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Membrane-bound ATPase of a thermoacidophilic archaebacterium, Sulfolobus
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The membranes of Sulfolobus, a thermoacidophilic archaebacterium showed two types of ATP hydrolyzing
activity. One was that of a neutral ATPase at an optimum pH around 6.5. This enzyme was activated by 10
mM sulfate with a shift of optimum pH to 5. In these respects, the enzyme was similar to membrane-bound
ATPase of Thermoplasma, another thermoacidophilic archaebacterium, reported by Searcy and Whatley
((1982) Zbl. Bakt. Hyg., L. Abt. Orig. C3, 245-257). The enzyme hydrolyzed ATP and other NTPs, but not
ADP or AMP. It was highly thermostable, but irreversibly inactivated in 0.1 M HCI. The other activity was
that of an acidic apyrase at an optimum pH around 2.5. This enzyme was extremely stable toward high
temperature and acid and inhibited by sulfate. Both of these ATP hydrolyzing enzymes were resistant to
N, N'’-dicyclohexylcarbodiimide (DCCD), azide, oligomycin, N’-ethylmaleimide, p-chloromercuribenzoate,
orthovanadate, or ouabain. Sulfolobus ATPases differ from F; and other transport ATPases so far described.

Introduction

Sulfolobus acidocaldarius, a thermoacidophilic
archaebacterium found in hot-acid springs, grows
optimally at pH 2-3, 70°C [1]. The organism is a
facultative chemoautotroph oxidizing elemental
sulfur to sulfate [1,2] and can grow heterotrophi-
cally on nutrient medium [1). Although Sulfolobus
resembles Thiobacillus in its sulfur metabolism, it
was classed as archaebacteria since it contains
characteristic 16S rRNA [3] and its membrane
lipid is the glycerol-ether type {4,5].
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Archaebacteria are of interest from the stand
point of the possible position they occupy in early
biological evolution. In recent years, thermo-
acidophilic, methanogenic, halophilic and
anaerobic thermophilic archaebacteria have been
extensively studied. The results of certain studies
suggest that the organism may have derived di-
rectly from a primitive life {6]. Still other studies
provide an attractive hypothesis that, phylogeni-
cally, they are related more to eukaryote than to
other prokaryotes, and possibly to primitive
eukaryotes [7-10]. Thus, the phylogeny of these
archaebacteria is a topic of current studies.

Membrane-bound ATPase is of interest for its
evolutional biochemical significance and energy
transduction [11] of archaebacteria. The mem-
brane ATPase of Methanobacterium has been
found to resemble eubacterial ATPase (F,F;)
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[12-14]. Searcy and Whatley [15] reported the
membrane ATPase of Thermoplasma, a thermo-
acidophilic archaebacterium, to be sulfate depen-
dent and different from F,F,, (Na®+ K*)-ATPase,
and Ca’*-ATPase.

In the present study, the Sulfolobus membrane
was found to have an ATPase quite similar to that
in Thermoplasma. Another ATP-hydrolyzing en-
zyme in the Sulfolobus membrane occurred at an
optimal pH around 2.5. Characterization of these
two (acid and neutral) ATP-hydrolyzing enzymes
in Sulfolobus membrane is presented.

Materials and Methods

Culture

The thermoacidophilic archaebacterium in this
study was isolated from an acidic spa in Beppu
Hot Springs, Japan. The isolate was able to grow
autotrophically on elemental sulfur. The isolate
lacked a peptide-glycan cell wall, but had a pro-
teinacious outer layer [16]. The membrane con-
sisted of C,-tetraether lipids. The isolate was
named Sulfolobus acidocaldarius strain 7.

The organism was grown at 75°C, as described
in Ref. 16. Cells were collected and washed with
50 mM NacCl until the washings was colorless and
were stored frozen at —20°C.

