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Characterization of the membrane-bound ATPase
from a facultatively anaerobic alkalophile
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We have studied the properties of membrane-bound ATPase of a facultativel bic alkalophile. The enzyme could
not be solubilized without detergent, suggesting an integral membrane pmtein. The activity was accelerated by NH

and acetate anion, and inhibited by NO; ™. The enzyme required Mg2+ or Mn**

as a divalent cation for the maximal

activity. In addition to ATP, the enzyme utilized other P of leosides as a but not di- nor
monophosphates. The enzyme was d to with an antibody against the a-subunit of Na* /K*-ATPase
from dog kidney.

Introduction

The nentrophilic bacteria (neutrophiles), which ex-
hibit an optimum growth in neutral region, mostly
utilize a proton electrochemical potential (4fy-+), 2 sum
of transmembrane pH gradient (ApH) and membrane
potential (Ay) for active transport of solutes, ATP
synthesis and motility [1-5]. The alkalophilic bacteria
(alkalophiles), which grow optimally in an alkaline
medium, acidify the cytoplasm and exhibit ApH in the
opposite direction to that in neutrophiles {6,7). Thus,
the aerobic alkalophiles studied so far exhibited lower
magnitudes of Afiy- as compared with those of neu-
trophiles, although the values were still negative (around
—100 mV) depending on the magnitudes of A (nega-
tive, inside) [6-8).

We have d that a i
alkalophile, Ep01, exhibited ApH in the same ient

The aerobic alkalophiles have been suggested to contain
a much higher content of cytochrome components for
the electron transport system, as compared with the
aerobic neutrophiles, suggesting a special energy de-
mand for the growth in an alkaline environment [10,11}.
In spite of the defici of cy p the
growth rate of the bacterium was comparable to those
of aerobic bacteria [12). The growth of the bacterium
might depend on 2 unique energy metabolism, which
results in unusual bioenergetic properties. Since the
membrane-bound ATPase, if present, is expected to
play an important role in the energy metabolism, the
characterization of ATPase of the bacterium was at-
tempted in the present study. It was suggested that the
bacterium possesses a unique property of ATPase as a
membrane-intrinsic protein.

tion as those of aerobic alkalophiles by the acidifi

of cytopl: through the contrit of both Donnan
polennal and Na /H+ anuponer [9] Since  the
bacterium,
magnitude of Ad: (negcmve inside), the AMu‘ of the
bacterium is likely to be nearly zero or even positive [9].

Abbreviations: 4fiy«, proton electrochemical potential; 4pH, trans-
membrane pH gradient; Ay, membrane potential; SDS, sodium
dodecylsulfate.
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and Meth

Cell growth and preparation of the membranes

The facultatively bic alkalophile, Ep01, was
grown as described previously [9]. From freshly cultured
cells, the membranes were prepared according to the
procedure described previously [11,12} and suspended
in 20 mM Tris-HCl (pH 8)/100 mM KC1,/1 mM MgCl,.
The solubilization of t p with d
was carried out by the incubation of membranes in te
presence of an appropriate concentration of each deter-
gent for 15 min at 20°C, followed by the centrifugation
at 100000 X g for 30 min. The supernatant thus ob-
tained was used as the solubilized proteins for an assay
of ATPase activity.
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Assay of ATPase activity
ATPase activity was assayed at 30°C in 20 mM
Tris-HCI (pH 8)/2 mM ATP/2 mM MgCl,/200 mM

activity was around 8, although approx. 90% of the
activity at pH 8 was detected at pH 7 and 9. When
stored at 4°C, the activity of the membrane-bound

NH,Cl as a d: diti In some exp

200 mM NH,Cl was replaced by the indicated
concentration of NH,Cl or other salts, where the ad-
justment of ionic strength was not done. After an ap-
propriate reaction time, the liberation of P; from ATP
was esti d as described previously [13]. 1 U of the
activity was expressed as 1 pmol oi ATP
hydrolyzed /min.

