATPase of the vacuoles was found
to be a new specific marker mM)
was added to start quenching. The excitation and emission
of these organelles and t o differ from mitochondrialATPase wavelengths used were 365 nm and 451 nm, respectively.
(2) and plasma membrane-bound ATPase (3,4).
Flow Dialysis-Flow dialysis was done by the method of Ramos et
al. (16). The upper chamber (I ml) contained IO mM MES/Tris, pH
MATERIALSANDMETHODS
6.9, 5 mM MgCIz,25 mM
KC1,
and 1.5 mgof membrane protein.
Chemicals, Strains, and Culture Conditi~ns-['~C]Methylarnine Circulation of the buffer solution mentioned above in the lower
chamber was conducted with a peristatic pump SJ-1215, Atto CO.,
* This work was supported in part by a grant-in-aid for a Special Tokyo, at a rate of 4.2 ml/min at 25 "C. Immediately after addition
Research Project from the Ministry of Education, Science, and Cul- of 30 pM ['4C]methylamine (40 mCi/mmol) or 150 p~ [I4C]KSCN (15
ture of Japan. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore
' The abbreviations used were: SF6847, 3,5-di-tert-butyl-4-hydroxbe hereby marked "advertisement" in accordance with 18U.S.C.
ybenzilidenemalononitrile; DCCD, N,N'-dicyclohexylcarbodiimide;
Section 1734 solely to indicate this fact.
MES, 2-(N-morpholino)ethanesulfonic acid; Tricine, N-tris(hyRecipient of a grantfrom the Toray Science Foundation of Japan. droxymethy1)methylglycine.
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H+-translocating ATPaseof S. cerevisiae Vacuole

mCi/mmol) to the upper chamber, 4 mM ATP was added to start the
TABLE
XI
reaction. Fractions of 2.1 ml was collected and theirradioactivity was
Effects of detergents on enzymeactivities of vacuoles
determined in a liquid scintillation counter with a toluene-Triton XVacuoles (0.15 mg/ml) were treated with Triton X-100 or cholate
100 scintillator. The internal water space of vacuolar membrane
at the concentrations indicated for 30 min at 30 “C. Aliquots were
vesicles under standard assay conditions was determined as 5.2 d/mg
used for assays of enzyme activities. For details, see “Materials and
of membrane protein by the inulin method (17).
Methods.”
Addition (%(w/v))

RESULTS

A 1 k $ ~ ~ ~ a-Mannosidase
-

Mg’+-ATPase

Purity and Yield of Vacuoles-The distributions of marker
pmol/min/mg
nmol/min/mg
pnol/min/mg
protein
protein
protein
enzymes (a-mannosidase for vacuoles (18), glucose-6-phos0.23
0.56
0.17
phate dehydrogenase for cytosol (19), succinate dehydrogen- None
Triton X-IO0
ase for mitochondria (20), NADPH-cytochrome c reductase
(0.27)
0.99
0.73
0.13
for microsomes ( l l ) , and chitin synthetase for plasma mem1.04
0.80
0.08
(2.7)
brane (21)) were examined by measuring enzyme activities in Cholate
the vacuole and spheroplast lysate fractions. Table I shows
0.63
0.68
0.21
(0.2)
0.97
0.80
0.03
(2)
that the recovery of a-mannosidase activity in the vacuole
fraction was about 13% and that its specific activity in this
fraction was increased 28.5-fold. The recoveries of the four
other marker enzyme activities in this fraction were found to
TABLEI11
be less than 0.1% oftheir totalactivities. These results indicate
Recovery of Mg2+-ATPasein vacuolar membrane vesicles
that the vacuole fraction obtained was virtually free from
Vacuoles were disintegrated as described under “Materials and
Methods” and the resulting vacuolar membrane vesicles and supermitochondria and other membranous organelles.
Intactness of Vacuoles-Alkaline phosphatase is known to natant were recovered (see also Scheme 1).
Vacuolar
be localized inthe internal space of vacuoles (22). The vacuole
Yeast cells grow1 in YEPD medium at 30’C
harvest at 2-4 x lo7 cellslml by centrifugation (4,500 xg, 3 min)
vash twice with distilled water at room temperature
suspend in 1 M sorbitol at a density of 2 x 10‘ celle/ml
add Glusulase (0.22) and Zymolyase (10 U g l m l )
incubate at 30’C far 60-90 min with gentle shaking
collect by centrifugation (4,500 xg, 3 mi“)

II
I

Total activity

Vacuoles

Supernatant

membrane
vesicles

Mg2+-ATPase(pnol/min)
0.222 0.008
a-Mannosidase (nmol/min)
Alkaline phosphatase @mol/
min)