Preparation of cellular fractions

The frozen cells were thawed and incubated in
50 mM Tris-HCI (pH 7.5) with a small amount of
DNAase and RNAase, at 37°C for 1 h. This was
followed by a second freezing and thawing. The
cell suspension was centrifuged at 5000 X g for 10
min. The resuiting heavily turbid supernatant was
further centrifuged at 15000 X g for 60 min. The
pellet thus obtained was suspended 'in 50 mM
Tris-HCl and centrifuged at 15000 X g for 60 min.
This procedure was repeated several times until
the supernatant was colorless. The supernatant
and pellet from the 15000 X g centrifugation were
designated S, and P, respectively. P, was washed
with 0.5 M KCI by centrifugation several times
until its washings were nearly free from protein.
The resultant supernatant and pellet were de-
sinated P, and S,, respectively. S, and S, were
dialyzed against 25 mM Tris-HC! (pH 7.0). P, and
P; were washed with distilled water. All the cellu-

lar fractions obtained were stored frozen at —20°C
without change in their biochemical characteristics
except that small amounts of ATPase became de-
tached from P, by repeated freeze-thawings.

Electron microscopy

The samples were fixed with 1% glutaraldehyde,
postfixed in OsO,, dehydrated in ethanol, and
embedded in epoxy resin. Sections were stained
with uranyl acetate and lead nitrate.

P; determination

P, was determined either by the method of Lin
and Morales [17] or that of Rathbun and Betlach
[18].

Enzymatic activity

Hydrolysis of ATP or other nucleotides were
measured by the release of P,. The standard assay
mixture contained in a final volume of 100 ul, 2
mM ATP (or other nucleotide), 1 mM MgCl,, 50
mM Tris-HC] (pH 7.0 at 55°C), and the enzyme
sample. After 20 min at 55°C, the reaction was
terminated by cooling on ice, followed by the
immediate addition of the reagents for P; de-
termination. Certain chemicals were also added to
the assay mixture if necessary. The inorganic pyro-
phosphatase activity was assayed in a reaction
mixture containing 50 mM Tris-HCI (pH 7.0), 2
mM PP, 2 mM MgC(Cl,, and the enzyme sample.
The P, released at 55°C during the 20 min period

was determined. The activity was expressed as P,
produced under the experimental conditions.
NADH oxidase activity was determined spectro-
photometrically by following the absorbance at
340 nm [19] at 37°C. The assay mixture contained
0.2 mM NADH, 50 mM Tris-HCI (pH 7.0), and
the enzyme sample. p-Nitrophenylphosphatase ac-
tivity was determined spectrophotometrically by
following the absorbance at 400 nm [20] at 37°C.
The assay mixture contained 10 mM p-nitrophenyl
phosphate, 2 mM MgCl,, 50 mM Tris-HCI (pH
7.0) and a suitable amount of the enzyme prepara-
tion. Pyruvate kinase activity was measured by the
coupling method as follows. The reaction mixture
contained 20 mM Tris-HCI (pH 7.0), 2 mM phos-
phoeno/pyruvate, 2 mM ADP, 20 mM KCl, and
the sample enzyme. Following incubation for 10
min at 55°C, the mixture was cooled on ice, and



centrifuged immediately. The resultant super-
natant was mixed with an equal volume of buffer
containing 20 mM Tris-HCl (pH 7.0), 0.4 mM
NADH and 40 pg/ml lacatate dehydrogenase
(Boehringer). The decrease in absorbance at 340
nm was recorded. From this value, the amount of
lactate produced was calculated. Glucose-6-phos-
phatase and fructosebisphosphatase activities were
determined by P, release following incubation of
the enzyme preparation with 2 mM of either glu-
cose 6-phosphate or fructose bisphosphate in 50
mM Tris-HCl buffer (pH 7.0) at 55°C for 20 min.