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (SDS-PAGE) in
the presence of 0.1% SDS was carried out at 10% gel
concentration by the method of Laemmli [16]. Standard
proteins for the estimation of molecular weight in SDS-
PAGE were lysozyme (EC 3.2.1.17), lactate dehydro-
genase (EC 1.1.1.27), catalase (EC 1.11.1.6), bovine
serum albumin, phosphorylase 4 (EC 24.1.1) and
myosin. The same procedure as that for SDS-PAGE
was applied for polyacrylamide gel electrophoresis in
the presence of MEGA-10 (decanoyl N-methylgluca-
mide, Wako, Japan) except that the gel concentration
was changed to 5% and 15 mM MEGA-10 was used
instead of 0.1% SDS. Active staining for ATPase activ-
ity of polyacrylamide gel containing MEGA-10 was
performed as described by Liibben and Schifer [17).

Immunoblotting

For immunoblotting, proteins were transferred by
electrophoresis from SDS-polyacrylamide gel to
poly(vinylidene fluoride) membrane (Clear Blot Mem-
brane-P, Atto, Japan). After transfer, the membrane
was cut into strips. One of the strips was stained with
Coomassie brilliant blue for the detection of protein
bands. Another strip was incubated with antibodies
raised in rabbits against the purified « subunit of
Na*/K*-ATPase from dog kidney [18]. The antigen-
antibody reaction was detected unmunologzcally with

i-rabbit IgG-alkali h (Pro-
mega, U.S.A). The amlbody whlch was prepared as
described by Bailey (19], was a generous gift from Dr.
M. Yoshida, Tokyo Institute of Technology, Tokyo.

Protein determination
Protein concentration was determined by the meth-
ods of Gornall et al. [20] and Lowry et al. [21].

Results and Discussion

‘When the assay of ATPase activity was carried out at
30°C in the presence of 2 mM ATP/2 mM MgCl,/200
mM NH,CI (pH 8), the membrane fraction isolated
from freshly cultured bacteria exhibited a specific activ-
ity of 0.08 U/mg protein. The optimum pH for the

ATPase d d to 70% of the original activity after
24 h of preparation. Since the enzyme was much less
stable when stored at room temperature (almost com-
plete loss of activity after 24 h of preparation), the
inactivation of the enzyme at low temperature seems to
be distinct from a cold-lability, which is a usual prop-
erty of F;-type ATPascs except the enzyme from ther-
mophiles [15,22-24]. The supernatant obtained by
centrifugation after treatment of the membranes with 5
mM EDTA for 5 h at pH 8 exhibited essentially no
activity. When the solubilization of the enzyme was
attempted using the various concentrations of deter-
gents such as sodium cholate, lysolecithin, C,,Eq (oc-
taethyleneglycol n-dodecyl ether), heptyl thioglucoside,
Triton X-100 and MEGA-10 [25,26], the highest ratio of
solubilization (approx. 50%) was attained with 25 mM
MEGA-10 or 0.2% Triton X-100. The necessity of deter-
gent for solubilization suggests that the enzyme is a
membrane-intrinsic protein. By solubilization the en-
zyme became more labile so that the activity was reduced
to approx. 40% of the original activity at 4°C after 24 h
of solubilization. In the following experiments, char-
acterization of ATPase was attempted on the mem-
brane-bound enzyme.

When the activity of membrane-bound ATPase was
measured in the presence of 200 mM NH,Cl, NaCl and
KCl, respectively, the initial rate of ATP hydrolysis was
around 1.5-times higher in the presence of NH,Cl than
that in the presence of NaCl and KCl (Fig. 1). In the
presence of NH,Cl, the increase in ATP hydrolysis
proceeded almost linearly for 15 min after the initiation
of reaction, whereas the rate of ATP hydrolysis in the
presence of NaCl or KCI began to decline around 10
min after the initiation of reaction.

