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1. The specific activity of mitochondrial ATPase (adenosine triphosphatase) in extracts of
Schizosaccharomycespombe decreased 2.5-fold as the glucose concentration in the growth
medium decreased from 50mM to 15mm. 2. During the late exponential phase of growth,
ATPase activity doubled. 3. Sensitivity to oligomycin and Dio-9 as measured by values
for 15o (pug ofinhibitor/mg ofprotein giving 50% inhibition) at pH 6.8 increased sixfold and
ninefold respectively during the initial decrease in ATPase activity, and this degree of
sensitivity was maintained for the remainder of the growth cycle. 4. Increased sensitivity
to NN'-dicyclohexylcarbodi-imide, triethyltin and venturicidin was also observed during
the early stage of glucose de-repression. 5. Smaller increases in sensitivity to efrapeptin,
aurovertin, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole, quercetin and spegazzinine also
occurred. 6. The ATPase of glycerol-grown cells was less sensitive to inhibitors than-that
of glucose-repressed cells; change in values for I50 were not so marked during the growth
cycle of cells growing with glycerol. 7. When submitochondrial particles from
glycerol-grown cells were treated by passage through Sephadex G-50, a fourfold increase
in activity was accompanied by increased inhibitor resistance. 8. Gel filtration of submito-
chondrial particles from glucose-de-repressed cells gave similar results, whereas loss of
ATPase occurred in submitochondrial particles from glucose-repressed cells. 9. It is
proposed that alterations in sensitivity to inhibitors at different stages of glucose de-
repression may be partly controlled by a naturally occurring inhibitor ofATPase. 10. The
inhibitors tested may be classified into two groups on the basis of alterations of sensitivity
of the ATPase during physiological modification: (a) oligomycin, Dio-9, NN'-dicyclo-
hexylcarbodi-imide, venturicidin and triethyltin, and (b) efrapeptin, aurovertin, 7-chloro-
4-nitrobenzo-2-oxa-1,3-diazole, quercetin and spegazzimne.

The mitochondrial ATPase* of the fission yeast
Schizosaccharomyces pombe (Goffeau et al., 1972,
1973; Landry & Goffeau, 1972) has similar properties
to the mammalian enzyme complex and to that from
Saccharomyces cerevisiae (Kagawa & Racker, 1966;
Schatz et al., 1967; Tzagoloff & Meagher, 1971). The
ATPase of glycerol-grown S. pombe was present at
twice the activity of that of glucose-grown cells, and
differences in stoicheiometry of the five subunit poly-
peptides of the soluble ATPases (F1-ATPases) from
glucose- and glycerol-grown cells were evident on
sodium dodecyl sulphate/polyacrylamide-gel electro-
phoresis (Goffeau et al., 1973).

Gel filtration of submitochondrial particles from
ox heart results in activation of ATPase (Racker &
Horstman, 1967); a similar effect has been shown for
particles from baker's yeast (Tzagoloff, 1969), but
only when the cells were grown under conditions of

* Abbreviations: ATPase, adenosine triphosphatase;
Nbd-CI, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole.
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glucose de-repression. An ATPase inhibitor has been
characterized in mitochondria from Candida utilis;
purification and amino acid analysis of this peptide
(Satre et al., 1975) indicates that it is different from
the analogous peptide from ox heart (Pullman &
Monroy, 1963; Brooks & Senior, 1971). When C.
utilis is grown in the presence of high concentrations
of a fermentable substrate the activity of the ATPase-
inhibitor peptide is markedly decreased (Satre et al.,

1975).
S. pombe has a more fermentative pattern of meta-

bolism than that of C. utilis (Lloyd, 1974). Glucose
de-repression of some mitochondrial activities in the
fission yeast (e.g. succinate dehydrogenase) occurs
during exponential growth on glucose when the con-
centration of the carbon source falls to below 35mM;
cytochrome c oxidase is de-repressed at 15 mM-glucose
(Poole & Lloyd, 1973). The catabolite de-repressed
state may also be studied in glycerol-grown cells
(Poole & Lloyd, 1974). In the present study we
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report that complex changes in specific activities of
mitochondrial ATPase, and in its sensitivity to nine
different inhibitors, occur during glucose de-repres-
sionandare correlated with the activity of a naturally
occurring ATPase inhibitor. The changing responses
to inhibitors also provide an insight into the probable
sites of inhibitor action within the mitochondrial
ATP synthetase complex.