Nucleotide analysis

A reaction mixture containing 1.8-2 mM of the
total nucleotides was diluted 100-fold with ice-cold
water and centrifuged immediately to remove the
membranes. The resultant supernatant (10-20 pl)
was analyzed by reverse phase high performance
liquid chromatography.

The amounts of nonenzymatically produced
ADP, AMP and P, from ATP were estimated in
the control experiments, and subtracted from the
corresponding values obtained in the sample
experiment.

Protein determination
Protein was determined by the method of Wang
and Smith [21].

TABLE 1

ENZYMATIC ACTIVITY OF THE SULFOLOBUS FRACTIONS
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Results

Enzymatic activity of the cellular fractions

The amount of a typical cytoplasmic enzyme,
pyruvate kinase, was negligible in P,, as evidenced
from Table I. Electron microscopy indicated P,
was free of cytosol (Fig. 1). Thus, P, is a practi-
cally homogeneous cell envelope fraction not con-
taminated by cytosol. In contrast to p-
nitrophenylphosphatase, NADH oxidase and
ATPase activities were associated primarily with
the membrane fraction P, but most of these activ-
ities were solubilized when P, was washed with 0.5
M KCl. Although the final membrane fraction P,
had an ATPase activity less than that of the other
fractions, the possibility that the activity is due to
contamination of S; can be ruled out by several
lines of evidence; the activity in S, was completely
lost at pH 4.5, while that in P; was significant (Fig.
2); the activity in S; and P; was inhibited by 2 and
75%, respectively, by 1 M urea. Further washing of
P, with 0.5 M KCI caused no release of ATPase.
These observations indicate the ATPase in P, to
differ from that in S, and to be membrane-bound.
In all the cellular fractions, the inorganic pyro-
phosphatase activity was noticeably higher than
the other enzyme activities tested.

Hydrolysis of various substrates
The ability of four cellular fractions, Sy, Py, S,
and P,, to hydrolyze various nucleotides, sugar

Fractions S, and P, correspond to the cytosol and crude membrane fractions, respectively. Py was further washed with 0.5 M KCl to
obtain the $; soluble fraction and the P, membrane fraction. The relative distribution of protein in each fraction is indicated as the
amount of protein in the whole cell being 100%. PPase, pyrophosphatase; NADH ox.,, NADH oxidase; pNPPase, p-

nitrophenylphosphatase.

Fractions Protein Specific activity (nmol P; /min per mg) of
#) ATPase pNPPase PPase NADH pyruvate
OX. kinase
So 48 16 44 2400 0.60 8.7
P, 52 25 0.57 600 1.9 0.0
S 16 69 2.2 700 0.96 -
P, 36 9.5 0.14 105 0.19 -




&
|

.

Fig. 1. Electron micrographs of thin sections of Sulfolobus whole cell (left) and its membrane P, (right). The membranes P, were

prepared by repeated freeze-thaw procedures. Bar, 0.5 um.
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phosphates and other phosphoester compounds
was examined. The results are summarized in Table
II. Nucleoside triphosphates were hydrolyzed by
all the cellular fractions. Compared with ATP,
ADP was poorly hydrolyzed by the membrane
fraction P,. In the P, fraction, ADP did not inhibit
ATP hydrolysis. Neither AMP, glucose 6-phos-
phate or fructose bisphosphate was hydrolyzed.
The ATPase activity in P; was firmly associated
with the cell membrane as described; this may be
related to the energy transduction or active trans-

Fig. 2. pH dependence of the hydrolysis of PP;, ATP, ADP and
AMP, catalyzed by Sulfolobus membrane at S5°C. The reaction
mixture contained in addition to the membranes: (A) 50 mM of
either sodium acetate (a), Tris-Pipes (@) or Tris-HCI (v), 2 mM
ATP and 2 mM MgCl,. All reactions were carried out at 55°C.
(B) 40 mM phthalate buffer, 2 mM substrate (O, PP;; ®, ATP;
v, ADP or a, AMP) and 2 mM MgCl,. All reactions were
carried out at 55°C for 20 min.