0.070

0.232
0.094

0.014

0.060

0.346

0.016

Total protein (mg)

0.52

0.32

0.18

wash twice with 1 M sorbitol

Spheroplasts
suspend in 10 volumes of Buffer A

(10 mM KES-Tris, pH 6.9. 0.1 di t4gC12. 12% Ficoll)
homogenize in a Dounce homogenizer
centrifuge in a swing rotor Hitachi RF’RS14 (3.500 xg, 10 min)

Spheroplast lysate
transfer to tubes and layer with half volume of Buffer A
centrifuge (25.000 xg, 30 min)

Float
resuspend in Buffer A and homogenize gently
transfer to tubes and 1-yer vith the same volume of Buffer B
(10 rOn MES-Tris. pH 6.9, 0.5 di MgC12, 8% Ficoll)
centrifuge (25,000 xg, 30 min)

Float = Vacuoles

,

I

homogenize i n a Dounce homogenizer

0

add an equal volume of 2x Buffer C
(Buffer C, 10 mM MES-Tris,

2

4

6

8

1012

Cation(mM1

pH 6.9. 5 mM MgCl2, 25 mM KC1)

dilute vith an equal volume of Buffer C
suspend vith a Dounee homogenizer
centrifuge (37,000 rg, 30 min)

Pellet = Vacuolar membrane vesicles

SCHEME
1. Preparationof vacuolar membrane vesicles from

s. cemuisiae.

PH

FIG. 1. A , effects of cations on ATPase activity of vacuolar membrane vesicles. Assays were carried out under standard conditions
except that thedivalent cation concentration was as indicated. MgC12,
(0);
CaC12, (0).
B, pH profile of Mg2+-ATPaseof the vesicles. Assays
were carried out under standard conditions but with 10 mM concenor glycine/NaOH, (A).
trations of MES/Tris, (m); Tris-HC1, (0);

TABLEI
Marker enzyme activities in vacuole and spheroplast lysate fractions
Assays were carried out asdescribed under “Materials and Methods.”
Enzyme

a-Mannosidase
10470
Glucose-6-phosphate dehydrogenase
Succinate dehydrogenase
NADPH-cytochrome c reductase
Chitin synthetase

Spheroplast lysate
A”

0.02
44
1.9
5.7
1.23

Protein (mg) 1.1
238
a A and B, specific activity (nmol/min/mg protein).
a and b, total activity (nmol/min).

Vacuole

ab

4.8
452
1360
295

B“
0.57
<o. 1
t0.01
<0.1
t o .1

bb

0.63
0.11
0.011
0.11
0.11

Ratio B/A

28.5
<om2
t0.005
<0.02
<0.08

Recovery (b/a

13

t0.002

t0.003
<0.009
t0.04

X

100)

H’-translocating
ATPase

activity

TABLE
IV
Substrate specificity of Mg2+-ATPasein vacuolar membrane
vesicles
Assays were carried out under standard conditions.
Specific
Substrate
unithgprotein

ATP
GTP
UTP
CTP
ADP
pNPP“
AMP-PNP*
“p-Nitrophenyl phosphate.
* Adenosyl-5”yl imidodiphosphate.

0.47
0.44
0.27
0.19
0.04
0.03
0

i/

of S. cerevisiae Vacuole
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fraction showed a latent phosphatase activity which was activated maximdy 4.5-fold on addition of Triton X-100 or
cholate (Table 11). This indicated that the vacuoleswere
intactbut that the vacuolar membranes were injured by
detergents, resulting in breakage of the latency for alkaline
phosphatase. The membrane-bound a-mannosidase activity
was activated slightly by the detergents used, indicating that
the substrate 4-methylumbelliferyl-a-~-mannopyranoside
used was partly permeable through the membrane.
Mg2+-ATPaseactivity was detected in the vacuoles with
A T P - M e as an impermeable substrate and this activity was
inhibited by a high concentration of detergents (Table 11).
This suggests strongly that the catalytic site of the enzyme in
intact vacuoles is exposed to the outer surface of vacuolar
membranes.
M F - A T P a s e as a Marker of Vacuolar Membranes-Intact vacuoles were treated hypotonically and disrupted meTABLEV
Effects of inhibitors on Mg2+-ATPasesof intact vacuoles and
vacuolar membrane vesicles
Mg2’-ATPase was assayed under standard conditions. Vacuoles
(0.4 mg of protein/ml) and vacuolar membrane vesicles (0.15 mgof
protein/ml) were treated with inhibitors at the concentrations indicated for 5 min at 30 “C.
M~’+-ATP~

Addition

Intact vacuoles

0.76
0.39

FIG. 2. Lineweaver-Burk plot of M&+-ATPase. Initial rates
were determined under standard conditions with ATP at concentra0.13
tions of 0.2 to 6.4 mM.