Experimental

Maintenance, growth and harvesting ofthe organism

S.pombe 972h- was maintained on 3% (w/v) malt-
extract agar and grown with forced aeration in
minimal media containing either 1 % glucose or 1%
glycerol, exactly as described previously (Poole et al.,
1973; Poole & Lloyd, 1974). Organisms were counted
in a Thoma haemocytometer slide (Hawkesley,
Lancing, Sussex, U.K.). Harvesting ofcultures was at
4°C by acceleration to 6000rev./min followed by
immediate deceleration in the 6 x 250ml rotor of an
MSE 18 centrifuge. Organisms were washed once by
resuspending in 50mM-Tris/H2SO4 buffer (pH 8.6)
and then repeating the harvesting procedure.

Preparation of cell-free extracts

Disruption of organisms in 50mM-Tris/H2SO4
buffer, pH8.6, was by one slow passage through a
chilled French press (Milner et al., 1950) at 107MPa
(156001b/in2). The resulting suspension was centri-
fuged at 4000rev./min (200g; ra,. 7.6cm) for 5min in
the 16 x 15ml rotor ofan MSE 18 centrifuge to remove
unbroken cells and cell-wall fragments; the super-
natant (termed the 'cell-free extract') was decanted,
care being taken to avoid disturbance of the lower
layers.

Preparation ofsubmitochondrial particles

Cell-free extracts were centrifuged at 18000rev./
min (38000g; ra,. 7.6cm) for 20min in the 8 x 50ml
rotor of an MSE centrifuge to sediment mitochond-
rial fragments. After resuspension of the pellets in
5vol. of disruption buffer, treatment for 15s with
ultrasound (20kHz, 500W MSE sonicator, power
setting 5) gave a suspension of submitochondrial
particles.

Gel filtration ofsubmitochondrial particles

Gel filtration of submitochondrial particles was on
a Sephadex G-50 column (0.9cm x 15 cm). Elution
was with 50mM-Tris/H2SO4 buffer; the particles were
eluted in the void volume (3.6ml).

Enzyme assays

ATPase (EC 3.6.1.3) was assayed by two methods.
(a) Proton release was measured on adding extract
to a stirred medium containing 10mM-Tris/H2SO4
buffer, 4mM-ATP and 6mM-MgSO4, at pH8.6 or at
6.8. A trace of carbonic anhydrase prevented drift
of pH caused by absorption of atmospheric CO2.
An EIL combination pH-electrode connected to a
Pye model 79 pH-meter monitored the decreasing
pH in the reaction mixture (2.0ml total volume).
The output of the pH-meter was connected via an
amplifier to a 5OmV potentiometric recorder.
Calibration was by adding known volumes of 100mM-
HCI. (b) Extract was incubated in a medium contain-
ing 5OmM-Tris/H2SO4 buffer, 4mM-ATP and 6mM-
MgSO4 at pH 8.6 or at 6.8 in a total volume of 1 ml.
After the reaction was stopped by addition of 0.1 ml
of 50% (w/v) trichloroacetic acid, the protein precipi-
tate was centrifuged off at 10g-min, and supernatant
was assayed for Pi by the method of Fiske & Subba-
Row (1925). Corrections for enzyme and substrate
blanks were done as a routine.

All enzyme assays were performed within 6h of
preparation of the extracts. Enzyme units are ex-
pressed as nmol of product formed/min at 30°C.

Other determinations

Protein. Protein was measured by the method of
Lowry et al. (1951), with bovine serum albumin as
standard.

Glucose. Glucose was determined by using Sigma
kit 510.