TABLE 11

PHOSPHOHYDROLASE ACTIVITY WITH VARIOUS
SUBSTRATES

Sulfolobus cell fractions, Sy, Py, S, and P, were incubated with
2 mM of each substrate, 2 mM MgCl, and 50 mM Tris-HCl
(pH 7) at 55°C for 20 min. The amount of P, released was
assayed. The relative activity was compared to that of ATP.

Substrate Relative activity in the fractions (%)
S B S Py

ATP 100 100 100 100
GTP 85 103 152 135
ITP 122 108 106 75
CTP - - - 35
UTP - - - 54
ADP 48 12 17 8
AMP - 0 0 0
ATP+ ADP - - - 115
Glucose 6-phosphate - - - 0
Fructose bisphosphate - - - 0
p-Nitrophenyl

phosphate 275 2 3 1
PP, 15000 240 1010 1100

port of the cell. Thus, in the following experi-
ments, P, is referred to as the Sulfolobus mem-
brane and characterized in detail.

Effects of temperature on Sulfolobus membrane
ATPase

The Sulfolobus membrane ATPase was found
quite thermostable. Even after the membrane was
perincubated in 50 mM Tris-Pipes (pH 6.6) at
89°C for 20 min, the ATPase activity was fully
retained. An Arrhenius plot was linear between 40
and 89°C, and the activation energy was calcu-
lated as 8.1 kcal/mol (data not shown). These
results are in reasonable agreement with the ther-
mophilic nature of Sulfolobus. Yang and Haug
[22], however, reported that Arrhenius plots of
Thermoplasma membrane ATPase revealed dis-
continuities in slope.

pH dependence of Sulfolobus membrane ATPase
Sulfolobus membrane ATPase activity was max-
imum at pH between 6 and 7 (Fig. 2A). In the
presence of sulfate, this pH optimum shifted down
to about 5 with concomitant activation of ATPase,
as shown in Fig. 4. Similar results have been
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reported for Thermoplasma membrane ATPase
[15].

However, the relationship between ATP hydro-
lyzing activity and various pH values (from 2 to
7.3), indicated the Sulfolobus membrane to have
another pH optimum for ATP hydrolysis at about
pH 25 (Fig. 2B). These pH optima were also
found for inorganic pyrophosphatase activity (Fig.
2B). ADPase activity had only a single pH opti-
mum around pH 2.5. AMP was not hydrolyzed at
any pH. Although the ATP-hydrolyzing activity at
pH 2.5 should be strictly that of apyrase, it is
referred to as that of ‘acid ATPase’ in the follow-
ing sections. Thus, the Sulfolobus membrane had
both ATPase and inorganic pyrophosphatase, both
of which occurring under acidic and neutral condi-
tions.

Acid stability of Sulfolobus membrane ATPase and
inorganic pyrophosphatase

The Sulfolobus membrane is a boundary be-
tween the acidic outside and neutral inside of the
cell. Thus, the possibility as to whether its mem-
brane bound ATPase and inorganic pyrophos-
phatase are acid stable was examined. The results
are summarized in Table III. Following prein-
cubation of the membrane in 0.1 M HCI at 20 or
55°C, both neutral ATPase and inorganic pyro-
phosphatase were irreversibly inactivated, whereas
the acid ATPase and inorganic pyrophosphatase
retained most of their activity.

Products of ATP hydrolysis

Fig. 3 shows the time-course of the hydrolysis
products of ATP at pH 2.5 and 7. At pH 2.5, ATP
was hydrolyzed via ADP to AMP. Good
stoichiometry of [P,]=[ADP]+2{AMP] was ob-
served throughout the hydrolysis. At pH 7, how-
ever, ATP was hydrolyzed to ADP and P, in
equimolar stoichiometry. In contrast to Thermo-
plasma ATPase [15], only about 0.02 mM of AMP
could be detected when 0.9 mM of ADP was
produced. The linear time-course indicates that the
product ADP was not inhibitory.