ATP hydrolysis
o
>
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=
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Fig. 1. ATP hydrolysis in the presence of 200 mM NH,Cl (©), NaCl
(4} and KCI (D). NH,4Cl used under standard condition for the assay
of ATPase activity was then replaced by NaCl and KCl, respectively.
ATP hydrolysis was expressed in gmol P; liberated/mg protein.
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Fig. 2. Effect of concentration of NH,Cl (0) and KCI () on the
initial rate of ATP hydrolysis. For the assay of activity, 200 mM
NH,Cl in a standard condition was replaced by varying concentra-
tions of NH,,Cl and NaCl, respectively.

When the assay was carried out in the presence of
varying cencentrations of NaCl, the initial rate of ATP
hydrolysis increased slightly with increase of NaCl con-
centration up to 100 mM, and then decreased gradually
(Fig. 2). In the p of varying i of
NH,C], the initial rate increased with increase in con-
centration even up to 300 mM. In the presence of
chloride salts of other monovalent cations, K*, Li*,
Rb* and Cs*, respectively, the initial rate was almost
equivalent to that in the presence of NaCl in the con-
centration range from 0 to 300 mM (data not shown).
These results suggest that the membrane-bound ATPase
is activated specifically by NHZ as a monovalent cation.
Cation-transpori. ATPases such as Na*/K*-ATPasc,
Ca?*-ATPase and K*-ATPase have been suggested to
be activated specifically by the ion to be
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TABLE |
Effect of various salts o the ATPase activity

The activity was measured in the presence of 100 or 200 mM salt as
indicated. which was added instead of 200 mM NH,Cl under stan-
dard conditions.

Addition Activity (X 10%) (U /mg protein)
100 mM 200 mM

NaCl 50 49
NaNO, 30 26
NaHCO, 36 46
NaHS$O, 59 -
Sodium acetate 6.7 70
NH,CI 67 76
NH,NO, a8 a6
NH, acetate 9.1 104
NH, formate 6.4 -

enzyme. For instance, E E,-type ATPases such as
Na*/K*-ATFuse, Ca*-ATPase and H*-ATPase have
been suggested to exhibit the highest activity when the
molar ratio of Mg>* to ATP was around 1.0 [27.36-38],
whereas F,-type ATPase exhibited the optimum ratio of
0.5 [15,39-42]. The difference of the optimum ratio
might be ascribed to the difference of the physiological
functions between these types of enzyme, which are
ATP hydrolysis and synthesis. The optimum ratio of
ATPase of the present bacterium was similar to those of
E,E,-type ATPases, although it does not mean that the
enzyme is the EE, type. Table II shows the ATPase
activity in the presence of 2 mM chloride salts of
various divalent cauons The enzyme required Mg?*

al activity,

Table l]l shows the substrate-specificity of the en-

[27-30). In these cases, the activating effects of ions
were detected at low concentration level, which did not

zyme. In additi to ATP the enzyme hydrolyzed other
triph h of lthough to a lesser extent.
The enzyme seemed to utilize no diphosphate nor

exceed 20 mM. Since the ation of
NH,CI for the enzyme activation seemed to be higher
than 300 mM, it is unlikely that the enzyme functions in
the translocation of NHJ .

In order to examine the effect of anions on the
enzyme, the activity was measured in the presence of
sodium or ammonium salts of various anions (Table I).
The enzyme was inhibited by NO; and activated by
acetate ion. Inhibition by NOj has been suggested in
an anion-sensitive ATPase of lizard gastric mucosa [31},
H"*-ATPase in fungi [31,33] and some bacterial ATPases
[34,35). Acetate and NH; seem to activate the enzyme
independently in an additive manner.