Chemicals

ATP, carbonic anhydrase and quercetin (3,3',4',5,7-
pentahydroxyflavone) were from Sigma (London)
Chemical Co. Ltd., Norbiton Station Yard, Kingston-
upon-Thames, Surrey, U.K. Bovine serum albumin
was from Armour Pharmaceutical Co., Eastbourne,
Sussex, U.K. Sephadex G-50 was from Pharmacia
Fine Chemicals, Uppsala, Sweden. NN'-Dicyclo-
hexylcarbodi-imide and venturicidin were from
British Drug Houses, Poole, Dorset, U.K.; this
venturicidin is probably an approx. 4:1 mixture of
venturicidin A and B. Oligomycin used was from
Sigma and is a 17:3 mixture of oligomycin B and
oligomycin A. Dio-9 was from Koninklijke Neder-
landsche Gist and Spiritus fabriek, Delft, The
Netherlands. A solution of Dio-9 containing 1 mg/ml
gives a AE303_400 - 0.1 (Guillory, 1964); on this
basis the commercial product was found to be only
40% pure. Nbd-Cl (7-chloro-4-nitrobenzo-2-oxa-1,3-
diazole) was from Aldrich Chemical Co., Wembley,
Middx., U.K. Triethyltin sulphate, efrapeptin (anti-
biotic A23871) and aurovertin were gifts from Dr.
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D. E. Griffiths and Dr. T. G. Cartledge, Department
of Molecular Sciences, University of Warwick,
Coventry, U.K. Spegazzinine, a dihydroindole alka-
loid, was a gift from the Division de Quimica Org'anica
Superior, Facultad de Ciencias Exactas, Universidad
Nacional de la Plata, La Plata, Argentina. All
inhibitors were dissolved in dimethylformamide.

Results

Effect ofpH on ATPase activity

ATPase assays performed at various pH values by
using a cell-free extract of glucose-grown cells indi-
cated the presence of three distinct pH optima. At the
lowest of these (pH 6.2), little or no oligomycin-sensi-
tivity was observed; that this enzyme activity is non-
mitochondrial has been confirmed by Delhez &
Goffeau (1975). The optima at both pH6.8 and 8.6 are
due to oligomycin-sensitive ATPase, and these were
the pH values used in all further work.

Changes in ATPase activity and inhibitor-sensitivities
during growth in the presence ofglucose

In a medium that initially contained 1 % glucose,
exponential growth continued until a stationary-
phase population (6.5 x107 cells/ml) was attained
(Fig. la). The mean generation time was 2.65h
throughout the period of exponential growth. Total
protein in the culture closely paralleled cellular
growth and reached a maximum in the stationary
phase of growth of 0.4mg/ml. Glucose, the limiting
nutrient in these cultures, was utilized rapidly until
18h after inoculation, when the growth rate began to
decline. At this stage the cells become glucose-
de-repressed; the actual glucose concentration at
which catabolite de-repression for different enzymes
occurs shows considerable variation (Poole & Lloyd,
1973; Lloyd, 1974). Comparison ofchanges in ATPase
activity (Fig. lb and 1c) with those previously ob-
served for cytochrome c oxidase, succinate dehydro-
genase and malate dehydrogenase (Poole & Lloyd,
1973) indicates that the control of activity of this
enzyme is more complex. At both pH6.8 and 8.6
ATPase activity is high in the presence of repressing
concentrations of glucose. As growth proceeds and
glucose is utilized, ATPase activity declines. An
increase in specific enzyme activity then occurs,
perhaps owing to glucose de-repression of the bio-
synthesis of the enzyme complex, followed by a tran-
sient decrease as the growth rate falls and the cells
enter the stationary phase of growth. Resolution of
the total ATPase into its oligomycin- and Dio-9-
sensitive and -insensitive components indicates that
at both pH values the changes in total ATPase are
closely similar to those seen for the inhibitor-sensitive
enzyme. The most pronounced discrepancy between
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Fig. 1. Changes in cell population, glucose andprotein con-
centrations in the medium and specific activities ofATPase
in cell-free extractsfrom S. pombe duringgrowth in glucose-

containing medium

(a) Cell concentration (cells/ml; 0), glucose concentration
(A) and protein concentration in the medium (a). (b)
Total ATPase (-), oligomycin-sensitive ATPase (o),
Dio-9-sensitive ATPase (A), oligomycin-insensitive ATP-
ase (oL) and Dio-9-insensitive ATPase (A) all measured by
the proton-release method at pH 8.6. (c) Total ATPase (A),
oligomycin-sensitive ATPase (o), Dio-9-sensitive ATPase
(A), oligomycin-insensitive ATPase (L) and Dio-9-
insensitive ATPase (U), all measured by proton-release
method at pH6.8. The enzyme activities are all expressed
as specific activities (nmol/min per mg of protein). Inhibi-
tion data were corrected for the small degree of inhibition
(<11%Y) produced by dimethylformamide.