Effects of cations and anions on Sulfolobus mem-
brane ATPase

Of the various divalent metal cations studied,
magnesium was found the most effective and es-
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TABLE 111

ACID STABILITY OF SULFOLOBUS MEMBRANE EN-
ZYMES

Sulfolobus membranes (5 mg protein/ml in 20 mM phthalate
buffer, pH 7) were incubated with either 0.1 M HCI (final pH
about 1) or 0.1 M NaCl (final pH 7) for 20 min at the
temperatures indicated. Following the incubation, the reaction
mixture was brought to pH 7 with 0.1 M NaOH, and an equal
volume of buffer containing 100 mM Gly-HCl (pH 2.5) (or 100
mM Tris-HC] (pH 7.0) in the case of neutral enzymatic activ-
ity), 2 mM MgCl, and 2 mM of either PP, or ATP was added
immediately. After incubating this mixture at 70°C for 15 min,
the amount of P, was determined. The results are expressed as
the percentage of each enzymatic activity of the membranes
preincubated at pH 7, 20°C. PPase, inorganic pyrophosphatase.

Preincubation  Remaining activity (%)

pH Temp. Acid Neutral  Acid Neutral
°C) PPase  PPase ATPase  ATPase

7 20 100 100 100 100

7 55 102 59 84 78

1 20 99 7 100 16

1 55 100 4 82 10
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Fig. 3. Products of ATP hydrolysis catalyzed by Sulfolobus
membrane at pH 2.5 (A) and pH 7 (B). Assay mixture con-
tained in a final volume of 400 pl, 20 mM phthalate buffer (pH
2.5 or7), 2 mM ATP, 1 mM MgCl, (or 1.8 mM ATP, 0.9 mM
MgCl, in the case of the pH 7 experiment) and an appopriate
amount of Sulfolobus membranes. The mixture was incubated
at 55°C. At the time indicated, a 40 ul aliquot was withdrawn
for P, determination and nucleotide analysis on high perfor-
mance liquid chromatography. Concentrations of ATP (O),
ADP (), AMP (2) and P, (®) are indicated in mM. Control
experiments, in which the membranes were omitted from the
above assay mixture indicated 2 mM ATP to be hydrolyzed
nonenzymatically to produce 0.2 mM P, durin 120 min of
incubation at 55°C, pH 2.5.

sential for neutral ATPase. Other metal cations
could replace magnesium, but less effectively, as
shown in Table IV. The optimal ratio of
MgCl,: ATP was 1:2 when the ATP concentra-
tion was between 0.5 and 4 mM (data not shown).
Acid ATPase did not require divalent metal cat-

TABLE IV

EFFECT OF CATIONS AND ANIONS ON SULFOLOBUS
MEMBRANE ACID AND NEUTRAL ATPases

Sulfolobus membranes were incubated at 55°C for 20 min with
2 mM ATP, either 50 mM Tris-HCl (pH 7.0) for neutral
ATPase or 20 mM phthalate buffer (pH 2.5) for acid ATPase,
and either divalent metal cations (A), 2 mM MgCl, and
monovalent cations as indicated (B), or 2 mM MgCl, and 20
mM of the indicated anions (C). After incubation, P, was
estimated. The results are indicated as % of the value obtained
when using 2 mM MgCl,. All cations and anions were intro-
duced as chloride and sodium salts, respectively. Acetate at pH
2.5 was adjusted by the addition of HCl.