None
SF6847
0.2
2
Nigericin
0.2
2
Valinomycin
0.2
2

1.2

Membrane vesicles

unit/mgprotein

PM

0.13

0.52

0.31
0.37

0.65

0.31

0.61
0.74

0.16

0.54
0.52

1

1.o

0.8
0.6
0.4
0.2
I

Concentration ( M )
FIG. 3. Effects of cations on M&+-ATPase. Assays were as
described under “Materials and Methods.” Membrane vesicles ( 5 0
pgof protein/ml) were treated with cations at the concentrations
indicated for 5 min at 30 “C before starting the reaction. KC1, (0);
NItCl, (17);
CaClz, (A);ZnCl2, (W); CuC12, (0).

I

I

I

I

Concentration ( M )
FIG. 4. Effects of inhibitors on M&+-ATPase. Assays were as
described under “Materials and Methods.” Membrane vesicles ( 5 0
pg of protein/ml) were treated with inhibitors at the concentrations
indicated for 5 min at 30 “C before starting the reaction. DCCD,
(0);
sodium azide, (W); sodium vanadate, (0).

H+-translocating
ATPase
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chanically to prepare vacuolar membrane vesicles (Scheme
1).We found that 80% and 96% of the Mg2+-ATPaseand amannosidase activities, respectively, but less than 5%of the
alkaline phosphatase activity, were recovered in the vacuolar
membrane vesicles (Table 111). Furthermore, the effects of
Triton X-100 and cholate on the Mg2+-ATPaseof the membrane vesicles were the same as
in intact vacuoles. From these
observations we concluded that Mg+-ATPase, a new membrane-bound marker of vacuoles, has a catalytic site exposed
to the cytoplasm and that the vacuolar membrane vesicles
prepared as described above are right-side-out, consistent with
morphological and functional evidence reported previously
(1).
Properties of M2'-ATPase-The
enzyme required Mg2+
ion for ATP hydrolysis (Fig. lA). The optimal ratio of ATP to
M$+ of 1 indicated that an ATP-Mg2+complex is substrate
for the enzyme. Ca2+ion had no effect on the activity. The
optimal pH of the enzyme was detemined to be pH 7.0 (Fig.
1B). The enzyme hydrolyzed ATP and three other ribonucleoside triphosphates, GTP, UTP, and CTPwith this order
of preference (Table IV). ADP andp-nitrophenyl phosphate,
which were not hydrolyzed by the enzyme, did not inhibitthe
activity. The K , value for ATP was determined as 0.2 mM
(Fig. 2), which is €!-fold smaller than that of the ATPase of
plasma membranes of S. cereuisiae (3).
Fig. 3 shows the effects of various cations onMg2'-ATPase.
The activity was not affected by Kf or Na+ (datanot shown),
but was inhibited strongly by Cu2+ and Zn2+ ions. These
cations inhibited the activity noncompetitively; the KlI2values
of inhibition by Cu2+ andZn2+ions were determined as less
,
Ca2+and NH,' ions
than 10 p~ and about20 p ~respectively.
stimulated the activity at concentrations of more than 0.1 mM.
We are now investigating these stimulating effects with respect to energy coupling of active cation transport by the
vesicles.
The activity was inhibited by DCCD and the K m value of
inhibition was determined as 6 p~ (0.15 pmolof DCCD/mg of
membrane protein) (Fig. 4). However, unlike the H+-translo-

a

ATP

c

SF6847

4

FIG. 5. ATP-dependent change in fluorescence quenching of
quinacrine. Reactions were carried out as described under "Materials and Methods." Additions were made where indicated by arrows
at the following final concentrations:a, 0.5 mM ATP; b, 0.5 mM ADP;
c, vacuolar membrane vesicles were treated with 0.1 mM DCCD for
20 min at 25 "Cbefore addition of 0.5 mM ATP.

of S. cerevisiae Vacuole

20

*\SF6847

10 1

0

25
50
Fraction number

L

75

FIG. 6. ATP-dependent uptake of ['4C]methylamine and ["C]
KSCN by vacuolar membrane vesicles from strain X2180lA(p-). Reactions werecarriedoutby
flow-dialysis as described

under"Materialsand Methods." ATP (4 mM) and $F6847 (5 p ~ )
wereadded as indicated by arrows. a, ['4C]metby&nine; b, ["C]
KSCN.