the effects of these two inhibitors is in the glucose-
repressed organisms after 14h of growth. Changes in
activities of the inhibitor-insensitive components
were less pronounced (Figs. lb and Ic); although an
initial decrease in activity was evident between 14
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Fig. 2. Changes in sensitivity to oligomycin and Dio-9 of
ATPase in extractsfrom S. pombe diringgrowth in glucose-

containing medium
Values are shown for I50 (pg/mg of protein) for oligomycin
at pH6.8 (e) and at pH8.6 (o) and for Dio-9 at pH6.8 (A),
and at pH8.6 (A). Inhibition was corrected for the small
degree of inhibition (<11%) produced by dimethylform-
amide.

and 15h, no clear glucose-de-repression effect was
observed.
Measurement of amounts of inhibitors necessary

to produce 50% inhibition (I5o values) indicates a
marked decrease in inhibitor resistance between the
glucose-repressed and -de-repressed conditions at
both pH values (Fig. 2). Thus oligomycin-sensitivity
increased sixfold, whereas Dio-9-sensitivity increased
up to ninefold atpH 6.8. The most marked increases in
sensitivity to both inhibitors occurred before the
glucose concentration in the medium decreased to
15mM, i.e. at glucose concentrations still high
enough to repress many mitochondrial oxidative
activities (Poole & Lloyd, 1973).
Table 1 summarizes the I5o values obtained for ten

different inhibitors of mitochondrial ATPase. At
both pH values used, between 70 and 100% of the
total ATPase activity of the cell-free extracts may be
inhibited at high inhibitor concentrations, and in
most cases pronounced differences in the proportions
of inhibitor-insensitive activity between glucose-
repressed and de-repressed cells are not evident.
However, some alteration in this respect is with Dio-9
or triethyltin at pH8.6 and efrapeptin at pH 6.8,
where inhibition ofthe ATPase of extracts of glucose-
de-repressed cells was more complete. A wide range
of values for I5o is indicated, e.g. at pH6.8 in extracts
of glucose-repressed cells ATPase was on a molar
basis, approx. 1600-fold more resistant to NN'-
dicyclohexylcarbodi-imide than to venturicidin. The
values for I5o of all inhibitors tested were less in ex-
tracts of glucose-de-repressed cells than in those pre-

Table 1. Valuesfor Io ofinhibitors ofmitochondrialATPase in extracts ofglucose-repressedandglucose-de-repressed S.pombe
andthepercentage oftotalATPase activity which was inhibitor-sensitive

Glucose-repressed cells were harvested at a concentration of 1.8 x 107 cells/ml, and glucose-de-repessed cells at a concentra-
tion of 4.2x 107 cells/ml. Titration curves for each inhibitor were obtained by adding small known volumes of inhibitor
solutions (in dimethylformamide) to the ATPase reaction mixture (proton-release method). After correction for inhibition
by solvent at each addition, values for I50 were calculated and expressed as pg of inhibitor/mg of protein necessary to give
50% inhibition. Total inhibitor-sensitive ATPase was determined by addition of excess of inhibitor and is expressed as a
percentage of total ATPase.

ATPase in extracts of

Glucose-repressed cells Glucose-de-repressed cells

Inhibitor
Oligomycin
NN'-Dicyclohexylcarbodi-imide
Triethyltin
Venturicidin
Dio-9
Efrapeptin
Aurovertin
Nbd-Cl
Quercetin
Spegazzinine

at pH6.8

Maximum
inhibition

I50 (%)
5.0 70
9.2 90
0.065 90
0.021 70
8.7 55
0.02 46
0.80 95
0.80 100
1.80 95

18.5 90

at pH8.6
..1

Maximum
inhibition

I50 (%)
3.4 75
8.5 90
0.058 55
0.028 60
5.2 30
0.018 73
0.75 65
2.8 55
4.9 90

18.5 80

at pH6.8

Maximum
inhibition

I50 (%/)
0.8 80
2.7 80
0.012 90
0.004 90
0.90 75
0.018 80
0.85 90
2.7 80
3.4 71

24.0 90

at pH8.6

Maximum
inhibition

I50 (%)
0.6 80
2.5 80
0.020 80
0.008 71
1.20 80
0.011 75
0.45 58
2.0 55
4.4 90
12.5 90
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Table 2. Changes in values of150 for inhibitors ofmitochondrial ATPase ofS. pombe in cell-free extracts ofglucose-repressed
andde-repressed cells

Values were calculated from the data shown in Table 1.