Relative activity (%)
Acid Neutral
ATPase ATPase
(A) Divalent cations (2 mM)
Mg 100 100
Ca 97 40
Mn 53 87
Co 71 35
Ni 85 27
Cu 81 56
Zn 61 48
None 78 0
(B) Monovalent cations
Na (40 mM) 105 101
(400 mM) 95 90
K (40 mM) 100 125
(400 mM) 104 62
Na (40 mM)+K (40 mM) 99 95
NH, (40 mM) 104 85
(400 mM) 67 60
(C) Anions (20 mM)
HCO, - 110
HSO, 29 190
SO, 20 95
CH,COO 100 100
HCOO - 102
SCN 80 70
Cio, - 102
NO, 87 106
F 3 6
Cl 105 117
Br 94 115




ions. Magnesium or calcium slightly activated the
enzyme, while manganese and zinc were inhibi-
tory. Monovalent cations had little effect on the
ATPases.

Since certain anions such as carbonate, sulfite
and sulfate affect F,-ATPase of mitochondria
[23,24] and bacteria [25), the effects of various
anions on Sulfolobus membrane ATPase were ex-
amined. The results are summarised also in Table
IV. Most of the anions had negligible effect on
both the acid and the neutral ATPases. Fluoride
inhibited both ATPases. Sulfate inhibited only the
acid ATPase. Sulfite inhibited the acid ATPase
and activated the neutral ATPase.

Sulfate and sulfite participate in the sulfur
oxidizing pathway [26]. This prompted us to ex-
amine the effect of some sulfur compounds in
detail. Sulfate strongly effected both ATPases as
shown in Fig. 4. In the presence of sulfate, acid
ATPase was inhibited without a change in its pH
optimum. More than half of activity was inhibited
by 2 mM sulfate. Neutral ATPase was apparently
activated and its pH optimum shifted from 6.5 to
5 in the presence of sulfate. This activation was
saturated at 10 mM sulfate. Thermoplasma mem-
brane ATPase has been reported to be activated
‘synergistically’ with sulfate and magnesium [15].
The Sulfolobus membrane ATPase in the present

100 r— 4 -1

ATPase (°)
o0
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o= ®
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Fig. 4. Effect of sulfate on the relationship between pH and
ATPase activity of the Sulfolobus membrane. ATPase activity
was determined for the assay mixture containing 20 mM
phthalate buffer, 2 mM ATP, 2 mM MgCl,, the membranes,
and the indicated concentration (in mM) of MgSO,.
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study, however, was activated by sulfate alone,
and was not effected by magnesium. The ATPases
were also effected by sulfite but to a lesser degree.
Thiocyanate and thiosulfate inhibited only acid
ATPase. Elemental sulfur had only a little effect
on the ATPases. Inorganic pyrophosphatase activ-
ity was inhibited by 20 mM sulfate by 20-30%,
without change in their pH optima (data not
shown).

Effects of inhibitors

The specific inhibitors of mitochondrial and
bacterial proton ATPase (F,F,), such as azide,
ologomycin and DCCD [27], failed to inhibit
Sulfolobus membrane ATPases (Table V). Ouabain,
an inhibitor of (Na* + K*)-ATPase [28,29] had no
effect on Sulfolobus ATPase. Neither N-ethyl-
maleimide, p-chloromercuribenzoate (pCMB) or
vanadate, inhibitors of intrinsic ATPases in vari-
ous eukaryote membranes [30-33], had no signifi-
cant inhibitory effect on the neutral or acid ATPase
of Sulfolobus membrane (Table V).

Discussion

According to Harris [11], membrane-bound
ATPase may be classified as intrinsic ATPase
(Na*+ K*)-ATPase and Ca’*-ATPase) sensitive
to N-ethylmaleimide, and extrinsic H*-ATPase
(F)). In the present study, no typical characteris-
tics of F, could be found in Sulfolobus membrane
ATPases, judging from the lack of inhibition by
ADP (Table Il and Fig. 3), DCCD, azide and
oligomycin (Table IV). The ATPases of Sulfolobus
membrane were not extracted by the procedures
used for the extraction of mesophilic F; [34], but
their activity was released by such detergents as
Triton X-100 and octaethyleneglycol mono-
dodecylether (Wakagi and Oshima, unpublished
observation). The Sulfolobus membrane ATPases
are apparently intrinsic, but differ from (Na*+
K*)-ATPase and Ca’*-ATPase with respect to
cation requirements (Table IV) and inhibitor sensi-
tivity (Table V).