When measured in the presence of 2 mM ATP, 200
mM NH,Cl and varying concentrations of MgCl,,
ATPase activity increased with increase in MgCl, con-
centration, and exhibited a maximal and steady value in
the range 2-5 mM. The optimum ratio of Mg?* to ATP
for the activity seems to vary depending on the type of

phosphate as a substrate,
Several ATPases, such as Na*/K*-ATPase, Ca’*-
ATPase and H*-ATPase, which exist as integral pro-
teins in the membranes, have been found in the

TABLE Il

Effect of various divalent cations on the ATPase activity

The activity was measured in the presence of 2 mM chloride salt of a
divalent cation as indicated. which was added instead of MgCl; under

standard conditions and expressed as the ratio compared to that in
the presence of MgCl.

Addition Activity (%)
None kx)
MgCl, 100
CaCl, 34
ZaCl, 2
MaCl, 9%
CoCly 62
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TABLE 111
Substrate-spec

Activity was measured with 2 mM substrate as indicated, which was
used instead of ATP under standard ¢ nditions and expressed as the
ratio compared to that with ATF as a substrate.

Substrate Activiry (%)
ATP 100
GTP 61
ITP 45
UTP 30
ADP 3
GDP 0
1DP 1
AMP 0

eukaryotic cells [27,36,43-45]. In bacteria, only a few of
the ATPases have been suggested as membrane-intrinsic
proteins [30,46,47]. We are interested in the recent find-
ings that there are some common features, including
sequence homology of structural genes, between these
eukaryotic and bacterial ATPases {18,30,48,49]. In a
preiiminary experiment, by immunoblotting of the
membrane proteins separated by SDS-PAGE, we de-
tected one protein of approx. 80 kDa which cross-
reacted with an antiserum against the a-subunit, a
me:or proiein containing the active site of Na*/K*-
ATPase from dog kidney (Fig. 3A). No positive band
was observed by the reaction with control serum which
did not contain the antibody. For partial purification,
the t proteins were d with 25 mM
MEGA-10 and subjected to PAGE in the presence of 15
mM MEGA-10. After electrophoresis, the active stain-
ing for ATPase activity of the gel was carried out and
the ATPase was purified by the extraction from the
stained portion of the gel. Although the pattern of
SDS-PAGE showed that the extract was still composed
of several proteins, the 80 kDa protein was always
present as a major protein and crossreacted with an
antibody against the «-subunit of Na*/K*-ATPase
from dog kidney. The number and amounts of other
minor components varied from one preparation to the
next (Fig. 3B). The resulis suggest that the 80 kDa
protein is ATPase or an active component of the en-
zyme.

1t has been suggested that E,E,-type ATPases func-
tioning in cation transport are strongly inhibited by

i 1 ions of date [29,43,45,47,50,
511. When the ATPase activity of the bacterium was
measured in te presence of 50 and 200 pM vanadate,
the extent of inhibition was only 5 and 20%, respec-
tively. The cation-specificity of the ATPase of the
bacterium differs from those of the cation-transport
ATPases studied so far [27-30,46). The bacterium did
not exhibit a significant magnitude of membrane poten-
tial [9] which could be generated by cation transport.

A B
Fig. 3. Results of Western blotting (A} and SDS-PAGE (B). (A) The
left lane shows the composition of membrane proteins; the middle
and right lane, the positive band showing the immunological cros-
sreaction with antibody against the a-subunit of Na*/K*-ATPase in
the membranes and partially purified fraction, respectively. The gels
for electrophoresis were loaded with 40 and 10 pg protein for mem-
branes and purified fraction, respectively. (B} The protein bands
showing the components of the partially purified fraction. The arrow
shows the 80 kDa protein. The gel was loaded with 20 pg protein.

These results might suggest that the ATPase of the
t is not involved in the cation . It has
been suggested that the aerobic alkalophiles require an
appreciable amount of energy for growth in an alkaline
medium [10,11). To grow at alkaline pH without effi-
cient energy production through oxidative phosphoryla-
tion, the bacterium, Ep01, would need a specific func-
tion of ATPase for the energy metabolism. The activa-
tion of the enzyme by NH7 and acetate tend to suggest
+that the metabolic p ion of these sut plays
an important role for the growth. To clarify the physio-
logical function of the ATPase, further studies will be
needed and are now being attempted.
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