Ratio Iso at pH6.8
150at pH8.6

for ATPase in extracts of

Inhibitor
Oligomycin
NN'-Dicyclohexylcarbodi-imide
Triethyltin
Venturicidin
Dio-9
Efrapeptin
Aurovertin
Nbd-Cl
Quereetin
Spegazzinine

Glucose-repressed Glucose-de-repressed Ratio '50 at pH8.6 (glucose-repressed)
cells cells 0Ii at pH8.6 (glucose-de-repressed)
1.47 1.34 5.67
1.08 1.08 3.40
1.12 0.60 2.90
0.75 0.50 3.50
1.67 0.75 4.34
1.11 1.64 1.64
1.06 1.89 1.66
0.29 1.35 1.40
0.36 0.77 1.11
1.0 1.92 1.48

pared from glucose-repressed cells. Two classes of
inhibitors can be distinguished on the basis of the
extent of decreased '50 values during this transition
(Table 2); oligomycin, NN'-dicyclohexylcarbodi-
imide, triethyltin, venturicidin and Dio-9 all show a
decrease greater than 2.9-fold, whereas efrapeptin,
aurovertin, Nbd-CI, quercetin and spegazzinine
show a less than 1.66-fold change. A similar classi-
fication of inhibitors is evident on examination of
the change in ratio I50 (pH 6.8)/I50 (pH 8.6) between
ATPase of glucose-repressed and de-repressed cells
(Table 2). This ratio declines for oligomycin, triethyl-
tin, venturicidin and Dio-9; for NN'-dicyclohexyl-
carbodi-imide it remains constant, but increases for
efrapeptin, aurovertin, Nbd-Cl and quercetin and
spegazzinine.

Changes in ATPase activity and inhibitor-sensitivities
during growth in the presence ofglycerol

Exponential growth in the presence of glycerol con-
tinued until a stationary-phase population (7 x 107
cells/ml) was attained (Fig. 3a); the mean generation
time was 5h throughout. Previous work has shown
that the glycerol is still present (concn. approx. 40mM)
when growth ceases (Poole & Lloyd, 1974). The
specific activity of ATPase is high in the mid-
exponential growth phase, about twice that ofglucose-
grown cells at the same stage (Fig. 3b and 3c). A tran-
sient decrease in specific activity is followed in the
late exponential growth phase by a maximum, and
then the activity declines as the growth rate falls. As
the cells progress from exponential growth into the
stationary phase of growth, increased inhibitor-
sensitivity (as reflected by decreased values for Iso)
was observed for oligomycin, Dio-9, efrapeptin and
Nbd-Cl, whereas decreased inhibitor-sensitivity was
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observed for all five of the other inhibitors tested
(Table 3). However, in general the ATPase ofglycerol-
grown cells is more inhibitor-resistant at all stages of
growth than even the most inhibitor-resistant ATPase
from glucose-grown cells, i.e. that from glucose-
repressed cells; the only exceptions to this were for
efrapeptin and triethyltin.

Gelfiltration of submitochondrial particles

Table 4 shows the effects of gel filtration of sub-
mitochondrial particles on ATPase activity and
inhibitor-sensitivity. Whereas particles from glucose-
repressed cells show decreased ATPase activity,
those from cells in the early stage of glucose de-
repression and from glycerol-grown cells show
marked increases in activity accompanied by de-
creased sensitivity to oligomycin, aurovertin and
Dio-9.