Thus, Sulfolobus membrane ATPases do not fit
above classifications. Neutral ATPase was re-
markably stimulated by sulfate, with a shift of pH
optimum (Fig. 4). Similar ATPase has been re-
ported in Thermoplasma, but acidic ATPase in
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TABLE V

EFFECTS OF INHIBITORS ON SULFOLOBUS MEM-
BRANE ATPase

Sulfolobus membranes (1 mg protein/ml) in 5 mM Tris-HCl
(pH 7.5) were incubated with each inhibitor at 37°C for 30
min, and then 1/100 volume of 0.2 M ATP-Mg and 1/10
volume of either 0.5 M Gly-HCI (pH 2.5) or 0.5 M Tris-HCl
(pH 7.0) was added. The mixture was incubated at 55°C for 20
min. The released P; was indicated as the % of the value
obtained in the absence of inhibitor.

Inhibitor Relative activity (%)
acid ATPase neutral ATPase
None 100 100
NaN; (10 mM) 97 86
Oligomycin (0.1 mM) 96 86
DCCD 1 mM) 94 63
Ouabain (0.1 mM) 89 97
N-Ethylmaleimide
(1 mM) 93 73
pCMB (0.1 mM) 101 104
Na,vVO, (0.1 mM) 90 64
NaF 2 mM) 82 86
(20 mM) 6 6

this organism is unknown [15]. The effect of sulfate
on the membrane ATPase of these thermo-
acidophiles may be related to certain aspects of
sulfur metabolism, since, according to Searcy and
Whatley [15], Thermoplasma ATPase may be a
sulfate-exporting translocase. The membrane
bound ATPase of Thiobacillus thicoxidans has been
reported to be activated by sulfite with a shift of
its optimal pH [35]. Mitochondrial F, is also
activated by sulfite [23), but the membrane ATPase
of thiobacilli apparently differs from F, (36].

A different branch of archaebacteria among
methanogens, halophiles and thermoacidophiles
has been proposed on the basis of a study of their
16S rRNA [3,37], ferredoxin [38], DNA-dependent
RNA polymerase [39,40] and ribosome [10]. Thus,
it is reasonable that different ATPases occur among
archaebacteria. The similarity of membrane bound
ATPase in Sulfolobus and Thermoplasma is con-
sistent with the above proposal.

It is surprising that the Sulfolobus membrane
has an acid ATPase with an optimum pH about
2.5 (Fig. 2), which is close to the optimum pH for
growth. The high stability of this enzyme toward
acid makes it possible for it to be present on the

outer surface of the membrane and consequently
may be an ectoenzyme [41]. The acid lability of
neutral ATPase (Table III) suggests it to be pre-
sent on the inner surface of the membrane. Since
the cytoplasmic enzymes of Sulfolobus so far
examined were inactive below pH 6, the intracellu-
lar pH should be nearly neutral, as in the case of
other acidophiles [42-44).

The inorganic pyrophosphatase activity associ-
ated with Sulfolobus membrane also showed two
pH optima (Fig. 2) and acid stability (Table III)
similar to those of ATPase activity. That inorganic
pyrophosphatase and ATPase derive from the same
enzyme still remains a possibility. The membrane-
bound inorganic pyrophosphatase of photosyn-
thetic bacteria [45,46] and mitochondria [47] has
been reported to couple with oxidative phosphory-
lation.

For an understanding of the physiological roles
of ATPases and inorganic pyrophosphatases in the
Sulfolobus membrane, additional research will be
necessary. The purification of these enzymes is
now being carried out at our laboratory.
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