cating ATPase of submitochondrial particles from S. cereuisiae (21, the Mg2'-ATPase of the vacuoles was not inhibited
by sodium azide and was in fact stimulated at concentrations
of more than 1mM sodium azide, probably due to itsuncoupler
effect (23). Sodium vanadate, which is reported to be an
inhibitor of Mg2'-ATPase in the plasma membranes of S.
cereuiszae (3), did not inhibit the activity noticeably (Fig. 4).
Evidence that Mg2"ATPase of Vacuoles is W-Translocating ATPase-The Mg2+-ATPase activities of intact vacuoles and vacuolar membrane vesicles were stimulated 3- and
1.5-fold, respectively, by the protonophore uncoupler SF6847
(24,25) and theK+/H+ antiporter ionophore nigericin (Table
V), indicating that these reagents decreased the proton gradient formed by ATP hydrolysis. Valinomycin had no effect
on the activities.
ATP hydrolysis-dependent formation of a proton gradient
was directly demonstrated by recording the change in quenching of quinacrine fluorescence. The fluorescence signal of
quinacrine was quenched by incubating the vacuolar membrane vesicles from strain X2180-1A ( p - ) with ATP, reflecting
uptake of protons and formation of ApH (Fig. 5). These results
c o n f m those on the quenching of 9-aminoacridine fluorescence reported previously (l), and indicate that the uptakeof
protons is coupled with ATP hydrolysis by Mg2+-ATPase.
ATP-dependent alkalinization of reaction mixture containing
vesicles and ATP in 2 mM glycylglycine buffer, pH 6.3, was
also observed with a pH electrode (data not shown).
The electrochemical potential difference of protons across
the vacuolar membrane generated upon ATP hydrolysis was
determined quantitatively by the flow-dialysis method with
['4C]methylamine for measuring the formation ofApH and
with [14C]KSCNfor measuring the membrane potential (Fig.
6). The AjiW thus calculated (16) was 180 mV, with contribution of 1.7 pHunits,interior
acid, and of amembrane
potential of 75 mV, interior positive.
DISCUSSION

The fist half of this paper describes biochemical criteria
for the preparations of intact vacuoles and vacuolar membrane

H'-translocating ATPase of S. cerevisiae Vacuole
vesicles according to themarker concept of cellular organelles
of de Duve (26). Our results indicate that intact vacuoles,
which had high a-mannosidase activity and were virtually free
from other cellular organelles, were obtained reproducibly,
judging by the recovery of marker enzymes (Tables I and 11),
and that they were converted to right-side-out vesicles (1)
with high recovery of a-mannosidase and Mg2+-ATPaseby
brief hypotonical treatment and centrifugation (Table I11 and
Scheme 1).
We found a new Mg2'-ATPase in the vacuolar membranes
and concluded that itis an importantmarker enzyme of these
organelles. The characteristic properties of the enzyme are
summarized in Table VI in comparison with those of mitochondrial and plasma membrane Mg"-ATPase of S. cereuisiae. It is clear that vacuolar membrane ATPase differs from
the mitochondrial enzyme in its pH optimum and sensitivities
to oligomycin, sodium azide, and CU'+ ion. In addition, the
vacuolar membrane enzyme is not inhibited at all by ADP. It
also differs from the plasma membrane enzyme (3) with
respect of its pHoptimum, K , value for ATP, and sensitivity
to sodium vanadate.
We obtained evidence that the vacuolar membrane Mg'+ATPase is characterized as a H+-translocating ATPase and
generates an electrochemical potential difference of protons
of 180 mV, interior acid, across the membrane (Table V and
Figs. 5 and 6). A good correlation wasfound between the
TABLEVI
Properties of various Mp2+-ATPasesin S. cerevisiae
Vacuolar
ATPase"

pH optimum (pH)
K,,, for ATP (mM)
Inhibitor (mM)
None
Vanadate
(0.05)
DCCD
(0.1)
Oligomycin
(0.1)
Azide
(0.5)
CUClZ
(0.01)
Inhibition by ADP
H' Translocation

7.0
0.2

Mitochondrial Plasma memATPaseh
brane ATPase

9.5
0.3

5.5'
1.7'

100

100

100

98

101

11'

21

27

-d

65

18

-d

102

23

-rf

18
103
No
Yes
Yes
Yes
Vacuolar membrane vesicles were used for assays.
Submitochondrial particles were used for assays.
Data from G . R. Willsky (Ref. 3).
Not tested.

-d

-d
-d
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extents of inhibition of Mg2'-ATPase activity by DCCD and
Cu2' ion and of arginine uptake by the vesicles (1).These
facts indicate that the enzyme is a fundamental energy-donating system for various specific antiporters for amino acids
(1) and Ca'+ion' in the vacuolar membrane. The proteinchemical properties of the enzyme are under investigation in
our laboratory.
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