Discussion

Glucose de-repression of mitochondrial ATPase in
S. pombe occurs in two distinct phases. The initial
stage occurs at a higher glucose concentration than
that previously shown to de-repress mitochondrial
oxidative activities (Poole & Lloyd, 1973), and in-
volves both a decrease in activity and an increase in
inhibitor-sensitivity. Gel filtration of submito-
chondrial particles indicates that the action of a
natural inhibitor of ATPase activity becomes mani-
fest during this growth phase. These changes are
followed by a second phase of glucose de-repression
which leads to increased enzyme activity but little
alteration in inhibitor-sensitivity.
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Fig. 3. Changes in cell population and specific activities of
ATPase in cell-free extracts from S. pombe during growth

in glycerol-containing medium
(a) Cell concentration (cells/ml). (b) Total ATPase (e),
oligomycin-sensitive ATPase (o), Dio-9-sensitive ATPase
(A), oligomycin-insensitive ATPase (O) and Dio-9-
insensitive ATPase (U), all at pH8.6. (c) Total ATPase (A),
oligomycin-sensitive ATPase (0), Dio-9-sensitive ATPase
(A), oligomycin-insensitive ATPase (O) and Dio-9-
insensitive ATPase (U), all at pH6.8. Inhibition data were
corrected for the small degree of inhibition (<11%)
produced by dimethylformamide. The enzyme activities
are expressed as specific activities (nmol/min per mg of
protein).

The mechanism of action of inhibitors used in
studies of mitochondrial energy-conservation reac-
tions and the exact location of inhibitor-binding
sites within the ATP synthetase complex has not been
elucidated. Oligomycin inhibits the terminal phos-
phate transfer that occurs during oxidative phos-
phorylation; it also inhibits ATPase in submito-
chondrial particles and in purified preparations of
oligomycin-sensitive ATPase but not the activity of
F1-ATPase (Lardy et al., 1964). The locus of the site
of action of oligomycin is assumed to be at one or
more of the four hydrophobic subunits which
comprise the membrane factor of the oligomycin-
sensitive ATPase. Other inhibitors acting on the
membrane factor include venturicidin (Walter et al.,
1967), NN'-dicyclohexylcarbodi-imide (Bulos &
Racker, 1968; Beechey et al., 1967) and trialkyltin
salts (Kagawa & Racker, 1966; Williamson &
Metcalf, 1967; Stockdale et al., 1970). Differences in
the genetic loci determining resistance of mutants of
Sacc. cerevisiae to these inhibitors suggest strongly
that the inhibitor-binding sites for oligomycin are
associated with two or possibly three of the mito-
chondrially synthesized subunits of the membrane
factor (Avner & Griffiths, 1973; Griffiths &
Houghton, 1974). Two independent cistrons located
on mitochondrial DNA are involved in venturicidin
resistance; one of these also determines an oligo-
mycin-sensitivity site and the other is a determinant
of a triethyltin-sensitivity site (Lancashire &
Griffiths, 1975; Griffiths et al., 1975). The reaction of
NN'-dicyclohexylcarbodi-imide with yeast submito-
chondrial particles is not identical with that in mam-
malian systems, as in the yeast system the inhibitor
does not become covalently bound (D. E. Griffiths,
personal communication). Dio-9 and aurovertin
inhibitFl-ATPase(Lardy et al., 1964; Roberton et al.,
1967; Slater & Ter Welle, 1969; Chang & Penefsky,
1973), as do efrapeptin (Lardy et al., 1975), Nbd-Cl
(Ferguson et al., 1974), quercetin (Lang & Racker,
1974) and spegazzinine (Roveri & Vallejos, 1974).
Thus the site(s) of action of these five inhibitors is
quite different from the other four inhibitors used in
this study.
The transition from the glucose-repressed to the

glucose-de-repressed state is accompanied by large
increases in sensitivity to oligomycin, NN'-dicyclo-
hexylcarbodi-imide, triethyltin, venturicidin and
Dio-9, but only small increases in sensitivity to the
other four inhibitors. A similar sorting into two
groups is evident on comparison of the changes in
ratios of 150 at the two pH values between repressed
and de-repressed states. Thus on the basis of previous
evidence the behaviour of Dio-9 is unexpected; the
present results suggest that it is acting more like those
inhibitors that bind to the membrane factor rather
than those reacting with F1-ATPase itself. Previous
work suggests that the action of Dio-9 in yeast may
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Table 3. Valuesfor I50 for inhibitors ofmitochondrialATPase in cell-free extracts ofglycerol-grown S. pombe and comparison
with thosefor glucose-repressed cells

Glycerol-grown cells were harvested at concentrations of 2.6 x 107 cells/ml (mid-exponential phase of growth) and at
8 x 107 cells/mi (stationary phase of growth). Inhibitor-sensitivities were determined as in Table 1.

ATPase (pH 8.6) in extracts of glycerol
grown cells from

Inhibitor
Oligomycin
NN'-Dicyclohexylcarbodi-imide
Triethyltin
Venturicidin
Dio-9
Efrapeptin
Aurovertin
Nbd-Cl
Quercetin

Mid-exponential
phase

Maximum
I5o inhibition
(A) (%)

14.0 67
11.0 90
0.048 80
0.04 80

20.0 67
0.017 80
2.0 68
10.0 80
5.7 85

Stationary phase

Iso
(B)
5.0

26.0
0.044
0.057
5.0
0.010
12.50
6.70

13.20

Maximum
inhibition

45
70
90
95
95
95
70
70
50

Ratio
A/B
2.8
0.42
1.09
0.70
4.0
1.7
0.16
1.5
0.43

Ratio 150 (A)aio (pH8.6) (glucose-
de-repressed)
23.3
4.4
2.4
5.0

16.6
1.5
4.4
5.0
1.3

Table 4. Changes in specific activities and inhibitor-sensitivities of ATPase in submitochondrial particles from glucose- and
glycerol-grown S. pombe on treatment with Sephadex G-50
Details ofgel filtration are given in the Experimental section.

ATPase in submitochondrial particles
from cells grown with ... Glucose Glycerol

Harvested at a cell population of ...

Sephadex G-50 treatment

2.2 x 107
cells/ml

"I

Specific activity (nmol/min per mg of protein) 2546 1935
Iso (,pg of inhibitor/mg of protein) for

Oligomycin 3.2 5.0
Efrapeptin 0.42 0.14
Aurovertin 3.4 6.0
Dio-9 53.0 15.3

2.7x107
cells/ml

975 1+
975 1450

4.2x 107
cells/ml

129 8+
1295 880

4.5 4.8 2.2
0.26 0.28 0.28
4.1 9.5 7.8
22.0 30.0 22.0

2.6x107
cells/ml

240 9+
240 950

3.8 6.4 12.5
0.33 0.01 0.19
11.5 7.0 12.0
30.0 37.0 60.0

be different from that on heart F1-ATPase (Schatz
et al., 1967).

Increased sensitivity to inhibition of the ATPase
of submitochondrial particles after glucose de-re-
pression accompanies the binding ofa natural ATPase
inhibitor to the ATP synthetase complex and may be
reversed by gel filtration of the particles. Binding of
the natural inhibitor produced only a small increase in
sensitivity to those inhibitors that bind to F1-ATPase,
but a large increase in sensitivity to those reacting
with the membrane factor. The functions of the
natural inhibitor may be similar to those proposed
for the Fl-ATPase-inhibitor peptide characterized
from mammalian sources (Asami et al., 1970; Racker
& Horstman, 1972; Van de Stadt et al., 1973), i.e. to
control ATP-driven functions? to control ATPaqe
Vol. 16Q

activity in response to substrate oxidation rates and
ATP/ADP ratios, or to prevent undesirable hydro-
lysis of ATP. The present system is ideal for further
investigations of these alternatives.
The low sensitivity of mitochondrial ATPase in

glycerol-grown cells to all the inhibitors studied
requires further study. The marked differences be-
tween this ATPase and the enzyme in glucose-grown
cells with respect to all the inhibitors other than ven-
turicidin and triethyltin may arise in at least four
different ways: (a) modifications of subunit structure
or subunit complement of the ATP synthetase;
(b) altered conformation of the complex or of the
inner mitochondrial membrane; (c) the presence of
compounds non-specifically adsorbing or inactivating
the inhibitors, (d) alteration of the gross composition
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of the inner mitochondrial membrane with respect to
sterol and/or fatty acid composition. The last alterna-
tive seems unlikely, in viewv of the findings of Watson
eta. (1975). The extent of changes in inhibitor-sensi-
tivities ofthe ATPase ofthe wild-type organism under
different physiological conditions of growth suggest
possible non-specific mechanisms for increased
inhibitor resistances in mutants that have been des-
cribed [see Lloyd (1974) for a short review] and
emphasize the necessity for defining growth condi-
tions when ATPase preparations from these mutant
organisms are characterized.
We acknowledge the technical assistance of Mrs. L.

John and helpful discussions with Dr. D. E. Griffiths and
Dr. T. G. Cartledge.
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